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Abstract

In north-central Alberta, lodgepold’(nus contorteDougl. ex Loudyvar. latifolia) and jack pine
(Pinus banksiandamb) form a stable mosaic hybrid zone, which reraginorlydefined. |
characerized the genetic composition of the hybrid zone usargples collected from British
Columbia to Ontario, and the previously-sampled Yukon Territory and Kibwest Territories,

typed at 29discriminating SNPd founddifferences in gnomic clines between the northern and
southerrhistoricalpine contact zones at specific Iperhich couldindicate important adaptive
differences between the naive northern and attackedesautlibrid zones during future

mountan pine keetle rangexpansions. Understanding the exogenous processes influencing pine
distributions in the hybrid zone is relevant to preventing pine mortality from future mountain
pine beetle expansions. To characterize the spatial structure of the hybridusswHpgidic
regressiorio create statistically accurate predictive models for pine species compbsitioa
combination of geogrdgic and environmental variables. | found that location, elevation and
moisture indices are important predictors for species clagshybrid zone takes the form of a
mosaic across the entire distribution, which extends north and east of current estimates. | suggest
that current species ranges be updated.
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Chapter 1: Introduction

The Canadiaboreal forest extersfrom the southwest of British Columbia (BC) northeast

through Alberta (AB) and the Northwest Territories (NWT), then southeast into Ontario (ON)

and the southeast coast of Canada. |t compris
primarily composd d multiple species of pine, including lodgepole piRen(us contortaDougl.

ex Loud. var. latifolia) and jack pineRinus banksian&damb).

Lodgepole pine is an ecological generalist, and can be found aceosgeaf soil types,

elevations and climateandexhibits a rangen growth potential across thesanges with high
variation among stands (Carlsenal. 1999). Jack pinean also be found across a variety of soil
types, but prefers dry, sandy soil type®wever lecause of this soil preferenaed shade
intolerance (McLeod & MacDonalt997) jack pine trees rarely readmetdiameters of

lodgepole pine treeslack pinealsogrows atareducecelevation range than lodgepole pine,
which extends from sea level to elevations of over 3000m, while jack pine reaches only 800m.
Despite these differencdedgepoleand jack pine are ecologically simildoth species are

shade intolerant arndighly fire-adaptedvith serotinous conegleographically concumg, and

botharethreatened by the mountain pinesle MPB; Dendroctonus ponderosétopking.

A major bioticthreat to Canadian pine populations is fromNtfeB. Mountain pine beetland
lodgepole pine have a historically cyclic relationship of epidemic, and endemic growth of MPB
populations (Safranyik & CarroB006). These cycles depend on tkative availability of

susceptible host trees and MPB population,sidech depends on climate suitability for MPB



brood succes$senerally epidemic phases, characterized by landseaigemortality of host

trees, are limited in geographic scale and economic impact. However, the scale and impact of the
most recent epidemic phase of MPB growth and range expansion were substetiddy than

those previously recorded. From 1999 to 2014, MPB range expanded from southern BC across
theRocky Mountainsnto the lowlands of AB and has continued north and east towards NWT

and SK respectively (Cullinghaet al.2012;Dharet al 2016; Cooke & Carroll 2017). This
progression was well publicized as it resulted in the loss of over 17 million hectéodgegole

pine forest.

The relationship between lodgepole, MPB, and its associatedtalmefungi has been well
documentd in recent years paspidemic and hasmproved ourunderstanding of the factors
promoting MPB expansion and host mortality (Safranyik 2010; Jatreds2011; Erbilginet al.
2013). As the host species for MPB, the distribution of pine across Caribgieeatly influence
dispersal and establishment of MPB. The density of pine populations is inconsistent across the
landscape, which may limit establishment of epidemic populations, especially in the absence of
high-volume MPB longdistance dispersal (Sahyik & Carroll2006). Epidemic populations
capable of overcoming largameterealthy trees requisanass attacks (>50 attacks) by MPB.
Patchy pine populations may limit this dispersal (Behal 2013). Successful reproduction by
only a fewadult females may be enough to establish a resulting epidemic population (Safranyik
& Carroll 2006), however this is improbable, and low numbers of large, suitable hosts on the

landscape are likely to prevent epidemic populations.



The chemical differetes between lodgepole, jack and their hybrids lads@een shown to

impact MPB establishment. It hd®en proposed that hybrid pine may act as a bridge between
lodgepole and jackinefor MPB hosttransfer because of intermediate traits related to MPB
success. Hybrids have intermediate phenotypeta/een lodgepole and jack pimetraits related

to hostdefense including phloem chemistry and monoterpene production (Lusebahk
2013).Additionally, novel hosts of both lodgepole and jack pine showtgreaonoterpene
production includiag U-pineneand 3carene These compounds are used by MPB to produce the
aggregation pheromoneans-verbenol, which attracts MPB mates. Females emerging from
naive(previously urattackedjack pine also had greater indicators of success, including body
and brood size, than females from lodgepole pine (Erbéigal 2014). These interactions

between host chemistry and MPB success are also greatly influenced by environment. Drought
stresgncreases monoterpene production in both pure species and their hybrids (Luseskrink
2013), and significantly changes the influence of the {sitan fungiGrossmanialavigerain

both lesion length and water conductivity (Arardgelezetal. 2016). These stues show that

pine species will greatly influence MPB spread across the landscape. Thus it is important to have
a thoough understanding of botostpinedistribution and the influence of environment on pine

distribution to be able tpredictfuturedispersal of MPB.

Unfortunately the distribution of pine species across Canada has been poorly defined in the past.
The mostcomplete distribution map to date is from Little (1971). This map was created from a
combination of sitesurveys dmorphological traits and predictions. While Lit{E971)

acknowledges the existence of a hybrid zone between lodgepole and jack pine, and shows an

overlap in their species rangescentral AB and southeast NWihe range of the hybrid zone is



not specifically delineated. Since 1971, improved methods of species delineation and hybrid
detection have been developed (Cullinghetral. 2011, Cullingharet al 2013), however an

updated range map of pine has not been produced.

Improved characteriziain of the lodgepole pine x jack pine hybrid zone is essential to
understanding and preventing future MPB epidemic spread risk. It was recently discovered that
MPB has successfully attacked jack pine (Cullingledral. 2011). This constitutes a major host
transfer that may have been mediated by the hybrid zone between the two species (Floate &
Whitham 1997). Hybridization has been found across a diverse variety of taxa, and hybridization
in plants isespecially commarHybrid identification of pine has begerformed using

morphological and genetic methods (Critchfield 198%eeler & Guries 198 Cullinghamet

al. 2013) however the most accurate way to identify species is with genetic data.

The objective of this study is teettercharacterize theurrenthybrid zone between lodgepole

and jack pine. This will be completed in three steps: First, a genetic analysis of the hybrid zone
will be performed to determine if there are genetic differences across the landscape. Second,
spatial and environmental analysvill be used to predict the species distributions and create a
complete, finescale distribution map of lodgepole and jack pine in Canada. Third, genetic and

spatial data will be analyzed together to determine the overall structure of the hybrid zone.



Chapter 2: Genetic structure of the lodgepoleine x jack pine hybrid zonein Canada

Abstract

Lodgepole pineRinus contortaDougl. ex. Loudyvar. latifolia) and jack pineRinus banksiana
Lamb) form a stable, complex hybrid zone in Albetaweverspecies distributionarepoorly
defined.l characterized the hybrid zone using 939 samples collected from British Columbia to
Ontario, and the previously tsampled Yukon Territory and Northwest Territories, typed at 29
discriminatingsingle nucleotide @ymorphismsUsing introgression analysisalculated hybrid
indices and genetic hybrid proporticiosdetermine ithe previously uncharacterized northern
hybrid zone is consistent with tiseuthern distribution of piné found differences ingenomic
clines between the northern and souttiestoricalcontact zoneat lociof physiological and
phenotypic effegtwhich could indicate important adaptive differences between the naive
northern and attacked southern hybrid zones during fatatentainpine beetlerange

expansions.



Introduction

Mountain pine beetle (MPHE)endroctonous ponderosddopkins) is anative forest pest in
British Columbia(BC). It infests multiple pine species, includindodgepole pineRinus
contorta Dougl. ex Loudvar. latifolia, Taylor & Carroll, 2003, and moreecently jack pine
(Pinus banksiand_amb, Cullinghamet al 201J. With the movement of MPB into tHmreal
forest andnto thejack pinerange MPB could now be considered an invaspest. The presence
of a hybrid zone between lodgepole and jack pine in Alberta (AB) mayrhagiated this

movement.

Hybridization between host species has been suggested to influence the success of host transfer
in pests. The hybrid bridge hypothesito@te & Whitham 1993) suggests that hybrids fill the
morphological or genetic gaps between pure species. This has been suggested ixptst host
interaction of galaphids orPopulus spwhere pests were able to transfer to backcrossed

hybrids of their hetspecies (Floate & Whithait®93. This has also been seen in plant

pathogen complexes (reviewed by Stukenbi2@k6), where hybridization of plant hosts can
promote the transfer of fungal pathogens. Whilsiin examples of hosange expansion of

plart pests via a hybrid bridge are rare (Pilson 198@jJorically and spatially extensive

hybridization of lodgepole and jack pine would suggest that the hybrid zone could represent a

hybrid bridge of two allopatric species.

These twdPinusspecies were hiorically one continuous specigsor tothe Pléstocene

(Dancik & Yeh1983, butevolvedseparatly during the Wisconsin glaciatioifhe current



distribution of lodgepole and jack pine can be explainethély colonization routefollowing
retreat ofthe glacial ic§~12,000 yrs BR Lodgepole pine migrated northward into BC after the
Wisconsin glaciation (MacDonal& Cwynar1985), east inté\B ~10,000 yrs BP, and
eventually northwest into northern BC and the Yukém). Jackpine migrated westward from
Quebec and the western Appalachians, eventually readdneg8000 yrs BP (Godbowt al

2005) and slowly migrated northward reaching current latitudes by ~4000 yiSvgience

from the fossil record would suggest that twdidig contact zones formed in succession as
thesespecies expanded their rang®dkLeod& MacDonald1997), first in central AB, then in

northern AB/NorthwestTerritories (NWT)

The most complete distribution map of lodgepole and jack pine was produt@dl (Little
1971, which indicates the eoccurrence of lodgepole and jack pineantralAB andNWT,
two regions of potential hybridizatiofithe presence of lodgepgjlgck pine hybrids has since
been confirmed using getic and genomic analyses (Godbetual 2005; Cullinghanet al.
2012). In the central region (referred to as the southern contact zone hencedoklang
lodgepole pine had secondary conactund8000 yrs BP (Godbouwt al. 2005), possibly as
recerily as 6000 yrs BP (MacDona&l Cwynar1985). The second hybrid zo(tee northern
contact zonelikely formed as lodgepole expandediartheasterBC by ~5500 yrs BP
(MacDonald& Cwynar1985). This would suggest that thertherncontact zonéen NWT/BC is
considerably newer, andaythereforeshow fewelintrogresed genes and latgeneration

hybridsthan the southern contamine



Clines in a hybrid zone may result from discontinuous selection gradients, caused by strong gene
flow in the presence of selection. Given the importance of environment in determining pine
species distributions (Cullinghaetal. 2012) hereare likely enviromental differences between

the northern andosithern regions of the hybrid zone, which produce the selection gradients of a
hybrid zone. McLeod & MacDonalet al. (1997) described the progression of jack pine north
through AB after the Wisconsin glaciatiorheysuggested that environmental differeac

between central AB and northern AB resulte@ slowed migration and population growth of

jack pine compared to jack pine expansion across southern Canada.

Species discrimination becomes increasingly difficult with time because of continued
introgression. Pure lodgepole and jack pine can be morphologically distinguished from each
other primarily through differences in cone and seed morphontetitgitfield 1985 Wheeler &
Guries 1987), however the morphology of hybrids are highly varianighaut the hybrid zone,
and offspring resembling one parepecies are often misssigned. Studies comparing protein
polymorphisms (Wheeler & Guries 1987), chemical profiles including turpentine and
monoterpenes (Zavaret al. 1969; Pollack & Dancik 198 Critchfield 198%, and other traits
including wood quality and fiber typ€g/oodet al.2009)were unable tgignificantly

discriminate hybrids from parental species.

Until recently, these similarities caused spatial structure of the species distritzubie poorly
defined along the hybrid zone (Yaagal.2007). $hgle nucleotide polymorphism&NPS),
single allelic differences in DNAjave been successfully used to discriminate hybrids from

parental species itcomplexplant g/stemsincluding poplar and corn (Meirmaes al 2007; Kim



et al 2016) using multiple SNB/ping methodsAs well, Cullinghamet al (2013) designed a
speciegdiagnostic SNpanel using cDNA sequencing improve hybrid discminationin pine

This SNP panel was comparedatpreviously designed microsatellite panel (Cullinghetral.

2011) andvasshown to significantly increase discrimination of hybrid classes from pure
individuals, even after multiple generations of backsirgg This panel was used to assess levels
of introgression across portion of theénybrid zonehowever small numbers of hybrid and jack
pine samples, together with a narrow sample distribution, limited these ar@yfegyhamet

al. 2013).

The aim of the currenstudy is tobettercharacterize the hybrid zoa&d improve our
understanding of the species distributions of lodgepole and jack pine. This will beydone b
analyzingthe rate and extent of introgression across the hybridwithéwo man hypotheses. |
hypothesize that) lodgepole and jack pine have formed two separate hybrid zones, one in the
south, and one in the north aBthat these two hybrid zones will differ in their patterns of
introgression, likely because of variation infbage and environment between the northern and

southern contact zones.

As discussed above, the hybrid zone was formed over an extended period of time, which
involved multiple contact zones over an environmentally diverse and extensive spatial
distribution. Previous studies concluding that the southern hybrid zone takes the form of a
mosaic were limitedby a small sample sizand cannot be applied to the remainder of the
hybrid zone However with improved sampling and analysis we aim td&rrour understanding

of hybrid zone structure, and createeav, finescale distribution map of lodgepole and jack



pine Thiswork will update our knowledge of pine from Little (1971), especially north and
eastward of current assessmerntsproving our understanding of the distribution and genetics of
pine will allow further assessments of the role hybrid zones play in the mechanisms underlying
hostshift dynamicsThisis directly applicable to the pifdPB system as MPB expands its
rangeacross the hybrid zone and into naive jack pine stands, as variation in host genomic clines
across the hybrid zone may impact the fsbstt dynamics of the MPB. MPB has currently
impacted only the southern hybrid zone, and not the northern hybrid zasendhbe due to
difference in genetic structure of the hybrid zone, or environmental variation limiting survival or

expansion of the MPB into northern stands.
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M ethods

Sample Collection

We collectedneedledrom 62 pine stands in Britis Columbia 19 standsn = 254), Alberta @4
standsn = 416), Saskatchewani(standsp = 78), Manitoba { standn = 10), Ontario @ stands,
n = 46), and the Yukonq standsn = 39) and Northwest Territorie$ (standsn = 96) for a tosl
of 939 samplegTableAl). Seven hundred and sixtiye samples were newly extracted tors
study, while 174 were previously genotyped (Cullinghetral. 2013a, b) Geayraphic locations
of all sampled trees were recorded using Garmin GPS units (Garmmaltmeal, Olathe, KS,
USA). Needles were stored on ice in coolers, then transferred to stor&@Giori 80°C until

DNA extraction was performed.

Of those @ stands] extractedDNA for four stands (in YTjrom lab grown seedling0

individuals) Seedsvere obtained from the National Tree Seed CdiiNetural Resources
Canadajfrom bulk seed lots (multiplerees) Seedsvere sterilized using Twee2D and 20%

bleach before stratification in autoclaved seedbeds built from 10uL micropipette tipanakes
kimpads.Twentyseeds were germinated in each seedbed for a 12hr light/dark cyct€arth

75% humidity. Seedlings were harvested when the megagametophyte could be removed easily
from the seedlingSeedlings wermanually ground with a pestle in incual 1.2 mL tubes of

96 well extraction plates.

11



DNA Extraction

To prepare pine needle tissue for extraction, needles were first chopped into approximately 1 mm
sections from frozen using a razor blade, and placed into 1.2 mL tubes of @6leetion

microtubes (Qiagen #1956@ne sterile tungsten carbide grinding ball (Qiagen #69997) was
added to each tube for grinding in a mixer n8hmples were transferred te80°C freezer for

30 min before the first grinding step, and for 10 minbietsveen each grind. Plates were ground

for 1 minute at 25 Hz for one grind, and 20 Hz for two additional grinds in a Retsch MM301

mixer mill.

| extractedDNA from pine needle and pine seedling tissue using a CTAB (hexadecyl trimethyl
ammonium bromide) gBA extraction method optimized for pine Bpeet al.(2010).

Additional changes include expansion of procedure to 96 well collection microtube plates for
higher throughput. As welthe samples weravertedevery 30 minutes for the 2 hr 65°C
incubation,and all centrifugation steps were performed at 6000agsuspendegelletsin 100

ML of nucleasefree water Then Iquantifiedthe DNA spectrophotometrically in a Thermo
Scientific NanoDrop 2000, and assessed for extraction quality with 260/280 alusovbares

and estimated DNA concentration. Samples with concentration greater than 20 ng/uL and

260/ 280 values 1.7 O 2.1 were retained for s e

SNP selection and characterization
Samples were typed at 29 SNP s(fEable 2.1)previously determined to be completely
discriminating (9 SNPspr they hadhigh frequency differences (20 SNPs) betwiselgepole

andjackpine (Cullinghamet al 2013a; 2013b)Seventeenf these were previously used to

12



identify individuals of hybrid origin (Cullingharat al.2013) and the remaining 12 were used
for population genetianalyss (Cullinghamet al.2013b). Annotation was performed by
Cullinghamet al.(2014) through comparison with multiple databases: NCBn redundant
protein filtered for plant taxa, TAIR9 (Lamesehal 2012), and the Arborea white spruce gene

catalogue (Rigaukt al. 2011).

SNP typing was performed at Delta Genomics using the Seq@sygsitem Gabrielet al.

2009. Sequenor® uses mltiplex reactions and MassArray technology to differentiate SNPs by
molecular weightTwo sets of primers were designed for each SNP site. First, forward and
reverse primeraere designed to amplify the regions of DNA containing the SNP. Thggms
were amplified using multiplexpolymerasechainreaction (PCR)Second, interal primers

were designed to selectively amplify only the polymorphic site in an iPLEX reaction.

| calculated diversity measures with GenAlEx ver. 6.5 (Pe&&lhhouse 2012), which uses
Chi-Squared tests of significance for allelic diversity measures. Lodgepole and jack pine and
their hybrids were assessed separately, once defined, for the following characteristics: unbiased
estimate of expected heterozygosity)Hbserved heterozygosity @H fixation index (F), and
Hardy-Weinberg equilibrium (HWE). | assessed linkage disequilibrium (LD) at each locus for
lodgepole, jack and their hybrids separately in Genepop ver 4.2 (available online at
http://genepop.curtin.edau), with a Markov chain dememaorization of 120000 and 10000
bootstrapping repetitions for significance testing (Raymond & Rousset 1995). | assessed
significance with BenjaminHochberg False Discovery Rate (BH FD&)rected alph&alues

(Benjamini& Hochberg 1995).

13



Hybrid identification

To identify hybrid ancestryGtructure (Pritchardt al.2000)was used. This prograuses a

Bayesian admixture model to estimgi@alues or admixture proportions for individuals frém
number of populationsvhereK is defined by the useA cutoff of Q values(.1 andl0.9

denotes hybrid individuals as determined by Cullingledl. (2011) with simulated dataran
Structurefor K=2 using the following parametensurnin of 50 000 500 000 MCMC stepfor

data collection admixture, and using a correlated allele frequency model (which assumes
independence of all samples, a conservative model). This was perfimshéat all sampleso

identify purelodgepole pine@ > 0.9)or jack pine (Q <0.1xhen againdr each group

separately. Separate Structure analyses were perfdomneleé out conflicting admixture from
inclusion ofshore pineRinuscontortaDougl. ex Loudvar.contortg a subspecies of lodgepole
coincident with lodgepole pine stands) in wes®@) and to rule out possible sgbructuring in

jack pine across the large species distribution respectively. Jack pine stands are located over a
wide range of environments, and while it has not been examined specifically, substructuring may

be possible deito variation in environment.

Hardy-Weinberg(HW) genotype frequencies were calculated for a series of hgbnidrations
and backcrossassingHybridlabver. 1.0 (Nielseret al 2006) Three generations of crosses
were calculated: first and second gatien hybrids (F1 and F2spectively)andhybrids
backcrossed with their parental species including: F1 x lodge, F1 x jack (B1L and B1J
respectively), B1L x lodge, B1J x jack (B2L and B2J respectiyBly). x F2 and B1J x F2
(B1LF2 andB1JF2respectively and B2L x lodge and B2J x jacR3L andB3Jrespectively).

One hundredhdividuals of each generation resulting from the above crosses were simulated to

14



generate representative HW frequencies.

| used the calculated HW frequencies to designate representative classes for individuals in the
sampled hybrid zone, and the program NewHyhtadsssigrindividuals to the calculated
generation classes. Newhybrids (Anderson & Thompson 2002) i@sggesia method similar

to Structure to generate genetic heritage prop@tivhich may be used to discern the age and
dynamics of the hybrid zon8amples were run fdive iterations with a burin of 50 000 and a
data collection of 500 000, the average ofchiwas taken as the final genetic heritage

proportion for each class.

Introgression analysis

| estimated the level of introgression for each marker using the program Intrigoasgert &
Buerkle 2010) This prograncreates a hybrid index for each indival based on the proportion

of alleles inherited from parental populatsat both fully discriminating (fixed differences) and
highly differentiated SNPsSimilar to the admixture proportion of Structure, hybrid index is
denoted by a value between Or@ld..Q which indicates assignmento eachparental species at
eachlocus When fixed differences between parental populations are not present, uncertainty in
inheritance is accounted for in the hybrid index when using the parametric approach (Gompert &
Buerkle 2010)Hybrid index values were calculated for every individual at each of the 29 loci
(Figure2.1). Assignment teeach parental category was infornfezim Structure to determine
parental allele frequencies for each locus, as Introgress requirigsi parental populations to
estimate a hybrid index for eatidividual (Buerkle 2005)Individuals are then assigned as

parental or hybrid type at each locus. Two loci had ~20% missing data, as SNP typing on

15



previous samples was performed at 27 ofd29. [The two loci with no hybrid individuals
(C17954P346 and C5225®@578) are chloroplast loci. The parametric approach corrects for the
inclusion of multiple types of markers by calculating parental allele frequencies (Gompert &

Buerkle 2009).

Introgres alsoestimates genomic clines for each locus using multinomial regressibit

involve more than two discrete outcomes. These regressions estimate the effect of a given
genotype at each locus on genewide admixture (Gompert & Buerkle 2009).significant

deviation from neutral introgressi@t a locusnay occur in one of five ways: overdominance,
underdominance, lodgepole or jack skew (dominance of the alleles of one parental species over
the other), or epistasis, an interaction between g&wagaions likely indicate selective forces

acting on the locus or closely linked regions (Gompert & Buerkle 2@)omic clines can be

viewedgraphically agplots of hybrid indeXadmixture)versus probability of genotype

Genomic clines and hybrid indicegwe calculatedwice, firstjointly to investigate introgression
across the entire hybrid zone, and then in latitude separated grbegsurpose of the latitude
separation wastinvestigate the potential differences between the two contact. Zordass,

samples were dividelly 56 degrees into nortinand soutkBrngroups. Fort McMurray (north of

56 degrees) is not continuous with the northern hybrid zone, so sensitivity analysis was used to
determine if a change in grouping would resulh change irhybrid index values. There was no
significant difference in hybrid indices; therefore Fort McMurray was included as a southern
stand.For each analysis, genomic clinesre estimated for 1000 permutations using the

parametric approach.

16



To determine igenomic cline®f the northern and southern hybrid zonesensignificantly
differentoverall binomial distribution tests were performed in Ex@€elhe observegatterns of
introgression wereompared to thexpected degree of similarjtye.the averaggrobability of
sharing a pattern of introgressiaha locus in both clineso determine if the null expectation of
no difference between zones can be rejedthis was performed both on all genomic clines, and
ononly the significant genomic clined.o calculate the expected frequency of each type of cline,
| calculated th@bservedrequency okach type of cline across both hybrid zordse

probability () of a locus sharinthe same cline in both zones if the zones are independent was
estimatedhs the sum of the squared cline frequendibs. observed number of loci showing the
same clineK) was compared to the probability of observing the same, or fewer loci with the
same cline. This was estimated from the cumulative probability distributibraveiuccess rate

of povern loci:

v a € ,
0@ 1Q QN P N

Prediction mapping

Hybrid location prediction mapping was performed in ArcMAP (version 10Gopyright1995

2016 Esrj using the kriging algorithirKriging is an interpolation method, which uses inverse
distance weighted interpolation and autocorrelation between spatial distance and an included z
value (Oliver 1990), in this case hybrid index values from Introgressed a spherical model

and a sanip radius of 100 individuals to limit distance whepatialautocorrelatiorbetween

data pointss predictableand minimizedoy the semivariogram as a means to prevent

overestimatiorof the modelThe semivariogram was optimized using an ordinary predictive

17



model, with a nugget of 0.021, a major range of 15.200, and a partial sill of 0.252. Lodgepole
pinefrom Cypress Hills were removed from prediction mapping analyses addheyt occur

continwusly with other lodgepole pine forests

18



Results

Genotyping

Seven hundred and sixfive new samples were sequenced usSaguenon® with >90%
sequencing success. 43 samples wesgiouslyremoved from analyses due to low success, with
<50% of loci sequenced due to poor DNA quality or spotting erfdrsremaining 76samples
were combined with an additionhf4 samples previously sequenced wiqueno® and
lllumina® (Cullinghamet al.2013a, 2013b) for a total of 93@mples. The individuals
previouslysequenced were sequenced at 27 of 29 SNP Adicbut four loci had <5% missing
data.JpLpc47778p1036 and85506P364had not been included in previous studassd

therefore weg not typed for ~20% of sampleshile C39371P429 and JpLpc50195p46ad

8% and 12% missing data respectively due to sequencing error. Five loci each for lodgepole and
jack pine were out of HWE with significant heterozygote deficit, except one locuskiwjtn
heterozygote excess. Significant Miaspresent at 11 locus pairs in lodgepole pine sirtbcus
pairs in jack pine, and almost all locus pairs for hybrid individuals. A summary of diversity
measures at each locus for all individuals, and fayépdle, and jack pine separately can be

seen in Table 2.2.

Hybrid identification

Preliminary analyses usir§jructure revealed two distinct groups with a range of admixture
proportions ak=2. No additional admixture was revealed when lodgepojack individuals
were analyzed separately, indicating a lack of samplirsipofepine onthe westerriront of the

sampling regionand a lack of substructuring in jack pifre Q = 1.0andQ=0.0) lodgepole

19



and jack (30 eaglas suggested by Structure documentaiizgividuals were selectess
representative of parental allele frequencies for introgression andhfsesnindividuals each
from Bell 2 and Simmons Lake in BC, and 1@iinduals each from ON (Temiscaming and
Algonquin), MB (Traverse Bay), and SK (north Saskatchewan) were selected to cover the

parental ranges of lodgepole and jack respectively.

Of 939 individuals, 328 were assigned as jack pine (Q>0.9), 446 as lodgep(€<0.1) and
165 as hybridsQ;10Q00.9), Pure lodgepole and jack individu@isomade up >70% of genetic
hybrid proportion asgnment from NewHybrids (Table 2.3-irst generation hybrids and their
respective backcrosses had the lowest propoassignment. Of the remaining classes,

individuals were most likely to be assigned as segmeration backcrosses.

Introgression analysis

Genomic clinesvere estimated with Introgress usingltmomial regressions, three which for

the lowsJpLpc0412p131 can bseen in Figur@.2. This locus is representative of both

significant deviation from neutral introgression, and differential introgression between latitudinal
groups. P values <0.02&licate significant deviationsing the BH FDRnethodwith U=0.05
(Benjamini& Hochberg 1995)In this case, the separation of samples into latitudinal groups
resulted in significant deviation from neutral introgression at the ahsdiffering patterns in

each groupThe remaining genomic cline plots canfbend in FigureAl in the appendices

Of 29 loci, 24showed significantdeviations from neutral expectatiofi|able 2.). Overall, there

were no significant differences between the northern and southern hybrid zones based on
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binomialdistribution tests. Thiwas true for all loci, and for only those loci that experienced
significant introgressiofp=1.02x10° andp=0.444respectively) However when examined for

all loci there were significantly more similarities betwdlea twohybrid zones thaexpected by
chance.Two loci werecompletely discriminating for all samples, however thésexpected

given they are chloropst loci andhereforeshow significant underdominance (lack of hybrids).

In addition to JpLpc04112p131 (above), two other ldpLpc41319p34@ndJIpLpc66545p1207
alsoshowed significant and different pattewfantrogressioramongnorthern, southerand

combned data sets (Table 2.1, in bold). In all 21 other cases of significant deviation, differences

between latitudinally separated groups were either absent, or not significant.
Prediction Mapping

| used lybrid index values to create a predictiongad hybrid and species location with ArcGIS

(Figure2.3). The distribution of hybrids (dark blue) extends from NWT south into AB and BC.
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Discussion

The aim of this study was toharacterize the hybrid zot@ improve our understanding of the
species distributions of lodgepgee, jackpineand their hybrids. | have done this by
substantially increasing sampling of pine across the hybrid zone, then anégznate and

extent of introgression across tigorid zoneto determine if there are two distinguishable hybrid
zones in the north and south of the hybrid distribution. The extent of the lodgepole x jack pine
hybrid zone has not been well characterized in the past, as previous studies were limited in
sampling (Cullinghanet al.2012) and could not be applied to the remainder of the hybrid zone,
and therefore genomic analyses of the hybrid zone were incomplete. With expanded sampling
and analysis we also createdew, finescale magFigure 2.3)of lodgepole and jack pint®

update our knowledge of pimgstributionsfrom Little (1977).

| found that of 939 samples, 446 were assigned as lodgepole pine, 328 were assigned as jack and
165 were of hybrid class based on Q value ranges from Cullinghain2011). When analyzed

as one population, all loci were significantly out of HWE (Table 2.2), and showed heterozygote
deficit and high fixation indices (F). When separated by latitfieke]oci in lodge andive loci

in jack were out of HWE with significd heterozygote deficit (Table 2.2). Heterozygote deficit
(homozygote excess) has been attributed in the past to selfing resulting in a Wahlund effect,
which is common in coniferous trees (Stoeakedl. 2006; Mankeet al. 2011), however in this

case detiit is likely due to the selection of species discriminating markers.
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Sampling and mapping revealed that the distribution of hybrids is greater in extent and width of
range tharhatestimated by Little (1971). | found individuals of hybrid character ranging from
central AB north through NWT, and northeast BC to the AB/SK border. Hybrids were previously
designated using onyhenotypic data, however these have been shown to be less reliable for
hybrid typing than genetiqZavarinet al 1969; Pollack & Dancik 198%ritchfield 1985;

Wheeler & Guries 198§ MWoodet al.2009, Cullinghanet al.2011). Notable changes from

L i tst1Bb7d4)assessments include the presence of individuals of hybrid ancestry in the NWT,
and eastern AB; however individuals with hybrid ancestry also cover most of northern AB, and
parts of the BC/AB border. Despite improved sampling of both pine specigss study, the
distribution of samples in northern AB is still limited and the hybrid zone in this area requires
further sampling to discern a finer scale structure before this can be properly assessed. This has
been difficult because of limited roadcess to stands in this region. Additionally, predictive
mapping would be further improved by taking into account environmental variables, as this has
been shown to greatly influence the distribution of pine species across the landscape

(Cullinghamet al 2012).

To testthe hypothesis that lodgepole and jack pine have formed two separate hybrid zones, |
divided the hybrid zone into two latitugeparated groups based onhistorical secondary
contact zones of lodgepole and jack piMacDonald & Cwynarl985) | found that these two
hybrid zones differed in their patterns of introgression, but may not be completely distinct. |
cannot definitively state that there are two hybrid zones based on this study because of the
continuous distributin of pine between the northern and southern hybrid zandshe lack of

significant differences between the zones overall based on binomial distribution tests
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Interestingly, there was significantly more similarity found between the northern and southern
hybrid zones than expected by random. This may indicate selectioniactipgrallel manner
onthe two zoneslespite environmentaind landscapdifferencesHowever there is evidence of
significantdifferences in th@atternof selection at specific loci betwa these two regiorisom
introgression analysisvhich supports tht responses to this parallel selection may not be the

same between individuals in each region.

Introgression analyses first required establishment of parental allele frequencies, which was
performed using Structure admixture valuearental populations identified using Q value

cutoffs as determined by Cullinghahal. (2011) were sed to determine parental allele
frequencies for hybrid index calculatiomsdividuals were selected to best represent the parental
allele frequencies across their respective native ranges. The absence of admixture in lodgepole
and jack pine stands to thwest and east (respectively) of the sampling distribution supports the
conclusion that shore pine individuals were not sampled, or that sampled individuals are not

hybrids at the typed SNPs.

Introgression may form novel complexesyehes promoting adtgiion,reduce fitness, or any
combination in between these two extrentéar(ison & Larsor2014). Deviations from neutral
introgression as seen in 24 of the 29 SNP loci examined (Table 2.1) may be indications of
selective effect acting at these loci (Quert & Buerkle2009). When selection acts on variation
at SNP loci, this can lead to differential survival of individuals, and inheritance of genes

(Krehenwinkel & Taut2013). Genes of selective benefit are more likely to be passed between
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hybridizing pecies, which may result in differential introgression between individuals (Harrison

& Larson2014).

Differential introgression was seen at three of the 29 SNP loci analyzedfThathree
differentially introgressetbci are found in genes involved the regulation of key physiological
processes and may affect growth & survivigLpc04112p131, an SSXT family protein involved

in transcription regulation and cell proliferation during flower and leaf growgtrabidopsis
thaliana(Vercrussyeret al.2014);and JpLpc41319p34@ member of the YbaB protein

involved in DNA binding and regulation of thylakoid membrane biosynthesis (Betlatd

2017). Allelic differences at these loci may be caused by environmental differences related to
climate or elewtion, driven by selection. | suggest that the phenotypic impact of variation at
these loci be examined in more detail to discern if changes in environmental variables have an

impact on fecundity of individuals of different hybrid origin.

Differential enwronmental pressures on two parental speciexreate selection gradient

which oftenlead to differential selection among genotyfiday et al 1975), and in some cases

a variable hybrid landscape. As discussed above, differential introgression biteveerthern

and southern zones was obserattthreegenesfwo involved in physiological regulation, all
potentially under selection. Discontinuous selection gradients, caused by strong gene flow in the
presence of selection can result in patchy, or discontinuous spatial distributions across the
landscape (Gompeetal. 2017). This can be seen in the created distribution map (RA@)re

where pure lodgepole pine (pink) and jack pine (light blue) individuals can be found in multiple
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stands in AB and NWT within the described hybrid zone, as well as within their gdarent

distributions. This suggests that environment has an influence on hybrid genetic composition.

Further results from NewHybrids assignments oppose a clinal or tension character for the hybrid
zone. As seen in Table 2.3, first generation hybrids ancchesdes were assigned at low to
negligible frequencies, while pure lodgepole or jack pines (not listed) made up the remaining
~70% of assignments, however taking into account only those individuals assigned as a hybrid
class, the majority of individualsebackcrossed or late generation hybrids. This would suggest
that the hybrid zone is both salfistaining, and variable. If the lodgepole x jack pine hybrid zone
was a tension clinal zone hybrid individuals would experience selective disadvantage (Key
1968, and we would therefore see few late generation hybrids, which is not the case.
Additionally, the absence of F1 hybrids does not necessarily indicate that hybrids are selected
against, or that hybridization between pure individuals is not continuingeto,as incomplete
sampling will greatly influence the representation of hybrid generations, especially across such
an expansive distribution. Indeed, the presence of steep transitions between pure species would
suggest continued hybridization is likelGgenetic hybrid proportions are reliable for

distinguishing between classes when using SNPule¢o the third generation of backcrossing
(Boecklen & Howard 1997Cullinghamet al.2011).This penetrance of latgeneration hybrids

is also apparent whenmsidering the ginificant LD found in the hybrid pine, as substantial LD

is expected with hybrid divergence and age (Gongteat 2017), as well as greater fitness of

hybrid individuals (Arnold & Hodge&995)
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Implications for management of MPB

Improving our understanding of the distribution and genetics of pineaflaurther
assessments of the role hybrid zones plaiegrmechanisms underlyifgpstshift dynamics
Currently, MPB has not reached the northern limit of lodgepole, or hylmél and
establishment of MPB in the northern hybrid zone may continue to be limited by multiple
factors, including environment (temperature, elevation) angatehydistribution of hosts

(Boneet al 2013).

The hybrid bridge hypothesis (Floate &Withd®93), suggests that hybrid zones act as genetic
bridges between host species. This hypothesis could influence the lodgepole x jack pine system
in two ways. First, if peshost ceadaptation exists between lodgepole and MPB in southern BC,
this coadaptan could be conferred through introgressive hybridization into hybrid and jack
pine in the southern hybrid zone. This would then promote the successful establishment of MPB
in pure jack pine. However it would also be true that genes of adaptive bemesiistong MPB

would also be passed through introgressive hybridization. At the same time, the hybrids of the
southern zone hawgreater lodgepole pine and jack pine skew in all@able 2.1)which

would promote MPB hodtransfer into pure jack pine. Secondly, the hybrid zone represents an
intermediate phenotypic environment to either pure species. This has been seen in multiple
studies of pineMPB interactions (Lusebrin&t al.2013; Erbilginet al.2014) where levels of
chemical production by hybrid hosts are intermediate to lodgepole and jack pine. This
transitional environment could promote MPB transfer by providing a progressive change in host

environment across the landscape. This hymish&ould suggest that the southern hybrid zone
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is more conducive to bridging the hasansfer of MPB into jack pine than the northern hybrid

Zone.

Lodgepole and jack pine abethsusceptible hosts for the reproductive success of MPB and it
has been shen in lodgepole pine that naive trees are more susceptible and result in greater
reproductive success than trees in epidemic areas (Cuetralr@010). This is concerning

given the northern hybrid zone, and entire boreal forest, comprise naivpdregslly

susceptible to MPB establishment. Howeverrtie recent establishmenttbe northern zone
would suggest that introgressive hybridization has occurred less frequently, and genes of
adaptive or maladaptive effect are less likely to be frequent across the zone. Additionally,
significant differences exist between the affectedtsa hybrid zone and the naive northern
hybrid zonen specificgenes related to physiological and phenotypic expression of pine
individuals. Selectively advantageous phenotypic differences between lodgepole, jack and their
hybrids may affect survival a@nbrood success of the MPB when attempting to infest new hosts,
or of the hosts when resisting MPB establishment. As observed byelaig2014) signatures

of selection at SNPs in MPB may indicate adaptations to novel environments, and jack pine is a

novel environment to MPB.

Conclusions

This study has aied tocharacterize the hybrid zon@nd has done so with improved sampling
across the range, especially in the NWT, YT, eastern AB, SK and MB. Using these data, | have
created a new species distrilmutimap, which will allow for better prediction of the species

distributions across the landscape. New, more accurate maps will inform both management, and
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future research into the puMPB system. Finally, | foundignificantdifferences irgenetic
introgressionat three loci betweetihe northern and southern hybrid zones sugyg#tat two

regions of thénybrid zoneare potentially responding differently to selective pressuittsn the
continuous pine distribution in western Canada. These two regions have introgressed genes that
differ in genes of physiological and phenotypic effect, which could indicgiertant adaptive

differences between the naive northern and attacked southern hybrid zones.
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Table 2.1 SNP loci and their annotations determined from transcriptome sequencing, previously published inlingham et al.2014). Samples grouped into all
samples, samples north of 56 degrees latitude (Northern), and samples south of 56 degrees latitude (Southefioyt McMurray is included in the southern contact zone. An

asterisk (*) indicates significant deviation from neutratagressionLoci in bold show both significant deviation from neutral introgression and differences in the pattern

of introgression between sample groups (i.e. Northern, Southereic.).

Locus Annotation All Samples Northern Southern
C17954P346 Photosynthetic electron transfer A (chloroplast) *Underdominance *Underdominance *Underdominance
C26372P562 Calciumdependent lipid binding (CaLB domain) family *Jack *Jack Jack

protein
C35213P325 eukaryotic aspartyl protease family protein Neutral Neutral Neutral
C39371P429 protein of unknownfunction (DUF3353) *Qverdominance *Overdominance *Overdominance
C52254P578 Photosystem | PsaA/PsaB protein (chloroplast) *Underdominance *Underdominance *Underdominance
C54523P103 Translationprotein SHdike family *Underdominance Underdominance  *Underdominance
C55356P439 chaperone protein dnatklated *Jack *Jack Neutral
C55378P723 transcription factor jumonji domakgontaining protein Neutral Neutral Neutral
C55401P415 transcribedlocus Neutral Neutral *Jack
C63961P710 manganese transport protein MntH Neutral Neutral Neutral
C64907P190 thioredoxin superfamily protein Neutral Neutral Neutral
C66807P512 beta-amylase/glycosyl hydrolase family 14 *Jack Overdominance *Jack
C84852P331 CRAL/TRIO domain/SeplHige phosphatidylinositol *Epistasis Epistasis *Epistasis

transfer family protein
C85320P102 DEK domabktontaining chromatin associated protein *Underdominance Underdominance  *Underdominance
C85506P364 transcribedlocus *Jack Overdominance *Jack
JpLpc04112p131  SSXT family protein *Lodge *Underdominance *Epistasis
JpLpc36252p1327 histone chaperone/globatanscriptionfactor C *Epistasis Lodge Neutral
JpLpc39993p867  uncharacterized conserved protefPUF2358)/Snoalike *Jack Overdominance *Jack

domain
JpLpc41319p340 uncharacterized BCR, YbaB family COG0718 *Lodge *Underdominance Lodge
JpLpcdd782p470 KNOX1/2 domain/KNOTTHike *Jack Jack Jack
JpLpc4d5225p571  B-cell receptorassociated proteit31-like *Jack Neutral Neutral
JpLpc4a7089p1831 Doftype zinc finger DNAinding family protein *Overdominance *Overdominance  *Overdominance
JpLpca7778p1036 chlorophyll AB binding family protein *Underdominance *Underdominance *Underdominance



JpLpc50195p453
JpLpc66545p1207
JpLpc86157p398
Lp-C45579P117
Lp_c00150p459
Lp_c12025p1415

complex | subunit

transcribed locus

RNA recognition motif/SC3ke splicing factor 28
myb-like HTH transcriptional regulator family protein
circadian clock associated 1

core-2/l-branching betal,6-N-
acetylglucosaminyltransferase family protein

*Underdominance
*Epistasis

*Lodge

Jack

*Jack

Lodge

Underdominance
*Overdominance
*Lodge

Jack

*Jack

Lodge

*Underdominance
*Lodge

Lodge

Jack

Jack

*Lodge
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Table 2.2 Diversity measures for 29 SNP ldnilodgepoleglodge)and jack pindjack), and all samplestwo chloroplast loci with no heterozygotes are marked with &lufber

of individuals sampled at each locus (N), observed heterozygosjly rbiased estimatof expected heterozygositygliand the fixation index (F). Measunesre calculated

in GenAlEx 6.5(Peakall and Smous12). Numbesin bold indicatdoci out of HardyWe i nber g Equi |l i brium (note that all/l |l oci wer €
included).

All Lodge Jack
Locus N Ho He F N Ho He F N Ho He F

C17954P346* 939 0.000 0.489 0.998 446 0.000 0.000 0.000 328 0.000 0.000 0.000
C26372P562 910 0.125 0.486 0.742 435 0.032 0.032 -0.016 317 0.095 0.096 0.013
C35213P325 920 0.114 0.494 0.769 441 0.082 0.078 -0.043 316 0.047 0.052 0.093
C39371P429 863 0.364 0.450 0.191 419 0.112 0.106 -0.059 297 0.599 0.423 -0.419
C52254P578* 933 0.000 0.488 0.998 446 0.000 0.000 0.000 323 0.000 0.000 0.000
C54523P103 935 0.090 0.495 0.818 445 0.040 0.053 0.229 327 0.028 0.027 -0.014
C55350P439 934 0.119 0.481 0.753 443 0.023 0.022 -0.011 327 0.144 0.139 -0.037
C55378P723 928 0.109 0.493 0.779 438 0.059 0.058 -0.031 326 0.049 0.054 0.086
C55401P415 939 0.130 0.493 0.736 446 0.067 0.065 -0.035 328 0.064 0.062 -0.033
C63961P710 929 0.157 0.489 0.678 443 0.063 0.070 0.092 324 0.139 0.140 0.007
C64907P190 937 0.095 0.487 0.805 445 0.013 0.013 -0.007 328 0.076 0.079 0.034
C66807P512 939 0.113 0.480 0.765 446 0.009 0.009 -0.005 328 0.122 0.120 -0.018
C84852P331 907 0.080 0.490 0.836 437 0.018 0.018 -0.009 312 0.045 0.044 -0.023

C85320P102 927 0.065 0.494 0.869 439 0.009 0.018 0.495 325 0.028 0.027 -0.014

32



C85506P364
JpLpc04112p131
JpLpc36252p132;
JpLpc39993p867
JpLpc41319p340
JpLpc44782p470
JpLpcd5225p571
JpLpc47089p1831
JpLpca7778p103¢
JpLpc50195p453
JpLpc66545p1207
JpLpc86157p398
Lp-C45579P117
Lp_c00150p459

Lp_c12025p1415

714

938

928

938

936

933

924

937

710

818

926

927

938

916

934

0.127

0.091

0.122

0.160

0.104

0.183

0.150

0.154

0.070

0.112

0.104

0.143

0.135

0.153

0.186

0.497

0.496

0.495

0.485

0.495

0.466

0.485

0.474

0.483

0.496

0.493

0.499

0.480

0.462

0.500

0.743

0.817

0.754

0.670

0.790

0.607

0.690

0.676

0.854

0.773

0.789

0.712

0.718

0.669

0.627

308

445

443

445

444

441

441

445

272

403

441

438

446

442

442

0.019

0.040

0.061

0.049

0.041

0.016

0.039

0.013

0.074

0.089

0.029

0.121

0.018

0.018

0.242

0.019

0.040

0.059

0.048

0.053

0.016

0.042

0.013

0.136

0.094

0.029

0.130

0.022

0.018

0.237

-0.010

-0.021

-0.031

-0.025

0.229

-0.008

0.086

-0.007

0.460

0.053

-0.015

0.066

0.191

-0.009

-0.025

290

328

325

328

328

327

320

328

324

294

323

325

327

313

328

0.107

0.018

0.065

0.165

0.040

0.284

0.153

0.192

0.003

0.031

0.053

0.049

0.174

0.246

0.037

0.126

0.018

0.063

0.176

0.045

0.302

0.168

0.184

0.003

0.037

0.051

0.048

0.184

0.275

0.042

0.148

-0.009

-0.033

0.065

0.113

0.057

0.085

-0.047

-0.002

0.166

-0.027

-0.025

0.052

0.105

0.124
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Table 2.3 Newhybrids clasassignment opure lodge (L), pure jack (Rybrid (F1, F2), and backcrossed generatiéiisx
lodge, F1 x jack (B1L and B1J respectively), B1L x lodge, B1J x jack (B2L and B2J respectively), B1L x F2 and B1J x F2

(B1LF2 and B1JF2 respectively) and B2L x lodge and Btk (B3L and B3J respectively).

Hybrid Class Proportion of Classes

L 39%

J 37%
F1 0.0%
F2 0.067%
B1L 0.0%
B1J 0.43%
B2L 5.2%
B2J 7.4%
B1LF2 3.9%
B1JF2 2.6%
B3L 4.0%
B3J 0.30%
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Figure 2.1 Introgression map of individuals (rows) for each SNP locus (columns). Colour indicates assignment to I@iuepole

(light green), jaclkpine (dark green), hybrigine (intermediate green) or missing data (white).
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Figure 2.2 Genomic clines resulting from multinomial regressions for the JpLpc04112p131 locus. Part A: Ahddelbstow 56, C: All samples. Thick bands represent the

95%confidence interval of the homozygous and heterozygous (dark and light respectively) genotypes, while the solid antediestet lihe genomic clines of the same. Open

circles are the individual samples included in the regression. Numbers on trexisgite the numbers of individuals included for each genotype.
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Figure 2.3Prediction map of foliage type based on hybrid index (H.l.) values estimated from Intr@yeslisted H.I. value is the interpolated hybrid index value as determined

— O

by the distribution of hybrids and pure individuals across the landscape. High (1.0) H.l. value represents lodgepols, genblype(0.0) represents jagnotypes. Prediction

range covers extent of sampling distribution (yellow circles) included in the current study. Foliage presence/absenceririfashattn modified from Yemasharehal (2012

and R. Legare (Energy Mines and Resources,. YK)
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Chapter 3: Spatial and environmental influence on pine species distributions in western

Canada

Abstract

In north-central Alberta, lodgepold’(nus contorteDougl. ex Loudyvar. latifolia) and jack pine
(Pinus banksian&damb) form a stable mosaic hybrid zone, which reraginorly defined.
Understanding the exogenous processes influencing pine distributions in the hybrid zone is
relevant tareducingpine mortality from future mountainipe beetle expansions. | used %i2&e
samples previously typed for genetic esity (Q) from British Columbia, Alberta,
Saskatchewan, Manitoba, Ontario, and the Yukon and Northwest Territories to predict the
Canadian range of lodgepole, jack and their hybrids. Usigigtic regressiohcreated
statistically accurate predictive meld for pine species composititmm a combination of
geographic and environmental variabl®dels were validated using variance inflation factor
and receiver operator characteristics. With our final mdgbekdicted pine species across
western and ceral Canada and created a map of current pine species distribufmmd that
location, elevation and moisture indices are important predictors for species class, and that the
hybrid zone extends north and east of current estimates, suggesting specees rangaseed

to be updated.
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Introduction

The distribution of pine species across western Canada is highly variable, and does not follow
clinal patterns of transition between lodgepole piRiays contorteDougl. ex Loudyvar.

latifolia) and jack pineRinus banksian&damly; Cullinghamet al.2012).In Canada,ddgepole
pine can be found iBritish Columbia (BC),Alberta (AB), and Yukon Territoy (YT), and jack
pine in the boreal forestf AB, Northwest Territories (W/T), Saslatchewar(SK), Manitoba
(MB), Ontario (ON) and the eastern provincdhese specidserm a stable, variable hybrid zone
(Moss 1949; Mirov 1956; Critchfield 1988)here the two pure speciase sympatrien AB and
BC. While increased sampling has improwad understanding of the distributiand genomics
of pine across the hybrid zof@hapter 2 unpublish¢dmany regionsemain ursampled. Most
regionsare inaccessible from the ground reaund, and aerial sampling is toostlyan
endeavofor completesampling A complete, accurate distribution map based solely on

sampling data is not practical as a result, and other methods must be pursued.

Predictive modeling has been used to successfully describe the distribution of plant species using
multiple mehods (summarized in Guisan & Zimmermann 2000). The preferred group of

methods for species modeling is linear regression, which models a dependent variable against
one or muliple explanatory variables. This is often performed using a glm (generalized linea
model). Linear regression halsobeen used to successfully predict species distributiorzibas

on environmental and biotic variablésr exampleHicks (1980) found thatee canopy

dominanceand moisturendiceswere associated witlnderstory species presence using multiple
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linear regression®lso, sea floor habitats @phiodonelongatesa coastal fish, were modelled
using glm with success (Bassettal 2018).Importantly, linearegression modeling has also
been successful f@redicting hybridization, such as in the hybridization of sparrows
Ammodramus caudacutdsA. nelsonby regressing microsatellite data against local habitat

variables (Walstet al.2016).

| used linear regression in this study to predict the hybridorabf two plant species, lodgepole
and jack pine. Hybridization in plants is common, and often mediated by climatic and geographic
variables due to the close association between plant growth and climate. For example
Schweitzertal. (2002) examined difierences in fitness traits of hybridiziRppulussp.which
differ in habitat elevation, and Raudnitscletaal (2007) used a combination of RAPDs and
morphology to examine the introgression of elevatinided Senecio sp Additionally, the
speciation oPinus densataa pine varianin Ching was related to altitudinal gradients and the
climate variables associat&ith altitude using hybrid index (Wang 1994). In all three
examples, elevation was an important predictor of hybridizatibmdes species variants.
Increases in elevation/altitude (metres above sea level) are directly related to decreases in
temperature and atmospheric pressure, and increases in raKatioar 2007), which all

impact photosynthetic rates, especially in adpirees where photosynthetic optima are variable
(Kérner 1987)Habitatelevation is known to differ between lodgepole and jack pine (Satkes
al. 1996), and was used in a previous study of pine distribution (Cullinghain2012) as a

predictor variablen linear regression.
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Here | extendheresearcldone previously by Cullinghaset al (2012) to includehe

relationship between climate and hybridization of jack pine and lodgepole pine. This has been
examined previously with microsatellite loci (Cullinghatal 2012) wherethey used a panel

of 11 microsatellite loci in a logistic regression to mddel distribution of pine species in BC

and ABusindL3 predictor variables. The finalodelpredicted the distribution addgepole and

jack pine with a high degree of accuracy. Here | will use a panel of SNP loci, which were shown
to illustrate hyrid ancestry with greater confidence (Cullingheinal. 2013) than with
morphological, or microsatellite variation. This study will expand on previous research into
predictive mapping of jack, lodgepole and hybrid pine with an enlarged data set including
samples from MB, YT and NWT, regions absent from previous studies, additional sampling in

AB, BC, SK and MB, and an expanded dataset of 25 predictor variables.

Specifically for jack and lodgepole pine, it has previously been shown that geography including
elevation, longitude and latitude; and climate including drought and extreme minimum
temperature are key indicators of species class (Cullinghain2012) wlen performing

predictive modeling. Multiple studies have also suggested that habitats suitable for hybridization
are intermediate to those of lodgepole and jack pine (Yeatman & Teich 1969; Rweyengeza
2007). Given this strong influence of climatespecies distributions,Hypothesizehat a

predictive model excluding location will be able to accurately describe the distribution of pine.
Additionally, I hypothesize thajeography and climate will accurately-poedid for species
designatioracross the entire population distribution, as they have in the southern provinces

(Cullinghamet al. 2012)

41



To assess these hypotheses, | will construct two predictive models for pine species distribution:
one including geography and climate, to expangrevious modeling efforts; and a second to
determine if a model excluding location will equally predict species distribution. These models
will be used to create a complelistributionmap to improve knowledge of the distribution of

thesepinespeciesand their hybridsicross Canada.
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Methods

Sample Collection

928pine samples are includadthis study, 376 jack, and 409 lodgepole and liy#id

individuals from 67ine stands in British Columbiag standsn = 246), Alberta 4 standsn =

393, Saskatchewart(standsn = 44), Manitoba { standn = 10), Ontario @ standsn = 46),

and the Yukonq standsp = 38) and Northwest Territorie® (standsn = 151) for a toal of 928
sampleg(Table Al). A subset of samples from Chapter 2 were included, and newly collected and
extracted samples in NWT were added to expand the geographic range of sGayaes.

hundred and fiftyfour samples werextracted fothis study, while 174 were previoysl

genotyped (Cullingharat al.2013a, b)Geayraphic locations of all sampled trees were recorded

using Garmin GPS units (Garmin International, Olathe, KS, USA).

Samples were typed at NP sites previously determinediie completely discriminating (9
SNPs) or they hadhigh frequency differences (20 SNPs) betwkxtgepole angackpine.
Seventeeinf these were previously used to identify individuals of hybrid origin (Cullingéam
al. 2013) and the remaining 12 were usedpmpulation genetianaly®s (Cullinghamet al.
2013b). All 29 SNPs were previously used for introgression analysis of the hybrid Cbapter
2 unpublishefifor which sample identity was determined using Structure (Pritataakd2000)
admixture proportions (Q) whe@(0.1 indicates pure lodgepol€ ©@.9 pure jack, and

intermediate values indicate hybrid individuals (Cullinghetral 2012). For more information
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about sampling, DNA extraction, and sequencing please redaniple collection information

included in Chapte2.

Distribution modeling

| initially used25 spatial and annualimate variablesncluding elevation, moisture and

precipitation (Table 3.1) as predictors with species assignment as the response variable in a
logistic regression to create a predictive mddethe occurrence of jack pine, lodgepole pine,

and hybridsLogistic regression is @onlinearregression that estimates a dependent/response
variable from one or more continuous explanatory variablesed the Q values from Structure
(above) as theesponse variable. Q values are continuous ancestry values between 0 and 1, with
0 indicating pure lodgepole pine, and 1 indicating pure jack pine based on parental allele
frequencies with K=2where K is the number of populatioishe sum of ancestry vads for

each individual equals one. Climatatal were generated with ClimateNA v5.10 (based on

methodology described in Waeg al.2016) available atttp://tinyurl.com/ClimateNaand from
Environment Canada @sdicated in Tabl&.1. Environmental variables were selected for their

relationship to pingrowth in provenance studi€geatman & TeichL969).

| started with anodel including albnnual climate variablesjn using a binomial distribution

(designation as either lodgr jack, 0 or 1) with a logit transformatideredictors were fit as

linear main effects thehselected the best model based on AMkaike Information Criterioh

and VIF (Variance Inflation Factor). These wpeformedinRUsi ng t he ficar o pac

2.1-6 (Fox & Weisberg 201)1 AIC evaluates variable influence on the model (Akaike 1973).
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Minimizing AIC during model building prevents ovekplanation of the data by extraneous
variables. VIF minimizes correlation betweeariables in the model. lsed a stringent threshold

of VIF<5 in the modelbelowthe usual threshold of VIF <I@urr et al.2009).A VIF >10 can
indicate problematic mukto-linearity, which interferes with optimal model performance.
Variables were excluded first based on VIF through sequential retention of one variable in each
correlated groupOriginal VIF values can be found in Table A2 of the supplementary

information. Once reduced, variables were then excluded based on their effect on AIC. For the

final models I retained all variables with VIF<5 and significant effect on AIC.

Receiver operator characteristi€@OCs)were sed to validate the selected models. ROC is a
method ofk-fold cross validation utilizing confusion matrices to qualify the predictive capacity
of a model. The data set is split into training data on whinzhit the model, and testing data on
which | tesedthe effectiveness dhe created model.used a 60/, training/testing split

(percent of datayith 1000 bootstrapping replicaé esting data is predicted based on the
training data, and confusion matrices are
ROC curves by plottinge true positive ratagainst the falspositive ratefor each replicate and
threshold ROCs are summarized using AUC (area under the curve) to validate perfomitance
higher AUC indicating model predictive accurgéygure 3.1) Crossvalidation and

performance were assessed witle packag®ROCRver 1.07 (Singet al 2009 in R.

Following model validation | applied the models to create species class distribution maps in

ArcMAP (version 10.5.1, Copyright 1992816 Esri) Environmental data wasxtractedat the
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centroidfor each 10 km grid of GPgointsreaching from BC and YT to ON the extent of
sampling in this study. | applied the models to this dataset to produce a predicifc Qor
each GPS poinfhepredictive layes werethen editedd include only those lotians where
pine trees are locatedsingpine presence data modified from Yemashagiosl (2012, and R.
Legare (Energy Mines and Resources, YK)e differences between the predictivgeles were

calculated using the Map Algebextension in ArcMAR.
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Results

| selected two final bedtt models one including locatioas an attributand one without
(AIC=200.49 and AIC=572.6 respectively compared to the null model AIC=128h8]first
model (SpatiaModel) of species class as Q includes location (latitude and longitude), drought
(CMI) and summer heat moisture ind&HM). The second model (NeBpatial Model) includes
elevation, drought, annual heat moisture in(&H{M), relative humidityRH), and mea annual
precipitation(MAP).

Spatial Q ~ Elevation + Latitudet Longitude+ Drought + SHM

Non-Spatial Q ~ Elevation + Drought + AHM + RH + MAP

TheVIF and LRT for all variables in each model can be seen in Table/&ZXor all variables
included in the models are Both models result in highverageAUC from 1000 bootstrapping
replicates (Figure 3.1), with AUC=0.9408 for the Spatial Model, and AUC=0.9412 for the Non
Spatial Model(standard deviatiofi0.0227 ard £0.022) respectively, which indicate high

accuracy predictive performance of the models.

For the two selected models, a predictive map of species class from @adadaPS data was
produced. The resulting maps for the Spatial Model (Figure 3d2)h@NorSpatial Model
(Figure 3.3)predrt the identity of pine tree speciesam of three categories: lodgepole pine
(QQ.1), hybrid (0.1<Q<0.9), or jack pine (Q.9) (Cullinghamet al 2011). Species prediction
with the Spatial Model coincided well with previous estimates of pure distributions, while the

range of hybrids is greater than previously determined. Figure 3.2 clearly shows hybrids outside
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the species ranges determined hbyl¢i(1971), extending north, east, and west of previous
estimates. The NeSpatial Model predicts hybrids far outside the current estomatege of the
hybrid zone (Figure 3.3), from central BC to ONe numericaldifferences between the
predictions othe Spatial and NeBpatial modelsan be seen in Figure 3a4thedifference in

predicted Qualueat each cell.
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Discussion

| created two logistic regression models of species class (Q) to accurately map the hybrid zone
between lodgepole and jack pine in western Canada. Both models predict the location of
lodgepole pine, jack pine, and their hybrids with high statistical acgirased on ROC and

AUC. The Spatial Model, which includes location, better predicts the current location of the

hybrid zone based on current and previous sampling efforts (Figure 3.2).

The Spatial Mode{Figure 3.2)predicts hybrids primarily in the kravn hybrid zone extending
from northeast BC across central and northern AB towards SK, and from BC north into NWT
along the eastern slopes of fRecky MountainsSome hybridization is predicted in central BC,
which is unlikely given the current distribatis of jack pine, and lack of evidence from genetic
surveys of individuals in the area. Predictions in this case are likely due to the influence of
environment on the model, combined with the absence of spatial influence on the model in
unsampled region3he influence of environment on predictions is also apparent in northern
Alberta where pockets of predicted pure lodgepole hateep transion to jack pine with little

or no hybridization. Thisuggests thagiredictechabitat suitability has steepeasitions in this
area than imther regions of thaybrid zone. Pockets of lodgepole pine are present in areas of
high elevationFigure 3.2) habitatmore suitable to lodgepole pipersistence than jagkne or

hybrids(Yeatman & Teich 196SCarlsonetal. 1999).
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It is clear from the Spatial Model that current distributions of pine may be accurately predicted
using a combination of environmental variables and geographic variables, however predictions in
the absence of geographic information may notdegul for describing current distributions. The
Non-Spatial Model appears to ovpredict hybrid distributions compared to current sampling
efforts (Figure 3.3) in regions occupied by pure jackum@lodgepole pine. Similar to the

Spatial Model, the oveestimation of hybridization in the NeBpatial Model is likely due to the

lack of sampling in ovepredicted areas, especially in the distributiangeof jack pine(blue

regions in Figure 3.4)This sparse sampling results in the eestimation of aaeracy based on

AUC. As the NorSpatial Model does not include geographic location as a predictor, it may
however be used as an indicator of regions with environment suitable to the success of each
species class, especially regions suitable to hybridizatdrhybrid growth success. As can be
seen in Figure 3.3, regions predicted as suitable for hybrid class extend from the current hybrid
zone in AB, BC and NWT, east to ON, across habitat currently occupied by jack pine. These

regions may represent habgatitable for colonization by hybrid pine.

Parallel analysis of ecnfjical and spatial processes is known to indyszgial autocorrelation.
Spatial dependence in plants is primarily driven by exogenous processes (FortinZ20&Ele
however these exy@nous processes are themselves spatiallycutelated. Environmental data
(Wanget al. 2016) are produced with a downscaled grid using linear regression to extrapolate
intermediate data points. This interpolation may induce spatial autocorrelation in the response
variable of a linear model, in this case the ancestry value Q, in nearbiguadiss While this

could lead to underestimation of variation in Q at small scales, thedeadge geographic
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distributions and regressions included in this study are unlikely to be affected. Additionally, the
GPS grid from which | extracted environmerdata for the predictive layer is larger (10 x 10km
and 4 x 4km respectively) than that of the original environmental grid used byé&Wahg

(2016) to interpolate their data, which would reduce induced spatial autocorrelation in Q.

Similarity betweerthe predictive success thfe two models as indicated by AUC valug$ikely
caused by thanfluenceof elevationin the predictive model€klevation is highly correlated to
environmental variables; especially those derived from moisture and tempendtoes(Korner
1987;Guisan & Zimmermann 2006 6rner 2007. Elevation, and similarly latitude and

longitude, are indirect variables whose gradients greatly influence direct/resource variables for
plants (water, heat, nutrients). As such they can be tegéx be of great predictive importance
for habitat. Thus, when elevation was removed from the model, AIC increased dramatically,

indicating that elevation explains most of the variation in the response variable.

After elevation, climate moisture ind¢€MI, drought) was the most important predictor of
species class in both models. CMI, the difference between annual precipitation and potential
evapotranspiration (Hogg 1997), is positively related to the distribution of lodgepole and
negatively related tfack pine. This is consistent with known growth conditions, as lodgepole
proliferates in a higher moisture environment than jack (Yeatman & 16868;Rweyongezat

al. 2007.
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As the host species for MPB, lodgepole, and now hybrid and jack pine ale @ftfuture MPB
epidemics with climate change and MPB range expansion (Safretngik2010).Analysis of
system dynamics will allow for the prediction ofregk pine stands and aid in the
implementation of appropriate conservation measures to préngeobntinued spread of MPB
through theboreal forestThese models may be used for predictive modeling of future
distributions of suitable pine habitat, as has been performed with MPB. With climate change,
habitat suitable for lodgepole, jack or hybrids may shift. This model could be used to predict
future habitats for seedtock management. Multiple predictive climate models are available
(Wanget al.2016) which provide suitable environmental data for use in this model.
Additionally, the future distribution of pine is especially important for determiniR@Mpread

risk.

Spread risk will be influenced by both climate and habitat availability for MPB. | found that
precipitation (mean annual precipitation) and temperature (annual/summer heat moisture indices)
are positively and negatively associated witthgepole pine distribution respectively.

Precipitation (summer precipitation) and temperature (winter temperature anomaly) have also
been found to influence future MPB spread risk (Liahgl. 2014). Summer precipitation was
negatively associated with MRBortality, while temperature was positively associated. These
corresponding climate trends can be modeled along with stand location to predict MPB spread.
MPB is more successful in naigeands (Cudmoret al. 2010) which includes hybrid stands and

jack pgne stands east and north of the current attack area.
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This study has expanded upon previous research into the distribution of pine species. The last
Canadawide distribution map of pine species (Little 1971) did not account for hybrid
distribution exceptor overlaps between presumed lodgepole and jack pine distributions, and
was based primarily on morphology. Multiple studies have shown that hybrids cannot be
accurately discriminated from their parental species using phenotypiZdstai(et al 1969;
Critchfield 1985;Pollack & Dancik 1985Wheeler & Guries 198 MW oodet al.2009). More

recently predictive mapping was performed using microsatellite loci (Cullingth@mn2012) but

these predictions were limited in range to BC and AB.

The Spatial ad NonSpatialmodelsmaybe used to accurately predict the species class of pine
using environmental data, which can be derived fgaoreferencedata. Pine is an

agriculturally and economically important species in Canada. Accurate stand rdedaiie
essential to resource allocation for industry, for reforestation of attacked stands and annual

logging assessments, and government for control and spread prevention.
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Table 3.1 Twenty-five dimate and location variables included in distribution model creation as predictors of
Q-values. The ClimateNA program used to collect environmental data is available at
http://tinyurl.com/ClimateNgWanget al 2016).Predictors in bold are included in the final models.

Predictor Variable Description Source

Elevation Elevation in meters NASA ASTER
DEM i https://wist.
echo.nasa.gov/api/

Latitude Northing in decimal-degrees Centroid of 10-km cell
Longitude Easting in decimaldegrees Centroid of 10-km cell
Drought Mean climate moisture index Natural Resources Canada,;
(CMI) Hogg 1997
MAT Mean annual temperature ClimateNA v5.21; Wangt al.
2016
MWMT Mean winter maximum ClimateNA v5.21
temperature
Mean CMI Mean convective momentum ClimateNA v5.21
transport
TD Continentality ClimateNA v5.21
MAP Mean annual precipitation ClimateNA v5.21
MSP Mean summer precipitation ClimateNA v5.21
AHM Annual heat moisture index ClimateNA v5.21
SHM Summer heatmoisture index ClimateNA v5.21
DDO Degree days <€ ClimateNA v5.21
DD5 Growing degree days 6 ClimateNA v5.21
DD18 Degree days >T& ClimateNA v5.21
NFFD Number Frost Free Days ClimateNA v5.21
FFP Length of frost free period ClimateNA v5.21
bFFP Beginning of frost free period ClimateNA v5.21
eFFP End of frost free period ClimateNA v5.21
PAS Precipitation as snow ClimateNA v5.21
EMT Extreme minimum temperature ClimateNA v5.21
over 30 years
EXT Extreme maximum temperature ClimateNAv5.21
over 30 years
Eref Reference evaporation ClimateNA v5.21
CMD Climatic moisture deficit ClimateNA v5.21
RH Average relative humidity ClimateNA v5.21

54


http://tinyurl.com/ClimateNa

Table 3.2Summary of logistic models, for the Spatial Model 1 (A) and the-Spatial Model (B) chosen with

mini mization of AIC and VIF<5. LRT refers to the |ikel]
significance in the model. VIF is the vance inflation factor, which measures correlation between predictors, and

p(Lp) refers to the direction of effect on probability of lodgepole pine. The inverse sign refers to the probability of

jack pine. All Predictor$isted weresignificant.

A

Predictor VIF Coefficient +/- Std. Err. p-value LRT Effect on p(Lp)
Elevation(m) 4.051 0.02 0.00® <0.001 568.32 +

Latitude 2.591 -0.414 0.0707 0.025 86.93 +

Longitude 2.853 -0.8(8 0.0163 <0.001 58.01 -

SHM 3.118 -0.03L 0.00%8 0.048 0.19 +
Drought(CMI)  1.004 0.1 0.0230 0.005 110.26 +

B

Predictor VIF Coefficient +/- Std. Err. p-value LRT Effect on p(Lp)
Elevation(m) 2.629 0.010 0.008 <0.001 568.32 +
Drought(CMI)  1.002 0.059 0.00% <0.0aL 91.10 +

AHM 1.543 -0.163 0.0351 <0.00L 5.04 -

RH 2.772 0.092 0.0419 <0.00L 1.00 +

MAP 2.737 -0.004 0.00® 0.002 24.62 -
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Figure 3.1 Receiver operator characteristic (ROC) curves for crosslidation tests of model predictive success using 60
training, 40% testing data sets. 100 bootstrapped replicates for each model are shown (out of a tad&lL000 replicates
each). Average area undehe curve (AUC) was calculated for each set of ROC curves.
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Figure 3.2 Predictive map for lodgepole and
values are indicated by the species class colour at each geographic location with dark green representing lodgepiglat, §reen representing jack, anc
blue indicating hybrid pine. Yellow circles indicate sample sites included in this study. Grey and dotted black lines indicate the proposed distribusic

of lodgepole and jack pine respectively from Little (1971).
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Figure 3.3 Predictive map for lodgepole and jack pine and their hybrids based on the N@patial Model, which includes solely environmental variable:
Predicted Q values are indicated by the species class at each geographic location with dark green representingeloalg, light green representing jack,
and blue indicating hybridspine. Yellow circles indicate sample sites included in this study. Grey and dotted black lines indicate the proposed
distributions of lodgepole and jack pine respectively from Little (1971).
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Figure 3.4 The differences between the predictions made by the Spatial and NeSpatial models. Values indicate the arithmetic difference in-@alue
prediction (Spatial minus NonrSpatial) of each model for each cell valugcentroid of 2km cell). Blue and red colouration indicate regions where the
predicted class differs between models.

59



