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Recent population declines to the high elevation western Nth America foundation
species whitebark pine, have been driven by the synergistieffects of the invasive blister
rust pathogen, mountain pine beetle (MPB), re exclusion, iad climate change. This
has led to consideration for listing whitebark pine (WBP) as threatened or endangered
species under the Endangered Species Act, which has intensd interest in developing
management strategies for maintaining and restoring the sxies. An important, but
poorly studied, aspect of WBP restoration is the spatial vaation in adaptive genetic
variation and the potential of blister rust resistant stras to maintain viable populations in
the future. Here, we present a simulation modeling framewdrto improve understanding
of the long-term genetic consequences of the blister rust pthogen, the evolution of
rust resistance, and scenarios of planting rust resistant enotypes of whitebark pine.
We combine climate niche modeling and eco-evolutionary laiscape genetics modeling
to evaluate the effects of different scenarios of plantingust-resistant genotypes and
impacts of wind eld direction on patterns of gene ow. Planing scenarios showed
different levels for local extirpation of WBP and increasedgpulation-wide blister rust
resistance, suggesting that the spatial arrangement and atice of planting locations
can greatly affect survival rates of whitebark pine. This stly presents a preliminary, but
potentially important, framework for facilitating the coservation of whitebark pine.
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INTRODUCTION

Whitebark pine (WBPPinus albicaulisis one of the most intensively studied North American
conifers, in part due to its unique relationship with the grliy bear Ursus arctos horribiljsClark's
nutcracker Nucifraga columbianjaand over 20 other wildlife specielsafenz et al., 2008which
depend on its seeds for food; thus it is considered a keystadef@indation species in high
elevation forests within its range. Thus, recent declireeiated with the spread of mountain
pine beetle (MPBDendroctonus ponderodaand the introduced invasive fungal pathogen white
pine blister rust (WPBRCronartium ribicold have led to consideration for listing the species
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as threatened under the Endagered Species Act in 2010 (Fedeshpollen to disperse rust-resistant genes through the laruisca
Register 2010), intensifying interest in developing stiaefpr Finally, future WBP landscape genetics studies are disgusse
its conservation and management (see recent reviewssayie  including planting strategies with WPBR resistant indivithiz
etal., 2012, 20)6 conjunction with adaptive simulation modeling experiments.
One of the primary threats associated with WBP decline is
WPBR-an invasive fungal pathogen introduced to the Paci QATERIALS AND METHODS
Northwest of North America around 191(ar et al., 201p6
WPBR aects the productivity and distribution of WBP by Whitebark Pine Regeneration and White
forming cankers, which girdle branches and boles, resgltm  Pine Blister Rust Suitability Model
reduced cone production and increased tree mortality. It hagve developed correlative niche models (CNM; aka species
since spread to ve-needle pine species across the United Statefistribution or habitat suitability modelsThuiller et al., 2005;
Genetic blister rust resistance was rst identi ed in small Elith and Leathwick, 200or WBP and WPBR using occurrence
samples of open-pollinated families WBingham (1972)and  records (presence and absence) to develop a probabilistieimod
Ho et al. (1980) A larger trial of 110-seed sources laterof occurrence based on statistical relationships with climati
established the e cacy of identifying, propagating, and defi@  topographic and biophysical variables. One criticism of CNM's
blister rust resistant seedlingsléhalovich et al., 2006 While applied to long-lived tree species is that they typically cateel
major gene resistance has not been found in WBP, thregdult occurrence records with climate data from relativélprs
resistance mechanisms exhibit as single-gene reces3ies. time periods (i.e., 30-50 years). This means that at some
no-spot and needle shed resistance mechanisms are presentdgations, an adult tree- 300 years old may have established
very low frequencies<(1%), while the short shoot resistanceunder a very dierent climate than the one being used to
mechanism is present in low frequency (5.2 percent, Mahatovicrepresent its climatic suitability. Recent studies have esiggl
in prep. In the US Northern Rockies, o spring of over 1300 ysing juvenile rather than adult occurrences to provide a enor
phenotypic selections are under evaluation in support of activeealistic characterization of the relationship betweenpacies
restoration by planting proven, rust-resistant seedlingsolvhi and a suitable climatic period_¢noir et al., 2009; Zhu et al.,
have a combination of no-spot, needle-shed, bark reactiah an2011; Bell et al., 2014; Dobrowski et al., 2018 this study,
shoot resistance mechanisméahalovich and Dickerson, 2004; we used juvenile{130 mm diameter) occurrence records from
Greater Yellowstone Coordinating Committee whitebark pinerForest Inventory and Analysis (FIA) plot data on all public
Subcommittee, 2011; Keane et al., 2012, 2016 lands occurring within US Forest Service Northern Region.
Advances in landscape genetics and population genomigss predictors we developed a suite of high resolution (240
provide a robust means to predict the e ects of landscapen) temperature, climatic water balance, and snow distributio
structure and climatic gradients on genetic structure, popata  models. Gridded data were extracted using the raster library i
connectivity, and adaptive genetic variationVignel and the R software environment using bilinear interpolation oeth
Holderegger, 203&.9. Shryock et al., 20)5Recently developed four nearest neighbor cells at each FIA plot location. Adulitil
simulation modeling tools provide e ective means to link details on the development of the climatic water balance data a
landscape patterns to gene ow and adaptive evolutionarprovided in Appendix 1. Details about the CNM for WBP and
processes to predict genetic characteristics of the populatiofyPBR occurrence are provided in Appendixs 2, 3, respectively.
across its range under current and potential future condito
(Scribner et al., 20)6 Simulation models oers several Whitebark Pine Simulation Model
important bene ts for landscape genomic researc¢tarfdguth  We used CDMetaPOPL@&ndguth et al., 20)&o simulate how
et al., 201p For example, simulation modeling can be usedhe presence of WPBR and individuals with resistance to WPBR
to predict how a system or its behavior will change if certainn uence WBP demogenetics. CDMetaPOP is a landscape-level,
processes or parameters are altered. This is particularlyaele spatially-explicit, and individual-based eco-genetic niodé
for predicting the e ects of environmental change on a systemmeta-population processes. CDMetaPOP simulates demogenetic
or for evaluating the likely outcomes of various managemenprocesses as interactions between individuals locatedsscro
scenarios. a number of “patches” (hereafter, stands) containing meta-
Our primary objective for this study was to develop apopulations. Individuals within a stand are assumed to share
simulation modeling framework for assessing the connégtsf  a common environment (e.g., carrying capacity, temperature)
WBP across the US Northern Rocky Mountains and to assess thEithin each stand, a class (age/stage/size) structure is used
potential adaptive signi cance of genetic blister rust riesise. to simulate complex stochastic demographic processes, while
Speci cally, we rst developed climate niche models for WBP andnovement of individuals (i.e., seeds and pollen) between
WPBR distributions. Then, we used these models with an ecstands is controlled as a function of spatially-explicit lacajse
evolutionary landscape genetics model to simulate demographresistance or permeability surfaces (e.g., directional dwin
and genetic (i.e., demogenetieank et al., 20)Iresponses with resistance to movement). More simply stated, a landscape
and without the presence of white pine blister rust. We conddct is populated with stands, which in turn are populated with
simulations that introduced a resistant gene for WPBR andndividual trees. At the stand level, individuals undergo
simulated potential planting strategies with this genotypee W growth, reproduction, migration, and mortality, and the
also tested the in uence of wind eld directionality on theifity = resulting genetic processes are simulated over time at the
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individual-tree level. For more detailed information oneth separated by at least 5 km. These WBP stands were designated
processes simulated in CDMetaPOP, see the user manuaf selecting all cells with 0.5 probability of WBP suitability, as
(https://github.com/ComputationalEcologyLab/CDMetaPOP) predicted by the CNM described above (see Section Whitebark

Our WBP model required parameterization of a numberPine Regeneration and White Pine Blister Rust Suitability Model
of species-speci ¢ processes (see Appendix 4, Figure A4.1 aadd Appendix 2). For simplicity, we assumed a carrying capacity
Table A4.1). After initialization of the model (e.g., stand of 100 trees at each stand location.
stage structure, and genetics), pollen dispersal (age Oyccu We initialized the model at timeD 0 with a random
during the summer. Then, cones from the current year'distribution of 500 age classeBu(ins and Barbara, 19p0We
pollination/fertilization event emerged on each tree anédse ran the model without genetic exchange for an initial 25 gear
dispersed in the fall (age 1). Over winter, stage-structaesity  to allow the age distribution to stabilize, and then beganaiie
dependent mortality was implemented as a function of eaclexchange (see next section). We de ned age 0 “individuas” a
stand's carrying capacity (K). Growth of all individuals andfertilization events, which 12 months later emerged as age 1
establishment of new mature individuals (agec2®ccurred by cones producing seeds for dispersal. An annual increment of
spring and the additional WPBR mortality on mature individesa 0.2 cm diameter at breast height (DBHXdane et al., 2007
was implemented at this time. More detailed methods with datavas used to grow each individual tree. As trees progressed
sources used to parameterize the model are outlined below aridrough each size class, size-linked parameters (e.g., ltibpa
in Appendix 4, Table A4.1. of mortality, probability of maturation, and fecundity) vied

(Appendix 4).
Stands, Carrying Capacity, Age, and Size Classes
The WBP simulations were constrained to an extent in the UNeutral and Adaptive Genetics
Northern Rockies that was delineated a priori by four zonedVe initialized each individual's neutral genotypes witheksl
(i.e., “seed zonestjahalovich and Hipkins, 203 Figure 1). The  frequency les that match the frequency observed in each
extent contained 1059 initial spatially-delineated stammhtions seed zone N|ahalovich and Hipkins, 2011 comprised of 16
loci with at most nine polymorphic alleles per locus. We
did not consider mutation, which is reasonable considering
3 R the short simulation time period. In addition, we added a
ST bi-allelic adaptive locus and assumed that only one gene
s e confers resistance to WPBR (e.tinloch et al., 1999; Lui
et al., 2015 We initialized this selection-driven locus at
time D 25 years with 0.01 and 0.99 frequency for the rst
and second allele, respectively. Any individual homozygatus
the rst allele (i.e., AA) in this selection-driven locus sva
assumed to have a selective advantage against blister rust
infection.

This simple single-locus selection model was chosen because
major gene resistance between the host species and pathogen
has not been found in WBPE({ngham, 1983; Kinloch and
Dupper, 200 and much of our understanding of blister
rust gene resistance comes from interior western white pine
(Pinus monticolaKinloch et al., 199p and recently, Rocky
Mountain white pine Pinus exilis Lui et al.,, 2015 Thus,
we assumed the blister rust resistance mechanisms acting in
WBP are comparable to these species. Furthermore, the interio
western white pine Finus monticola blister rust screening
program @ingham, 1983; Mahalovich, 2018erves as the
basis for WBP blister rust screening trial8ifjgham, 1983;
McDonald and Ho, 2001; Mahalovich et al., 2006While
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o <21%
© 21%-396%
O 39.6%-57.8%

. there are other presumed single-gene recessive traits presen
O 57.8%-76% . . . . . .
Kioriss Bocides. Boed Boriss in low frequency in blister rust screening triald/éhalovich
[ Bitterroots-Idaho Plateau BTIP et al., 200} the blister rust resistance trait chosen for modeling
{777 Central Montana CLMT was the short shoot fungicidal reactiohld and McDonald,
{//7) Greater Yellowstone-Grand Teton GYGT| 1973 due to the hlgher frequency of these genotypes in
22 Inland Northwest INLA blister rust screening trials from 1999 to 2015 (Mahalovich,

unpublished data). This resistance mechanism involves gécro
FIGURE 1 | Study area de ned by the northern Rockies seed zone s at the base of an infected needle fascicle bundle; thus, aorm
(Mahalovich and Hipkins, 2011 ) with initial 1059 simulated stand

locations. WPBR relative spatial selection mortality shown for each aind. g?sll;esregfrrzvgth is halted and the branch and tree stem remains
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White Pine Blister Rust Resistance and Mortality probability of pollen dispersal to a respective female cone
CDMetaPOP implements natural selection analogously tdocations was a function of the inverse-square Euclideatadce

the adaptive-, or tness-landscape of allele frequencies gtandguth and Cushman, 20)@ith a 50% maximum study area
originally envisioned byWright (1932) This functionality distance threshold (450 km). Because pollen dispersal isigeder
enables extension of landscape genetic analyses to explicity wind patterns, we also considered a second hypothesis
investigate the links between gene ow and selection in complethat included directional movement with respect to prevailin
landscapes at the level of the individual (demdguth et al., wind direction (i.e., isolation-by-distance and wind). iffy-year
20123. We used WPBR occurrence (see Section Whitebark Pireverage (1979—-2010) mean annual average wind direction was
Regeneration and White Pine Blister Rust Suitability Modelalculated from the North American Regional Reanalysis (NARR;
values at each stand as a proxy for dierential mortalityMesinger et al., 2006Using the landscape connectivity program,
applied to mature trees only (e.g., WPBR occurrence of 0.BNICOR (Landguth et al., 2013we created asymmetrical costs
would produce a 50% mortality at that starféigure 1). WPBR  for traversing with and against wind direction for all paisei
mortality rates in each stand were implemented based on thstand-to-stand locations. UNICOR creates a graph of a given
genotype of each individual and increased survival was egedc resistance surface, which allows start and end node latstio
with individuals that hadAA in the selection-driven locus, to nd shortest paths on the resistance surface (i.e., Dylsstra
which varied depending on the simulation scenario (see @ecti algorithm). Given a wind direction map (and ignoring vector
Simulation Scenarios and Analysis). This allowed us to rhodenagnitude), a resultant vector was created in the 8-Moore
evolution of WPBR resistance based on a single locus undeeighborhood to weight direction in the graph creation. This

selection with a single genotype being selected for. produced an added cost resulting from the resultant vector
calculation and when a path was traversing from a point and
Maturation and Fecundity against wind direction, producing an asymmetrical cost dis&an

Mature individuals were de ned as those of age 20 and greatematrix.
Although WBP may typically take longer to reach maturity when
growing on poorer sites or at higher elevations (ekgygman  Cone/Seed Dispersal
and Jenkinson, 197Mahalovich unpublished data), we usedAge 1 cones from the previous year were dispersed from
a lower bound of 20 years to allow for more generations irindividual trees (e.g., Clark's nutcracker, a bird which disps
the model (Fire E ects Information System; http://www.fslfe and caches WBP seeds) following an isolation-by-distance
us/database/feis/plants/tree/pinalb/all.ntml accessepte®nber, Mmovement pattern similar to pollen dispersal: probability of eon
2015). We implemented a size-based fecundity model tdispersal to a new stand location was a function of the inverse
determine the number of seeds produced at a given basal area [gguare Euclidean distance with a 30 km maximum distance
stand following the individual tree DBH conversion to baseda: threshold (orenz et al., 2001 This produced the majority of
Basal AreaD 0.00007854 DBHZ2. To obtain a size-based seedcones staying in the same stand or nearest neighbor stands
production per individual tree, we used the value of 500 cones péi.e., dropping near parent tree) with occasional longer diséan
1 basal area (Atha; Barringer et al., 20)2nultiplied by 20 seeds cone dispersal (e.g., Clark's Nutcracker). In addition to E¥ds
per cone. Although cone and seed production varies spatiatly arsurvival OeMastus, 201)3the ability for a seed to establish in a
temporally in our study area(fwens et al., 2008no mastingwas new stand location was determined based on resource ailigylab
considered and we assumed lower bound estimates (e.gwas I.€., carrying capacity not exceeded in the destinationdjta
as 10 seeds per coriggott, 2012 to reduce computational time.

Simulation Scenarios and Analysis
Mortality We conducted two blocks of simulation scenarios. The rst
In order to isolate the e ects of WPBR mortality, we only block of simulations was used to help understand the added
considered density-independent mortality based on clasetd in uence of WPBR mortality with and without an introduced
mortality probabilities. We applied a 99% probability of moitial gene that was resistant to WPBR. The second block of
to age O class to mimic 1% seed surviiatllastus, 20)3We  simulations was used to look at dierent spatial patterns
implemented a cumulative 35% probability of survival for agdor planting individuals with a resistance to WPBR. The
classes 1-157ar, 200). Trees age 500 and older were assignedpatially planting strategies we explored included planting in
25% probability of survival, which allowed for occasionalge two regions (seed zones), as well as a broader distribution
lived trees (i.e.> 500 years) given the length of the simulationof planting across the entire extent outside of wilderness
time. If a stand reached K, then a random removal of excessreas Figures 2A—Q. Each block compared pollen dispersal

individuals was conducted (e.@alloux, 200). simulations for isolation-by-distance and directional |eol
dispersal via wind.Table 1 lists each block and respective

Reproduction, Pollen Dispersal, and Wind scenario.

Directionality We ran simulations for 130 years, with the rst 25

Reproduction within and across stands was monecious witgears considered “burn-in” for the population dynamics and
selng allowed. We considered two hypotheses for pollerage distributions to stabilize. We plotted mean population
movement in the summer months. Our rst hypothesis assumedibundance, allelic diversity, and heterozygosity for alhds and
pollen moved according to a null model of isolation-by-dista: for each block scenario. We used 10 replicate simulation runs
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FIGURE 2 | Study area considered using the northern Rockies s eed zones ( Mahalovich and Hipkins, 2011 ) with initial 1059 stand locations. (A) WPBR
resistant gene introduced in INLA zone stands (yellow dots§B) WPBR resistant gene introduced in CLMT zone stands (yellowads). (C) WPBR resistant gene

TABLE 1 | Simulation scenarios (WPBR-white pine blister rust ).

Description

Block Name Scenario Name
Block 1: WPBR mortality and No mortality
resistance

All mortality

Resistant gene in all zones

The null model in which no WPBR mortality conseted

All stand locations applied the added WPBR mality Figure 1) regardless
of genetic makeup.

All stand locations applied thedaled WPBR mortality Figure 1). One
genotype assumed to confer resistance to WPBR.

Block 2: WPBR resistance by planting Resistant gene in INLA zone

strategy

Resistant gene in CLMT zone

Resistant gene in non-wilderness

All stand locations applied the aéd WPBR mortality. One genotype
assumed to confer resistance to WPBR only in the most northerzone
(INLA;Figure 2A).

All stand locations applied thedaled WPBR mortality. One genotype
assumed to confer resistance to WPBR only in a central zone (®/T;
Figure 2B).

All stand locations apgld the added WPBR morality. One genotype
assumed to confer resistance to WPBR only outside of wildeess areas
(Figure 2C).

to assess variation in each metric. For a spatial representatiare shown inFigure 3 See Appendix 2, 3 for supporting
of genetic dierentiation, we calculated an overall pairwisedocumentation on models. The distribution of juvenile WBP
genetic di erentiation Gst) across all loci using the method was reasonably well predicted by biophysical predictors, and
of Nei (1973)and for each pair of zones at specied yearpresence or absences of juveniles was correctly classi e2bat 9

tD 100.

RESULTS

Whitebark Pine and White Pine Blister Rust
Maps

of the forest inventory plots (Table A2.1). Mean maximum
daytime temperature, followed by mean annual water balance
de cit (unit of measure), were the strongest predictors ireth
WBP model. The model predicts that WBP occurs with highest
probability at high elevation, cold sites with moderate tevlo
water balance de cit. The distribution of WPBR was modenatel

Results from the CNM for the presence or absence of juvenileell explained by climatic and biophysical predictors, with an
WBP and WPBR within US Forest Service Northern Regioroverall classi cation accuracy of 81%.
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FIGURE 4 | Population abundance through time for each scenario in (A) Block 1 and (B) Block 2.
White Bark Pine Landscape Demogenetic line). Figure 4B also shows the scenario for the more widely
Simulations distributed planting outside of Wilderness are&ggure 4Bcyan

Overall population mean abundances (i.e., all stands) foh eadotted line), which produced a stable population abundance at
block of scenarios are shownfiigure 4for the simplest model of approximately! , of the “Resistant gene in all zonegigure 4B
isolation-by-distance with no wind resistance includedgollen ~ blue solid line). Similar results for mean stand growth rate
dispersal. Block 1 “No mortality"Higure 4A black dashed line) shownin Appendix 4 (Figures A4.2a,b).
shows stable population dynamics, while in the “All mortality” ~Overall population mean allelic diversity is shown in
scenario the population declined smoothly to close to 0 by timéigure 5 for the model of isolation-by-distance with no wind
100 Figure 4A red dash-dotted line). The introduction of a resistance included for pollen dispersal. The decline in alleli
WPBR resistant gene for all individuals at every stand wgtile ~ diversity revealed patterns similar to those of the population
applying WPBR di erential mortality led to stable population abundance graphs. The allelic diversity in the null model of
sizes of approximately 1/4th of the “No mortality” scenariono spatial di erential mortality remained relatively constaat
(Figure 4Ablue solid line). 0.39 Figure 5A black dashed line). In the extreme scenario
Block 2 scenarios are shown iRigure 4B Planting of where WPBR was applied to every stand, allelic diversity steepl
individuals with resistance in the two di erent zones resultin ~ declined to 0.2 Figure 5A red dashed-dotted line) and in the
near extirpation of WBP (central CLMT zonEigure 4Byellow scenario in which WPBR resistant genotypes were planted in
dash-dotted line, and northern INLA zoneEigure 4B green every stand, allelic diversity remained close to the null siod
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FIGURE 5 | Allelic diversity through time for each scenarioin ( A) Block 1 and (B) Block 2.

(0.38;Figure 5A blue solid line). However, there was a greaterThese simulations show that incorporating more realisticatse
loss in allelic diversity with the central (CLMT) zone plargin of spatial processes, such as wind resistance, reduces pollen
scenario (0.2; yellow dash-dotted lirfflegure 5B) compared to dispersal capability, thus reducing the ability of resistagpeees
the northern (INLA) zone planting scenario (0.3; green dakhe to propagate through the landscape.

line), despite equivalent population abundance, showing how

genetic diversity may be more sensitive to spatial plantirapth DISCUSSION

overall abundance. Furthermore, planting of resistant WPBR

individuals in a continuous distribution across the anadysktent  The goal of this paper is to provide an example of integrating
produced higher allelic diversity numbers than the zone-spec species distribution modeling with landscape genetic sinmutat
planting (Figure 5Bcyan dotted line). Similar results are shownof neutral gene ow and adaptive evolution. Our speci ¢ focus
for heterozygosity in Appendix 4 (Figures A4.3a,b). was on exploring the e ects of dierent levels of pathogen

Genetic di erentiation for each zone is shown ffigure 6 |ethality and gene ow on the evolution of blister rust resiste
for time 100 for the model of isolation-by-distance with no in WBP and the e ectiveness of several scenarios of plantisg ru
wind resistance. The “No mortality” scenaribigure 6A) shows  resistant genotypes of WBP in di erent spatial con gurations.
little di erence in genetic di erentiation through time. Hoaver,  This is the rst simulation experiment to examine local and
as WPBR mortality is applied, genetic di erentiation incresise regional demogenetic patterns to the placement of resistant
with the largest di erentiation in the “All mortality” scen@  individuals, and the rst to quantify dierences in adaptive
(Figure 6Q. In fact, with the “All mortality” scenario, the CLMT  evolutionary processes as a function of directional and dgit
zone becomes extirpated. The uniform introduction of a resis  resistance to dispersal.

WPBR gene produced patterns of genetic di erentiation among We rst presented climate niche models for WBP and
zones similar to the “No mortality” scenario, with the exdept WPBR distributions. We used the climate niche models with
of the INLA zone showing slightly higher dierentiation a new eco-evolutionary landscape genetics model to simulate
(Figure 6D). The right panel inFigures 6C—Fshows the Block 2 demogenetic responses with and without the presence of the
scenarios that varied spatial planting strategies for rasigienes disease agent, white pine blister rust. These models allog/éal

to WPBR. Genetic di erentiation increased under all plantingproduce baseline null models of a "healthy” disease-fre@msyst
strategies, with local extirpation occurring with the CLMTres  (e.g., Figure 4A black dashed line) with stable demographics
speci ¢ scenario Kigure 65. Genetic di erentiation for non- and genetics and an extreme case of complete disease-ridden
Wilderness area planting of resistant genes only slightiygased system (e.g.Figure 4A red dash-dotted line) with crashing
(Figure 6F from the null model of “No mortality” Figure 6A). demographics and genetics.

When we included the e ects of directional wind resistance We then introduced individuals with a genotype that
on pollen dispersal we see an overall increase in geneti@nferred resistance to WPBR and simulated potential plantin
di erentiation across all scenariogigure 7) with the exception  strategies with this genotype in example zone-speci ¢ locations
of the “No mortality” scenario Figure 7A), which remained at and across more broadly distributed areas across the studptext
the same level of genetic di erentiation as with the model of(i.e., outside of wilderness areas). This allowed us to dfyant
just isolation-by-distance. We also see more local exiiopat how much the introduction of disease resistant genotypes might
in particular in the scenario in which individuals with WPBR mitigate the e ects of WPBR and to evaluate this model systems
resistance are only planted in non-Wilderness aréagure 7F).  sensitivity to the extent and pattern of introduction of disea
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FIGURE 6 | Isolation-by-distance: ~G'gt values for each seed zone at year 100 for Block 1 scenarios: (A) the null scenario “No mortality,”(B) the scenario in
which a resistant gene was introduced(C) the scenario in which all stands receive WPBR mortality (‘Ahortality”) and for Block 2 scenarios(D) the scenario in which
a resistant gene was introduced in only the INLA zongE) the scenario in which a resistant gene was introduced in the OMT zone only,(F) the scenario in which a
resistant gene was introduced outside of wilderness areasmy.

resistant genotypes. Our results demonstrate that di erenproduced much higher allelic diversity numbers than more
patterns of planting resistant genotypes can in uence genetitocalized “clusters’Rigure 5B). A growing body of research has
outcomes, and that genetic diversity and di erentiation atere  suggested that the loss of genetic diversity with incredsszhse
sensitive than population dynamicd-igure 5B compared to may be a crucial mechanism driving population extinction
Figure 4B). Furthermore, planting of resistant WPBR individuals risk (Whiteman et al., 2006 Thus, this nding could have
in a systematic distribution across the study area exteradditional importantimplications for management planningdan
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FIGURE 7 | Isolation-by-distance with directional wind res istance: G'gr values for each seed zone at year 100 for Block 1 scenarios (left p anel): (A) “No
mortality,” (B) “blister rust resistance in all zones,(C) “All mortality” and Block 2 scenarios (right panelXD) “Resistance in INLA zone,(E) “Resistance in CLMT zone,”
(F) “Resistance in non-wilderness.”

suggests that strategies should focus on implementing broadesistance to spread in a local population it must be introduced
scale, spatially continuous introductions rather than feiog  with su ciently high frequency to not be rapidly lost through
on concentrating planting of disease resistant genotypes idrift before it can spread through selection. This is more
particular nodal populations (e.gQyler-McCance et al., 20).3 easily achieved through concentrated introductions in pagor
However, this also implies potential logistical limitatioms zones. However, our results show that broad-scale, coatiau

e ective management of WBPR through introduction of diseasentroductions are needed to e ectively mitigate populationdan
resistant genes across broad regions. Specically, for rugenetic e ects of WPBR. It is not clear whether resources could
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be su ciently invested to implement such widely distributed pathogen and the potential e ectiveness of di erent strategies
planting at su cient density to produce a lasting e ect on the planting resistant genotypes. First, this paper used a simple one-
population. locus model of genotype-environment association. While ki

Our results also show that large dierences in predicteda model that is widely used in theoretical evolutionary egyl
genetic di erentiation are produced when models use simplgCoyne and Orr, 2004and genotype-environment association
isolation-by-distance assumptions as compared to when thewgsting (e.g.Jones et al., 2014; Forester et al., Y@hd applies
implement more realistic spatial processes, such as isolhtion to some proposed blister rust mechanisrsn(och et al., 1999
resistance. Speci cally, scenarios that incorporated thesince  the majority of micro-evolutionary processes are likely nageli
of wind resistance on the ability of pollen to disperse resista through polygenetic selection in which many loci each cdnite
genes through the landscape produced much higher rates df loazlatively small tness e ects. This paper serves as an initial
extirpation along with higher genetic di erentiatiorF{gure 7). analysis of a simple classical model of one locus selection
These simulations showed that incorporating more realistigvhich provides insight. However, future modeling work stebul
landscapes that control for movement, such as wind resistancexplore how the blister rust distribution and planting of resist
reduces pollen dispersal capability, thus reducing the glit genotypes interacts within the context of multiple loci/allele
resistance genes to propagate through the landscape. This hasection, pleiotropy, and epistasis.
important implications for spatial genomic and evolutionary In addition, while this paper is the rst to combine
modeling, most of which has to date utilized simple modelssmpirical data, experimentation, and large-scale populatitte
of isolation-by-distance controlling gene ow (but s€erester simulation modeling, WBP and WPBR are complex systems that
et al., 201p Our results show that it is essential to move thisare still imperfectly understood and simulation models are a
work into an explicitly landscape genomic framework in whichsimpli ed representation of reality. Future studies shoudeést
gene ow is realistically driven by spatial patterns of larafs& in improving how WBP and WPBR biology are represented in
features that in uence dispersal (such as wind elds in thissimulations (e.g., more realistic growth models or dise pseas!
case). dynamics) and assess sensitivity and uncertainty in thegess.

To produce reliable inferences about implications of adaptivécor example, simulations could explore the e ects of habitat
variation, researchers must unambiguously determine wéreth quality and density-dependent processesi(jer and Balkenhol,
markers for key adaptive traits, such as blister rust ress&a 2014 on the interaction between rust resistance and white bark
are under selection and identify the factors in the envir@mh  pine population dynamics. In addition, simulation experiments,
that drive that selectionJoost et al., 2013; Rellstab et al., 3015such as presented here can describe the processes a ecting
This, however, remains a challenging task (géglis et al., 2001; population and identify the conditions under which they have
Luikart et al., 2003; Angeloni et al., 2Q1For example, outlier important in uences. However, models without data are not
detection methods will often detect signals of selectioméarkers  compelling. Itis essential to confront these models with emopl
that are not themselves under selection, but instead jokeli to  data on the actual patterns of genetic di erentiation in comple
agene thatis (e.glpnes et al., 20).AMoreover, when numerous landscapes, and to con rm the tness relationships undertyin
regions of the genome are under divergent selection, autlighese patterns in experimental studies, such as common garden
analyses can miss many regions that clearly are under selectiCushman, 201y
(Michel et al., 201)0) Further complications arise for the ability
to detect adaptive loci when landscape con guration, disdersAUTHOR CONTRIBUTIONS
ability, and selection strength intertwin&¢rester et al., 20)5
as well as the e ects of sampling through design, replication-L, ZH, MM, and SC designed research. EL ran simulations. EL
and resolution of markers (e.g., number of SNPs) (&g.Mita  and ZH performed the analyses. EL, ZH, MM, and SC interpreted
etal., 2013; Lotterhos and Whitlock, 2)1Beveloping methods the data and wrote the manuscript.
for reliably identifying markers under selection is a major
ongoing theme in landscape genomics research. Common gard@&CKNOWLEDGMENTS
experiments with reciprocal transplant of genotypes is a robust
way to assess environmental selection (é/ghjtham et al., Kay lIzlar, Greg DeNitto, Blakey Lockman and Brytten Steed
2006; Cushman, 20)4and can be readily extended to evaluateprovided valuable feedback during the development of this
the interactions between environmental selection and pgéimo  project. This research was supported in part by funds provided by
resistance. For the simulation framework identi ed herelie  the Forest Health and Protection Group, Region 1, Forest 8ervi
truly useful to understand the potential of genetically negdd U.S. Department of Agriculture, Seattle City Light, and NASA
blister rust resistance to mitigate impacts on WBP populatidns, grant NNX14AC91G.
will be important to identify the genetic mechanisms conlirgy
resistance and how they may be linked to selection on othesUPPLEMENTARY MATERIAL
factors, such as drought and cold tolerance.

There are several lines of addition future work which shouldThe Supplementary Material for this article can be found
be explored to extend the scope of what we have presentetlline at: http://journal.frontiersin.org/article/10389/fgene.
here on the spatial dynamics of adaptation to the blister rus2017.00009/full#supplementary-material
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