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ABSTRACT

Many priorstudies have uncovered evidence for local adaptation using reciprocplatriins
experiments. However, these studies are rarely conducted for a long enough time te observ
succession‘and competitive dynamics in a community context, limiting inferendesddived
species. Furthermore, the genetic basis of local adaptation and genetic associations with climate
hasrarely been identifiedHere we report on a loragrm (6yr) experiment conducted under
natural conditions focused ddndropogon gerardii, the dominant grass of the North American
Great Plains tallgrass ecosystewle focus on this foundation grass that comprises 80% of
tallgrass prairiesbiomass and is widely use@0rDOOkm? of restoration. Specifically, we asked

1) if ecotypesrelocally adapedto regional climate in realistic ecological communities? 2) does
adaptive genetic variation underpin divergent phenotypes across the climate gradient? 3) is there
evidence ofylocal adaptation if the plants are exposed to competition acmyges in mixed
ecotype plots? Finally, 4) are local adaptation and genetic divergence related to climate?
Reciprocal.gardens were planted with 3 regional ecotypes (originating from dry, mesic, wet
climate seurces) ohndropogon gerardii across a precigtion gradient (50200 mm/yr) inthe

US Great Plains/Ve demonstrate local adaptation and differentiation of ecotypes in wet and dry
environments. Surprisingly, the apparent generalist mesic ecotype performedatdynpader

all rainfall eonditions. Ectype performance was underpinned by differences in neutral diversity
and candidate’genes corroborating girdifferences among ecotypes. Ecotype differentiation
was related to climate, primarily rainfall. Without letegym studies, wrong conclusions would
have been reached based on the first two years. Further, restorings pridlirielimate matched
ecotypes Is.critical to future ecology, conservation and sustainability untetelchange.
INTRODUCTION

Understanding. climate driven selection within communities is needed to predict grassland
response to warmer and drier summers in the North American Great Plains, and other grasslands.
In the last 6 years, US grasslands have experienced severe drougtiallgspe2012, the worst
drought on record in ~50 years. Furthermore, one of the most impaitianaitic changes
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predicted for grasslands is alteration of amount and timing of precipitation eve@ g013)

and unprecedented “megaoughts” (Cooket al. 2019. It is critical to assess$ local adaptation
limits a population’sability to adjust to changing climates, or if populatiorig Wave to migrate

to match future climate conditions or be planted through restoration (Christnahs2016;
Nicotraet al+2010). Ultimately research needs toform conservation and restoration managers
to better identify the optimal ecotype (Broadhussial. 2008; Jones 2013; Bucharoenal.,
2017) on 207000 kfof restored marginal land across the Great Plains, (Kettedriag 2014;
Pickup et /al""2012) and to plant for forage supply in changing climates in an ecological
foundation species (Gibsahal. 2016).

Habitats are often temporally and spatially able especially with regard to climagteausing
differental selection across climate gradients, genetic divergence among populations, and local
adaptation (Linhart & Grant, 1996). A main goal of evolutionary biology is to understand factors
that contribute tosuch population genetic divergence (Mayr 1963), formation of ecotypes
(Clausen etvaly1®), and thatultimately lead to new species (Rundle & Nlo2005).Yet, gaps

exist in knowledge of local adaptation and ecotypic diversity among regionally distributed
populations,of most plant species (Fatkal. 2006), especially foundation species, growing in
nature. Local adaptation is fundamental to evolutigBavolainenet al. 2013), and has
implications foradaptation to global changes, conservation, and restoration (Hé&ffdfezer,

2003; Nicotraet al., 2010; Shaw & Etterson, 2012).

Intraspecifievariation and local adaptation among plant populations have been widely studied
mostly in‘response to abiotic conditions, across lamgde climatic gradients (Clausehal.

1940; McMllan, 1959 Joshiet al. 2001; Bischoffet al. 2006; Ariza & Tielborger 2011
Munzbergovaet al. 2017) altitude (Montesinodavarro et al. 2011), andfiner scale
environmental variation (Bradshaw 1984; Linhart & Grant 1996; Galloway & Fenster 2000;
Montalvo_&sEllstrand 2000; Etterson 2004; Knigital. 2006; Lowryet al. 2009). However,

little is known (Bischoff et al. 2006) about plantocal adaptation in competitive settings
Consequentlyintraspecific variation and local adaptation are rarely interpreted under realistic
ecological (community) conditions under which it has evolved (Liancourt & Tielb@Q&lL
Liancourtet al. 2013;Grasseiret al. 2014; Tomioloet al. 2015 Lowe et al. 2017, which limits
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the ahlity to predict the roleand strength of local adaptatiam natural communiés Several
studies havelemonstrated changes in interspecific plant interactions shaping local adaptation
along stress gradients (Grassetilal. 2014 Tomiolo et al. 2015).Still, little empirical data exist

for predicting species’ adaptive response to natural, and now rapidly changing, selection
pressuregMimura et al. 2017).With increasing climate varidlty, it is crucial to understand

local adaptation anspecies interactions long-lived perenniaplantsin longtermstudiesMetz

& Tielborger2016.

Here we [investigatewhether ecotypic variation in a domant US Great Plains grass
(Andropogen gerardii, common name big bluesténs a result of local adaptation to climate
using areciprocalcommongarden platform established in 2009 across a precipitgtiadient.
This experimentfocused onA. gerardii becauseit is an ecologicallydominant grasghat
comprises up to 80% diomassof tallgrass prairi€Weaver, 1932; Epstert al. 1997 Knappet

al., 1999. Within the Great PlainsA. gerardii occurs along a climate gradieint place for
~10,000 yearsi(Axelrod 1985), allowing ample time for local adaptation to develop. dse to
wide distributien and dominance in the Great Plains (Epsteal. 1997 and spatially varying
climate we,expeatd extensive natural variation across this grademibng populationsvith
formationsof ecotypegJohnsonet al. 2015). Ecotypic variation among several grass species
across a latitudinal gradient in the Great Plains was documented by the early semimain
gardenstudies of McMillan(1959). More recently, intraspecific variation in performance of
switchgrass‘genotypes originating from different temperature and preoipiégivironment a
greenhouseseommon gardeas examined by Aspinwadt al. (2013) They found that genotype
largely explained functional trait variation as related to the climate of origin.

More specifically, this study aimei assesgenetically basetbcal adaptation oA. gerardii
ecotypes in_realistic competitive settingsross the Great Plains’ precipitation gradi&®O to

1200 mmlyrprecipitation across a ~1,000 km spfmom westernKansasto lllinois). We
addressedhe [following questins: 1) Do ecotypes displajocal adaptatiorto regional climate
when plantedn realistic ecological commitres? 2 Doesadaptivegenetic variatiorunderlie
divergent phenotypes?) Do we see evidence of local adaptation if the plants are exposed to
competition among ecotypes$ A. gerardii in mixed ecotype plots2) Is local adaptatiomelated
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to climategradient® We hypothesiza that locally adapted ecotypesuld be more abundant in
their home environment evidenced by outcompetihgir nondocal ecotypesn both single
ecotypeand mixed ecotypplots. If local adaptatiorwas not strong, then we expedtecotypes
to perform comparablyacross the climate gradieas mediated by plasticitWe expeatd
genetic differences amongstotypesn terms ofgenetic divergence and outlier géadoci that
give rise toadaptive variation among ecotyp&owing all ecotypes mixed togethelowing
competition'was expected to be the most robust test for local adaptatitesting experimental
selectioninmixed ecotype plots. By identifying whidgrcotypes are “winning” in climatily
varying sites, we carelate these differences ttimate factordor local adaptation andenetic
divergencefFinally, we expead the strong climate gradiewnf the Great Plainso drive both

phenotypicand geneti@riation

This novel experimenassess®local adaptation in realistic ecological settiragsoss a climate
gradient includingcompetitors, ina longdived perennial grasBy contrast,most studies use
monoculturesnithe absence of plaplant competition, as is commonly done with sirgpaced
plants (Bisehofkt al. 2006).Moreover, he longterm nature of the experimef@ years)allowed
community,processeand climateto play out However,moststudiesthat varyphenotypes and
genotypesrin the field lasted 3 years or [gsankset al., 2014), and most studied annual plants
(Frankset al. 2014) This study combined population genetiasd identification of candidate
genes with, performancefrom long term experimental gardenswhich is seldomly done
(Villemereil“et,al. 2016).The studyassesskexperimentakelectionby measuring outcome of
competingAwgerardii ecotypes which arguably,should be the most robust test for local
adaptatioracross the climate gradienihis israrely done with perennial plants and in long term
studies(Ravengroft et al. 2015). Finally, the studyrelated both performanceand genetic
variation (Millemereuill et al. 2016 to climateand providd a strongtest for environment in

structuring.adaptive variatiogfschneider & Mazer 2016).

MATERIAES AND METHODS

We tested for local adaptation and ecotypic differentiation using several analydading 1)
reciprocalgarden experiments with. gerardii ecotypes grown individually and in a mixturg)
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tested the ality of genetic variation to predict ecotype; aBy identified “outlier” single
nucleotide polymorphismsSNPg and tested the degree to which thdifferentiation was

explained by climate.

1. Plant materials and seed collection sites, climate gopulation source of @igin

Andropogon'gerardii is aperennial winepollinatedthat grows as hunchgrassvith tight tufts of
culms produced from rhizomeA. gerardii is an obligate outcrosser (Normagtral. 2003), with
strong selincompatikility. As with mary other grassed\. gerardii consists of a large polyploid
genome (2Gb), Seed ofA. gerardii was collected by hand during autumn 2008, from three
climatically*distinctecaegions along a pogpitation gradient fronCentralKansas(dry ecotype
mixed grass ecoregiprKuchler 1964), EasternKansas(mesic ecotypefrom the tall grass
ecoregiorKuchler 1964, and Southertilinois (wet ecotypgfrom the prairiesavannacoregion
Kuchler 1964 (Fig. 1, STable 1 SFig 1 for photo of ecotypgs Prairies of Kansasare
dominatedrhylow staturegrasses with few forbs (Knapb al. 1998) Eastward, diversity and
structureshiftssfrom grass dominanct® diverse communities dfall-stature forbs andhrubs
(Kuchler1964). Populatiorfer seed collectionvere on original nativeprairies within @ 80km
radius of.the reciprocal gardgaanting site Seeds from each population were collected on at
least threedatesand storedht 4 °C. All seedstodks wereanalyzed for seefilling, germination,
and dormancy to determine percent live seedKlaywsasSeed Crop Improvement Center
(ManhattapKansasUSA).

2. Reciprocal garden design Sowncommunity plots

We used reciprocal garderss the standardmethod to test the extent to which ecotypes are
locally adapted to their home environment vs other locati®hs experiment assessed local
adaptationgn“realistic ecological settings acraskich included competitors, in a lotiged

perennialprairie community.

To do this, ve reciprocally seededach ecotypéto plots at four sitedVesternKansaqColby,
Kansas 500 mmMAP); CentralKansas(Hays,Kansas 580 mm);EasternKansas(Manhattan
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Kansas 871 mm); and Southettinois (Carbondale,llinois, 1167 mm) (Figl, Tablel, Fig. 2).
The WesternKansassite in Colby, Kansaswasincludedto test tolerancef ecotypesto more
arid environmentsas might be expected under future warming @ryihg. Big bluestem occurs

in WesternKansasand Coloradpbut only sporadicallyThis Western Kansaplanting site was
included to.test the effects ofcreased dryindpeyond what iexperienced by the species in its
central distributionAll garden sites werander agricitural cultivation prior tareciprocal garden
establishmentAll soils were classifid as loamgTable 1) specifically, the Easternthree sites
wereclassified asik loams andWesternKansas(Colby, Kansa¥as dt clay loam(Mendolaet

al. 2016). After. accounting for percent live seed, seeds from foapulations within each
ecotypewere mked in equal quantitie€ach ecotype and mixtures e€otypes were reciprocally
sown at each site in mupecies communities (Johnsetral. 2019. The experiment consisted
of a randomized complete block design at each site with four blocks per site. 8Vitén each
block consisted of four plots (each 4 m x 8 m), 3 of which were seeded to a single regional
ecotype (i.e., dry, mesic and wet) and thurth plot with a mixture of all three regional ecotypes
(i.e., mixedwecotype plot). Plots were separated byG m buffer strip (Fig. 2). Plots were
plowed withinsa week prior to garden ddtshmentand sown to each regional eqgotyin June
2009. Seeds_were mixed with damp sand to aid in homogenous disgesdhroadcast and
handraked-intosal. Shortly following seeding, 25 mrnaf supplemental irrigation was provided
at theCentral Kansasite to alleviate aevere deficit duringestablishmentThis supplement
increased precipitation to historicaleragefor that time of year. Throughout the remaining
experiment plotall sites received only natural rainfall without any supplemental water added.
Seeding detigsare provided in Johnsost al. (2015).Speciescommunity composion of sown
plots as well as seeding rate is typical for prairie restoratidfes used 70:30 ratio of live £
grass to G-grass and forb seed (see Johneaoal. 2015).Total seed density for each plot was
580 seeds.fa.similar to that recommended for prairie restoration (Packard & Mutel 1897).
gerardii was_planted at a density of 270 live seeds3$eeds of eight other speci@srgastrum
nutans, Elymus canadensis, Ascelepias tuberosa, Chamaechrista fasiculata, Monarda fistulosa,
Oligoneuron« rigidum, Penstemon digitalis, Ruellia humilis) were added to maintain
characteristic functional group structure and competitive relationships of tallgrass prairie.
Planted seeds of all species, excéptropogon and Sorgastrum were purchased from a
commercial supplier (lon Exchange Inc., Harpers Ferry, IA, USA) and sourced fross dice
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Great PlainsAdditionally, plants of volunteer speci€plants that came in on their ownot
plantedas part of the experimgnfrom regionalseedsources als@stablished irgarden sites
Thus, thecomposition of the community at each gardenwasa mix of mostly volunteerérom

regional species poanda fewplanted forbspecies\Vilson et al. 2016.

ReciprocalGardenof Single-Spaced Plants for Genotypingand Random Forest Training

In addition"to'the sown “community” plots described above we established plants in monoculture
hereafter (referred to as “singdpaced” plants. These reciprocal gardens comprisgdgle
spaced plants=for mich we knew the ecotype ideptiind used these plants fbycharacterizing
genetic differences among ecotypard their relation to climate and @edicting the ecotypes

of plants in theimixed ecotype plots based on combinations of SNP markers unique tofplants
known origin We needed to predict ecotypes in the mixed plots because, although there are clear
phenotype. differences among ecotypes (SFig. 1), it is difficult to assign plants to theddr
mesic ecotypes becaudey are more phenotypically similaNe used thesame sedsources
described ‘above sown “communities” (Supplemental Table Theseplantingswere adjacent

to the blaks of communit plots In winter 2009, a subset of seectslectedfrom eachfield-
collectedwild populationwas germinated ahgrown in 10 x 10 cm pots @greenhouse, using
standard greenhouse potting mix (Melox 510). In August 200920 34 month old plants of

10 replicate blocks of 12 populations ¢Bmate regions x 4 populations peegional climate
ecotype)were“planted at eadateciprocal garden sitérig. 1, Table 1,STable ). Plantswere
spaced 50wem apadnd water penetrabléandscape cloth was placed around each plant to
discourage growth of competing plantéie phenotypebave been described elsewhere (Okten

al. 2013; Caudlet al. 2014; Mendolat al. 2016;Maricle et al. 2017).

3. Climate and. Environment of the Reciprocal GardenPlanting Sites
Data on ddy- preciptationwere collected atachgarden sit€Table 1) all locatedat agricultural
research stationRainfall (annual and growing season) for the years of the experiment in Table 1

and SFig.2We usednearby NOAA weather statiorfsr historical da&a on climate ofsource
populations §Table ).
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4. Vegetative Cover as Btimate of Performancein Single Ecotype Rots

Measurements ofegetativecover of A. gerardii in single ecotype plotsvere made to assge
plant performance of the different ecotypes planted across the climate gradidotassess the
extent to which'ecotypes are locally adapted to theirehsite

Field Measurements 2010-2015

Vegetation: cover as measured for six years single ecotype plots from 20D15within a
week of eaeh other across all sit&¥e focugd onvegetative cover (as relatedptantbiomass)
rather than seed productiofio estimate percent cover, a 1.6 quadratwas usedwith one
intersection_every 10m for a total of 81 intersectionat every intesection, occurrence .

gerardii, other grass, forb, or bare ground was recardézlused founon-overlapping quacts
per plot forpartotal of 324 intersectiomer plot (324 perplot x 12 plots persite=3,888
intersectiongper site x 4 sites=15,55@tersectiongach year)Quadrats were randomplaced at

least 50 em.from edge to minimize edge effect

This study used cover as proxy for fithess rather than measuring seed production as &egetativ
cover is a.good predictor of success in ldivged perennial plant (Dagleish & Hartnett 2006;
Bensen & Harinett 2006Most growth, especially among dominant grasses, is clonal in these
grassland ‘ecommunitig&napp et al. 1998)ndeed, very little regeneration from seed occurs in
prairies in general (Bensafa Hartnett 2006; Lemoinet al. 2017; Dagleisk& Hartnett 2006),
including restored prairie (Willanet al. 2013) unless disturbed (Weaver 193Burthermore,
seedlings arearely observed in the extremely competitive environment of the prairie, nor did we
observe seedlings or recruitment into our plots in the six years of the experiment. Thus,
recruitment#from seed into our plots is not likely to play a role in this system over the tinee fram

of our experiment.

We have no estimate of growth belowgroumecausethat would have required destructive
harvest of the plots. However, other studies focusing on mycorrhizal symbionts indicate that
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local adaptation oA. gerardii may be explained in part on local mycorrhizal symbionts (Johnson
et al. 2010). Mendolaet al. (2016) demonstrate evidence for local adaptation measure by
belowground production in the dry and wet ecotypes in the sspgleed plants in our

experimental gardens.

Satistical Analyses of Vegetative Cover

A generalized“linear mixed modeith a logit link was fitted to a binomial respsa consisting

of the number of intersection points at whishgerardii was observed using a pdefined grid
with a total:of*81 intersection poinper quadratThe linear predictors inatled the fixed effects
of site, ecotype, yearand all 2 and 3way interactions. Random effects in the linear predictor
included blocky nded within site and also crossed with ecotype, to properly recognize
experimental units for site and ecotype, as well as repeated measures ov@&hémandom
effect of block nested within site had to be removed from the model as its variamgenemt
estimate converged to zero; degrees of freedom for site were adjustedirgly. In addition,
random effects’were included in the model to account for technical replicatlin aach block
(i.e., block«(ste) *ecotype * year) and overdispersion (i.®lock (site) *ecotype*year*rep) in the
data.

Overdispersion was evaluated using the maxidikaiihood based fit statistic Pearson €hi
Square/DE#Nao, evidence for overdispersion was apparent in the final model used &rcmfer

The final statistical moel used for inference was fitted using residual psdikéthood. The

model was fitted using the GLIMMIX procedure of SAS (Version 9.4, SAS Instituty, Q&)
implemented using NewteRaphson with ridging as the optimization technique. Kenward
Roger's procedure was used to estimate degrees of freedom and conduct corresponding
adjustments_on standard error estimates. Relevant pairwise comparisons were conducted using

Bonferroni.adjustments to avoid inflation of Type | error rate due to multiple corapsris

In addition we relatedplant cover by ecotypt rainfall from all the sitesising egressions of

cover vsrainfall for years2014 and 2015. We used the tlatest year®f the experimenas it
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allowed maximumtime for community processesd successional dynamids play out The

years 2014 and 2015 were average rainfall years.

5. Sample Collection for Genotyping

Single nucleotide polymorphismSKIP9 from singlespaced plants of known populatiorusmes
plantedin“reciprcal gardensvere used for 1¥haracterizingpopulation geneticsf the source
populationsand-relation to climatand 2) using ecotypgpecific SNPs from known population
sourcestol predict ecotypes of unknown plants in mixed plegg random forest models for
classfication.

Reciprocal Gardens-Single Spaced Plants for Genotyping

We used genotypingy-sequencingPoland and Rife 201ZElshireet al. 2011 Lu et al. 2013)

to identify the"SNPd.eaf samples were collected fromdividuals with known population origin
from singlesspacedlantsfrom reciprocal gardens i@entralKansagHays Kansa$ andEastern
Kansas(Manhattan Kansa$ and Southerrllinois (Carbondalelllinois). Nunber of plants
genotyped-fronsinglespacedlants resulted in 11lddividuals from the dry ecotype, 1G®m

the mesic ecotypeand 98 from the wet ecotyp€hese plants (total 314 plants) welistributed
amongst 12 population&\bout 100 mg of leaf tissue was collected directly intedg@pwell
matrix plates*on iceghen freez dried ground and stored at80°C unil DNA isolation. A.
gerardii istknown to have different cytotypes (6x, 9%, base number of chromosomes=10)
Norman anKeeler2003) sometimes within the same population. For this reaseranalyzed

all 480plants in_singlespaced plots for ploidy leveisingflow cytometry on a Becton Dickinson
FACSCalibur_and FACSVantage SE and results analyzed using MODN¥gTiound ploidy
level differences were very slighth our 3 ecotypes (12 populations totéGalliart et al.
unpublished)and that cytotypedifferences could not explain the sharp ecotype differences
(Galliart et'al.;unpublished).

Predicting Ecotype | dentity in Mixed Ecotype Plots
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339 Samples fromsinglespacedplantswere genotyped and used to develop a predictive random
340 forest model to classify ecotype identdy individual plants from withirthe mixed plotdased
341 on SNPs.Leaf samples ofndividuals from mixed ecotype plots were collecteery ~0.5
342  meters ordiagonal transect® 2014 and 2015/ithin each plowe collected a subset of plants
343  from amongshundreds oindividual big bluestem in the ploté/e collected a total 0of92 plants

344  at eachsite (=23 plants per plot x 4 blocks) with 360 individuals analyzed in 2014 and 351
345 individualsTanalyzed in 2015 (total 711 plants). We felt confident that we did not sample
346 individual®more than once as individuals were identified adearly delineated clump of
347  bunchgrass withight tufts with clear differentiation between individgalFurthermore SNP

348 profiling and gemparison of nucleotide differences among indivednahe samenixed plot did

349 not show ‘evidence of identicaldividualsas we wald expect if the same plant was sampled
350 twice(Galliartetial. unpublished).

351

352 Details on'DNA isolation, library preparation, sequencing, and SNP identificatqgorovided

353 in supplemental methods.

354

355 6. GenetiesAnalyses

356

357  Ecotype Genetic Structure and Differentiation
358

359 We charaeterizedecotype genetic structur@and differentiationto test how ecotypesare
360 geneticallydistingushed and how genetics is structured by climale do this, ve usedsingle-
361 spacedplants of known ecotype foranalyses of genetic structurdifferentiationand outlier
362 analyseskor these analysesve used all the SNPs in the data $¥pulation structure was
363 assessed usidgructurev2.3.4 Falushet al. 2007). Run parameters included 20,000 burn-in and
364 500,000MCMC/ chain length Admixture was includednd correlation between alleles was not
365 assumed. Fhree separate iterations pewds performed. To identifpptimal number ofK
366 genetic clustersEvanno’s delta Kvas calculated irfgtructure Harvester v0.6.94. K clustering
367 and permutation were done @LUMPP v1.1.2 and plot visualization irDISTRUCT v1.1
368 Geneticanalysisfor pairwise populatiorfFs; wasimplemented inGenAlEx v6.503 (Peakall and
369 Smouse 2006; 2012) using twelve populations comprising therdgemalecotypes.
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Importance of Climate vs Geography in Structuring Genetic Differentiation

Partial redundancy analysgsRDA) was used to estimate the role of geogragifferences (lat,
long) vs climatein structuring neutral genetic variatiopRDA is an ordination technique
(Oksanenet.al.2015)that partitions variation, in our case genetic variation, due to cliarate
geographylétitide and longitude) andint contribution ofclimate and geographfRiordanet

al. 2016).pRDA of genetic variationRiordanet al. 2016, Laskeyet al. 2012), ‘partialsout’
variance from geography wé consideringvariance from climateand separaty “partialsout’
variance fromm,climatewhile considering variance from geography. In this waglative
importance“oficlimate vs geography in affecting genetic variation can bendetdr Three
models were run: The full modéVlodel 1) considered both climate variables and geography as
explanatoryvariables,Model 2was a partial model in which geography explained the genetic
data conditioned on climate variables, adddel 3 was a partial model in which climate
variables explained genetic data conditioned on geography. All precipitatioblgan®re used

in the model except for precipitation of the driest year and number of precipigaents >1.25

cm (Table=d).due to collinearity.
Outlier Genetic Analysis and Relation to Climate

Genetic*outliers’ are those SNPs that show more diffei@icn compared to background levels
of differentiation and are putatively under tumal selectionWe identified“outlier’ SNPs in
ecotypes @nd then related their differentiation to the climate of oRgst, Bayenv2 (Guenther

& Coop 2013)was usedo identify “outlier” SNPs arobust approach providing correction for
population. structure andemographic processes Nehcontrolling false positiveqGuenther &
Coop 2013; Lotterhos & Whitlock 201450r Bayenv2, SNP datdrom single-spaced plantsere
used to generate a covariance matrix for populationsontrol for population structur&our
separate Covarianamatriceswere generate running the MCMC chain to fdterationsand
visualizedto ensure chain convergender all loci, population differentiatiommanking statistic
XX (Guenther & Coop 2013as calculated. This statistidentifies loci that have greater

differentiationthan under neutral dritmongsipopulations. XX valueswere empirically ranked
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401 and the top % of differentiated loci wereonservativelyetained as outlier@6 SNP9. Bayenv2

402 was also implementetb relate SNP$o0 climate variables @ble 3. BayeScan v2.1 (oll and

403 Gaggiotti 2008 was usedas a second methodo identify consensus outlier§Lotterhos &

404  Whitlock 2019. Parameters foBayeScan included 20 pot runs of length 5K, 50K burnin

405 length,and.athinning interval of 10with 5K final iterations Prior odds for the neutral model
406 was 10and uniform prior on ks had a lower bound 0f0.0 andupper bound 1.0, withi.0

407 representing'complete inbreedir@utlier loci were selecteasing gvalues> 0.5 for substantial

408 evidence of'selection.

409

410 7. Random FoerestModel to Predict Ecotype Compogion Basedon SNPsldentified in the

411  Mixed EcotypePlots

412

413  Singlespaced plants were genotyped for ecotypecific SNPs to classify ecotype identity of
414 individual ‘plants from within the mixed plots using a predictive random forest mudel

415 needed to=predict ecotypes in the mixed plots ksxaalthough there are clear phenotype
416 differencesramong ecotypes (SFig. 1), it is difficult to assign plants to the dry aicceowygpes

417 becausethey are more phenotypically similar. We used the random (decisionppprestch

418 (Breiman»2001) as a powerful machine learning tool to classify individuals, in oey io&s

419 ecotype based on ecotyppecific SNPs. Random forest uses the ensemble m@atiotan &

420  Krzywinski,2017)for classification that operatdy constructing many decision trees at training
421 and taking@a*weighted vote from all of these trees for prediction. The ensemiiedniet
422  preferred beeause it reduces the overall variance within the model and can help identify strong
423  signals in‘noisy data, ultimately providing a robust method to generate a predictieé using

424  large amounts ,of data such fmnd in genotype data. Using random forests to generate a
425  predictive _model first requires training the model using individuals with known ecotype
426  classification..Once the model is validated for misclassification and accuracy with the training
427  set, the training model can be used to predict unknown ecotypes based on SNPs. Theasodel
428 used to predict the ecotype class, in our case ecotype based omwi@NRsown classification

429  from the singlespaced plants.

430

431 Randomforest training and validation
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The random forest dataset passed $NRIlity controlas described isupplemental methods.
However, for the random forest model, we used only loci for whiehetwere no missing data
across all_individuals, resulting in 522 SNPs. Using a random forest approach, aldeate
generate apredictive model based on SNP profiles of individuals of known ecotype designat
SNPs from.314 individuals (110 from the dry ecotyl@6 from the mesic ecotypand 98 from

the wet' ecotypewere used to train and cross validate a random forest predictor model
implementedirrandomForest R package (Liav& Wiener 2002). The random forest used SNPs

as predictor variables at each split of decision trees (SFig. 3) and generated 500 trees for each
forest. (After gesting multiple values of predictor variables (SNPs)ysed 22SNPvariables as
optimum for training.) Ten unique groups of plants of kn@eotypefrom singlespaced plants

were generated to create ten validation sets to quantify overall misclassification rate. For each of
the ten groups, nine groups were combined to train the random foeekttion model. The
remaining.one_group was used for validating the accuracy of the model. Individuals in the
validation setsihad their known ecotype masked and used the training forests taqgueaiict

emtype the individual belongedhdividuals were classified to the ecotype bin based on greatest
number of.votes for that ecotype across all 500 trees (SFig. 3). Assignment ofskedm
individuals=from the training model was compared to the true identity of plangerierate
misclassification rateand provile a metric of how accurately we can predict ecotypes based on
their genotype profile. This process was repeated with each of the ten uniquee egotyps to

determinean“overall misclassification rate.

Predicting Ecotype in Unknown Plants of Mixed Ecotype Plots

The next step.was to preditotype identity of unknown plants growing in mixecotype plat

using thetrainedrandom forest model. All 314 individuals from singlgaced plants were then
combined.tergenerate a random forest using the same model parameters described above with 22
predictor variables and 500 trees in each forest. Identity of genotyped ptantsiked ecotype

plots from 2014 and 2015 (360, 351 individuals, respectively) were determined as the ecotype

that received greatest number of votes across 500 trees in the final riordsetn Analysis of
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462 individuals from mixed plots across two years assess@sial variation in growth and
463  composition within longerm plots.

464

465 RESULTS

466

467  Ecotypes Locally Adapted to Regional Climate in Realistic Ecological Communities

468

469 When comparing ecotype differenceg each garden site using lacal vs foreign ecotype
470  comparisan, (i.e., how an ecotype from that locality performs compared to foreigmpescot
471  planted inthessite), there was evidence of significant cover differences among ecotypes within a
472  site. Inthe"™Western Kansaeeciprocal gardemite (Colby, Kansas (Table 1, Fig. 3), the driest
473  site, the dry ecotype cover (~20%) wassignificantly greater (p< 0.046) than the wet ecotype
474  (~5%), and.in all years the dry ecotype was greater than mesi2%%pbut not significantly
475  different. Asimilar pattern was observed ihe CentralKansageciprocal gardenHays, Kansgs
476  the next driestiSite, where in 5 out of 6 years, the dry ecotype coved@y2bwassignificantly
477  greater (p< 0:039than the wet ecotype (~5%). In all years at @entral Kansa reciprocal
478  garden Hays Kansa$, the dry ecotype was greater than the mesic eedtyjs-25%) but not
479  significantly™ different. Interestingly, in thdastern Kansas reciprocal garden Manhattan
480 Kansaj, there were no significant differences among ecatygmeoss all yea and cover ranged
481 from 20-35%, regardless of ecotype. lilme Southernllinois reciprocal gardenQarbondale,
482 lllinois), the"wettest site, there were no significant differences among ecotypes terifirptt
483  two establishment years aall ecotypes maintained relatively low levels of cover (<10%). From
484 2012 onward, the dry ecotype continued to sisaynificantly lower (p < 0.018) cover (<10%)
485 compared,to the wet (280%) ecotype, but mesic (d3%) and wet ecotypes (Z®%) were not
486  signficantly. different from each other.

487

488 Based on.the"same data, ecotypes showed signs of local adaptation when plantetiomthei
489 site compared. to themway site (Table 1 Fig. 4). In all years, thedry ecotype (Fig. #had
490 significantly lower cover (cover <10% p < 0.032) than other ecotypes when plantéa in
491  Southernlllinois reciprocal gardenQarbondale,llinois, wettest site) For thewet ecotype (Fig.
492  4), in the first two years there were no significant differences betweeaedipgocal gardens in
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western Kansas (Colby, Kansay Central Kansas (Hays Kansay and Southernlllinois
(Carbondale lllinois), that isdriest, dry, and wettest, respectivelyover 16020%) but was
significantly higher inEasternKansas(ManhattanKansa¥ in 2010(p < 0.04). Following the
establishment years, from 2013 onward, Wt ecotype had significantly increased cover (~25
40%) in EasternKansas(Manhattan, linsa¥y and Southerrllinois (Carbondale,llinois (p <
0.049 butlewerin western(Colby, KansayandCentralKansas(Hays,Kansa¥sites, whereghe
cover of'the"wet ecotypevas redwced to about 5% cover (p< 0.003nterestingly, across all
years, there"were no significant cover differences in the mesic eantymeg all four planting
sites (Fig4).

Regressions of cover by ecotype vs annual raifdalcombined years of 2014 and 2015, the
latest measurement yegreesumably whernhe vegetation was stidibed, showed thathe dry
ecotypehad highestcover with low rainfall, and decline in cover with increased rairdall
occurs in the wettest site 8butherrillinois (Carbondalelllinois, p = 0.05 R? = 050) (Fig. 5).
The wet ecotypshowed thepposite pattern witlow cover inWesternandCentralKansasand
increase In cover with precipitatioms occurs inSouthernlllinois (Carbondalelllinois, p =
0.007, B=0.73. Interestingly, cover athe mesic ecotypeas only weakly related to rainfajb

= 0.26, R="0"21,data not shown). This clearly shoasverof dry andwetecotypes is related to
rainfall and corroboragetheir delineation There were no significant correlations with other

variables (data not shown).

Genetic DivergenceAmong Ecotypes Supports Phenotype Differences

Divergence and Diversity, Relation to Climate vs Geography

Structure results indicat K=3 genetic clustergith two predominating, one occurring in dry and
mesic ecotypesand theother inwet ecotype (Fig.6). Based orpaiwise K (STable 3, only

slight neutral differentiation was observbdtween populationsith F’ s (Meirmanset al. 2011)

of .028.In general, thevet ecotypeshowedgreatest genetic distance with populations from
Kansaswith Fs as high as 0.037. Populations from the dry and mesic ecotypes show lower
genetic distance as one might expect from geograpbiamity, with Fs; between 0.011-0.016.

This article is protected by copyright. All rights reserved



524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554

We used pRDA analyses of genetic variation to quantify relative importance dtelvs
geography irthe full model(Model 1)that incorporates both climate and geogra{Biyable 4).

In the second model in which geography explained genetic variation conditioned on climate,
total variance, explained was 15%. In the third model in which climate variabléminexp
genetic variation _conditioned on geography, total variance explained was 74%. Thus climate
structured genetic diversity more than geography (latitude and longitude). Total josinespl

was 89% 'of'total explained, leaving 11% unexplained by goigraphyand climate variables.
Bi-plot of the full model1) (SFig.4) showed that precipitation variables dominated loadings on
pRDAL and temperature variables explained loadings on pRDA2.

Outlier AnalysisRelated to Climate

For autlieranalysisusing Bayenv2, thetop 1% of the X'X valuescomprised46 SNPs STable

5). Aboutghalfiof the SNPshad annotatios. Candidate genes function ranged frowAC
transciption factos, peroxidases, glutamate syrts® and GA1(Sb01g021990.1)STable 3,
among others.Using Bayenv2 to relate outlier SNPs to climatic variableSNPs had more
significant@ssociationsith temperaturegelated variablegmean annuatemperature,seasonal
diurnd temperaturevariation) followed to a lesser extent by variables relategreciptation
(seasonamean precipitationjSTable 6, SFig5). BayeScan v2.1 was used to provide a sg
check of qutliers betweetvo methods to provide a list of consensus outliers. We identified 64
SNPsshowing“divergent selectipgsome of which were annotat€ti8 SNPs)and in common
with Bayenv (15 SNPs) $Table5, SFig6). A SNP outlier near a gene of interesididentified

in bothBayeScan v2.1 andBayenv2 was GAland rankedis14™ highest XX differentiated SNP
(STable5).from Bayenv2 analsis. GAL is a gene that codes for gibberellic acid, which is well
known to be_involved with controlling plant height and internode leigtihachet al. 2002.
Across thesclimate gradienthe wet ecotype individualshow an increased frequency of the
GALl “tall" allele, whie the dryecotype is nearly fixed for tHshort” allele (Fig 7). GA1 was
also identified in GWAS analyses usingASSEL, Galliart unpublishedand associated with
height Galliart et al.unpublsheddatg.
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555 Random Forest Training and Validation Using Plants of Known Ecotype

556

557 Individuals from tke validation set from plants of known ecotyyere assigned to one tifree
558 ecotyes @ry, mesic, wetvith accuracy of79% (STables 7, 8) araVerall misclassificabn rate
559 of 21%. The.highestrate of misclassification occurredth mesicindividuals incorrectly called
560 dry ecotype26.4% (28/106mesicplants).Of all ecdype pairs misclassifie@1%, Sable 7,
561 68% of those arose frormesicbeing calleddry or vice versalmportantly, misclassification of
562 the wet ecotyp®as4% of allwet ecotype individuals4/98) andrarely misclassifiedgTables 7,
563 8). This lis also shown inthe training/validation triangleSFig. 7. Qualitatively, the
564 training/validation triangleindicates excellentdentification of wet ecotypeindividuals with
565 somewhatlessutstill good,discerrmentbetweerdry andmesicecotypes.

566

567  Evidence for_Selection across the Climate Gradient: Ecotype Classification from Random Forest
568 Model

569

570 We used random forestodel training and validation of SNPs from plants of known ecotype to
571  predict ecoetype composition from unknown plants in mixed ecotype plaaré 8,STable 9
572  SFig8)._Iasmixed ecotype plots, in 2014, unknown individuals were predominantly predicted to
573  bedry ecotypeplants inWesternKansag Colby, Kansay CentralKansagHays,Kansa$ (64 dry
574  ecotype plants/8&otal in Western KansagColby, Kansas) 64 dry ecotypeplants/90total in
575 Central Kansas(Hays Kansay A moderate number omesic plantsin mixed plotswere
576  predicted ‘inWestern KansagColby, Kansa} and Central Kansas(Hays Kansa$ (22, 26,
577  respectively). InWestern KansafColby, Kansa$, only two plants were predicted as wet ecotype
578 and no plants werpredicted asvet ecotypein CentralKansas(Hays Kansak At the Eastern
579  Kansassite (Manhattan Kansa$, mixed plots were predicted to be dominatedwst ecotype
580 individuals (48wet ecotypeplantg85 total) with greater mixture of all ecotypaes Eastern
581 Kansas(Manhattan Kansas)48 wet, 15 mesi¢ 22 dry ecotypés At the Southernlllinois site
582 (Carbondale,llinois), wet ecotype dominates (6fvet ecotypeplantg88 total) with 8 and 15
583 plantspredicted fordry andmesicecotypesrespectivelyThe percentage of gdicted ecotypef
584 individual plantsis depicted in pie charts across sitésg( 8). We are potentially slightly
585 underestimating role ahesic ecotypes mixed plots across the range for 2014. However
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586  spite of modest error rate of misclassificationnwésicto and dry ecotypes, i€@entralKansas
587 (Hays Kansa$ and Western KansafColby, Kansay, the dry ecotypsatill makes up the majority
588 of ecotype identified. Inthe Eastern Kansas (Manhattan Kansa$ and Southernlllinois
589 (Carbondale,llinois) sites in spite ofthe modeserror rate of misclassification ofiesicto dry
590 ecotypethewet emtypeis eadly discernable from the others, and makes up the majorityeof
591 ecotype identified.

592

593 A similar patternof ecotype compositiowas observed in 2@L(SFigs. 9,10 STable 1P and
594  corroborates 2014 resultkr dry Western KansagColby, Kansa$ and Central Kansas(Hays,
595 Kansa$, thedry,ecotype agaimas predictedo dominae mixed plots with only one wet ecotype
596 individual predicted in bothsites At the EasternKansas(Manhattan Kansa¥ and Southern
597 lllinois (Carbondale,llinois) sites ecotypecomposition showed theame trends as observed
598 from 2014 sampling.

599

600 DISCUSSION

601

602 We foundwthat one of the most dominant grasses of the North American Grea Plain
603 demonstrates local adaptation. Our study is unique in that it leveragesteriondata set (6 yr)
604 and focuses on plants realistic communitieshat allowed successionak@cesses and climate
605 variation totake placethereby providing the most robust test for local adaptaSopporting
606 our findingsywe find thabcal adptation candidate geneand genetic variatiowere all related
607 to climate This'studydemonstrate dear ecotype differdration in populations from the wettest
608 (Southernlllinois) and driest (Vestern andCentral Kansa$ regions of the species’ core
609 distribution. Surprisingly, the apparent generalisesicecotype performs welt all sites and
610 seemsess affectedoy climate. Ecotype performancevas explainedby genetic differencem
611 neutal diversityand candidate genekcotypedifferentiationwasrelated to climateprimaily
612 rainfall, underscoringpowerof measuringgeneticand phenotyiec responsest common gardens
613 (Lowe et aw 2017 Talbot et al. 2017; Villemereuil et al. 2016 De Kort et al. 2014) with
614 experimental selection (Framet al. 2016 Rawenscroftet al. 2015) under realistic conditions
615 Several other studidsave demonstrategidaptation to climatetarting with the early reciprocal
616 transplant stués of GQausenet al. (1940)in the Sierra Nevada mountains using altitudinal
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ecotypes ofPotentilla. These seminal studies of Clausen, Keck, and Hiesey were followed up
with McMillan’s (1959) common garden studies of grass ecotypes in relation toehe F3ain’s
climate. More recently using a greenhouse approklitinzbergovaet al. (2017 showed that
Festuca rubra populations originating frontlimatesin Norway found that traits relating to
foraging strategy varied with the climate of orighspinwall et al. (2013) found that switchgrass
genotype largely explained functional trait variation as related to the climatggof. Largely

writ, our resuls corroboratdhat ecotypic differentiation can occur across ecosystems spanning
climatic gradients and that thiscal adaptatiorresults in differential adaptive response to
climate (e.g., Fig. 3,4,9. Uncovering and characterizing this local adaptat®oessential to
understandingsresponses to anticipated global change.

1. Local Adaptation in Perennial Grass Eotypesin Long-term Single Ecotype Rots

Over thespatialclimate gradient of the @at Plainsclear ecotypehenotypicdifferentiation of
wet and dryrecotypewere observed insingle ecotypeplots The wet ecotype outperfoed
others in Southernlinois (Carbondale, llinois) and thedry ecotypeoutperfornmed at Western
Kansas(Colby, Kansay and CentralKansas(Hays Kansa$. Severallines of evdence suggest
that climate; esgrially precipitationmost stronglystructurel local adaptationpartcularly atthe
dry end of therangemargins.Furthermore, witha historic drought in 2012n Kansasthe dry
ecotypeprevaled unaffected whe thewet ecotype continuetb decline Interestingly ,the mesic
ecotypeshowed,similar cover regardless of planting site aitsl performancevas uncorrelated
with rainfalkatall sites,suggeshg the mesicecotypeis a generalistthat doesmoderatly well
over a range ofrainfall conditions, potentially through plasticityInterestingly,at the mesic
EasternKansas(Manhattan Kansa$ planting site all three ecotypesvere not significantly
differentin.cover, suggesting thaesic site can suppaatl three ecotypesqually wel| perraps

due to fluctuating drought and heaamnfall.

Over the temporal gradient extending through 6 years, the trajectory for espre$docal
adaptation differed among sites and ecotyphsse patterns are only evident across longer times
scales: a shotterm, 2yr study did not capture local adaptation at the lllinois (wet) site (Johnson
et al. 2015). Only with longer periods of at least 4 years was this strong local adaptation
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648 observed &the wettest site, while the dry ecotype performed well in dry regions from the start of
649 experiment. The timéag in response of the wet ecotype, especially at the wet site in lllinois,
650 may be due to differences in competitive environments across thergrale surmise that local
651 adaptation cannot be detected until early successional forbs are outcompeted by grasses (McCain
652 etal. 2010).Thus, competition with forbs may have delayed expression of locatiadagftéhe

653 wet ecotype in‘lllinois in the fat few years, although further experimental studies are needed.
654  Other researchers who have studied local adaptation in competitive envirsrimtagat found

655 that expression of local adaptation depends on biotic environment, including competition
656  (Bischoffet al. 2006; Liancourtt al. 2015; Tomioloet al. 2015) and facilitation (Johnsaat al.

657 2010).

658

659 Differences inecotypeperformancein singe ecotype plotgorroborates tgearp morphological

660 differencesamong ecotypes observed dimglespacedplants(Caudleet al. 2014 Olsen et al.

661 2013 Mendolaet al. 2016. The dry ecotypewas dwarfed in size, shorhavingnarrow leaves

662 (SFig. 1)putativelyto reduce evaporative los3ohinsoret al. 2015 Maricle et al. 2017)as an

663 adaptation‘to'droughin contrast, thevet ecotype is tall, robusaind leafy(SFig. 1) presumably

664 adaptedto:highly competitive environmenthere itgrows amongdiall forbs and shrubs iwet

665 praries (Kuchler 1964. Interestingly,the dry ecotype flovers 3 weks earlier thanthe wet

666 ecotyperegardless of planting sitpprtendingthe beginningof reproductive isolatiofGalliart

667 et al. unpublished)This study andtherseveral recent studiedso highlight the importance of
668 intraspecifie"variation, genetic (Malyshet/al. 2016 Poirier et al 2012) orphenotypic Avolio

669 et al. 2013=«Des Roachest al. 2017 Bolnik et al. 2011 Hamannet al. 2016), in ecological

670  settingsor(in response to humanduced changeimural et al. 2017).

671

672  2.GeneticAnalyses Sipport Differentiation of Wet and Dry Ecotypes

673

674  Genetically.distinguished ecotypes supmmverresults across thgrecipitationgradient,similar

675 to results observed by Grayal. (2014) andPriceet al. (2010).STRUCTURE plots show clear

676 differentiation of dry and mesic fromvet ecotypes, with admixture betweadjacentdry and

677  mesicecotypes (Fig. 6)Ve have also shown that environmental factespeciallyprecipitation

678 explain more ofenetic differences thatoes geographic location (SFig. 4,&ble4).
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Ecotypes appead functionally different (SFig 1) suggesting adaptive variatian genetic
outliers Ecotypes differ in terms of candidate genes suchN#sC, glutamate synthetase,
peroxidase, and GAl. GA1, fouml both Bayenv and Bayesca®Table5) has high ecologé
and functional, significanc&sA1l controlsinternode length and consequently hei@¥Wtll ach et
al. 2002) GAlallele frequency varies clinally across the Great Pjlainge form dominatesin
the dry“ecotypecharacterized ashort staturepr dwarfed (SFig 1) while the aternate allele
dominates irthe'wet ecotype characterized by robust, tall form §Fig 1). The association of
height and GA1 was also found in TASISanalyses (Gallid unpub), corroboratingbserved
height differences heeendry andwet ecotypesWith wet ecotypegrowing 4.7x taller thathe
dry ecotype). Heightorrelates with increased biomaasdgreatercompetitivenessas would be
advantageous imesic prairies ofhe EasternGreat Plainsvhich aredominatedoy tall forbs, and
shrubs (Kuchler 1964)Conversely,the dry ecotype froma xeric source of origin would be
advantaged by shostature to reduce evaporatiessas an adaptation wry climates(Maricle
et al. 20L7)»These resultsprovided powerful insight into candidate genes and genetic

mechanisms responsiblerfadaptive divergence

Outlier SNPsidentified in Bayenv showeda clear relationshipvith climate and associated with
temperature angrecipitation variablesSTable 6). Of the top 1% of outliers @6), 16 had a
significant.,association wittannual mean temperature, 12 associated with seasonal diurnal
temperaturezariation, and 6 associated wighowing seasomean precipitationOur studytakes
similar appreaches using outlier ciisiate genes across gradients., genome-environméal
associationgs highlighted in recent excellent reviewsr exampleBragget al. (2015)further
expaneéd on landscape genomics inonimodel systems, especially foundation ecological
speciesRellstabet al. (2015)suggested a practical guide to studyingrole of environment in
identifying_adaptive loci;Sork et al. (2016) showed the importance of identifying underlying
candidate genes for phenotypes under climate selegiibroaks as the focal speciésskeyet

al. (2018)suggest approaches to synthesize evidence from common gardensnante-ge
environmental associationsRecent empirical studies have addressedarious genome
environmental association&rabidopsis halleri showed genomic footprints of selection to
altitude in the Alps (Fischeret al. 2013. Multiple species of aks showeda signature of
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selection in thesame candidate genasongst 71 populations in Switzerlati@ellstabet al.

2016). Laskey et al. (2012) used redndancy anayses to quantify the associatidretween
climate, geography and genomics in Eurashaabidopsis populationsto discover that early
spring temperaturexplained most of the variatiofPluesset al. (2016) related phenology
candidate gene® climate, geographic arskasonality irEuropean beeches. Finallxposito-

Alonsoet al. (2017)linked genetic variation tdrought tolerancen Arabidopsis accessions from
contrasting“climatesand highlighted the role of within species variationtlie evolutionary

response toclimate.

3. Experimental Selection Studies ©rroborate Wet andDry Ecotypes

Letting the environment and biotic interactions impart selective pressures in local adaptation
studies is a powerful approach to understand evolutionary processes. Indeed, thissiditne f

to our knowledge, where ecotypes of the same species wann gogether and allowed to
compete ovethe long term. This should be the most robust test for local adaptation. Gyus,
identifying'which ecotypes are “winning” undgpatiallyand temporallyaryingclimate we can

relate these, differences to identdlymatedrivers of local adaptation and intraspecific variation.
Moreovergs=longer study periods are necessary to account for transient effectsloand al
competition and succession to hareeffect.

We found thatithelry ecotype, when grown with the oth®&ro ecotypes, outcompeted at tiny

end of the 'gradient, as evidenced by its greatest proportion in mixed ecotype @letsraland
Western KansasSimlarly, on the wet end ofgradient, thewet ecotype exhibited local
adaptation, as it occurred in greatest proportion in its wet home environng@mitbern lllinois

If plant responses were due to phenotypic plasticity, we would have seen all three ecotypes
equally represented in mixed plots a&g@lanting sites. These results mostly corroborate our
findings in.the single ecotype plots, but there was a surprising exception.

Although dry andwet ecotypes performed best dry and wet environments, respectivellje

mesicecotype did not perform best in its home locatiorEakternKansas This was also the
case for single ecotype plots where no significant differences occurred inatneeg ecotypes
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in EasternKansas where all ecotypes performeequally well. Further, thewet ecotype
outcompeted theesicecotypen the mixed plots located BasterrKansas The years of mixed
ecotype plot collection had normal precipitation, so it is doubtful precipitatiayeg@la role.
Furthermare, this result was not due to lackasfdomforestdiscernment, athe wet ecotypeis

eally distinguishedfrom the others, and makes up the majority of the ecotype identified
Eastern KS and Sthern lllinois So why didthe mesic ecotyp&lo comparativelypoorly in its
home environment dtasterrKansas beingoutperforned by the wetecotyp® Thewet emtype
appears to ‘be"more competitive thie mesic ecotypen EasternKansaswhen the ecotypes
were planted together in the mixed ecotype plot compared to single ecotype plots, Tt

wet ecotype wins inteecotype competition (betweemet and mesic ecotypes) in the mixed
ecotype plots,7but when grown among other wet ecopyaets in single ecotype plots, intra
ecotype competition is stronger, resulting in overall low covevaifecoypesin single ecotype
plots. The wet ecotypeputatively outcompetethe mesicecotype inEasterrKansasbecause it is
more vigorous due to its tall, robust stature (~3 times tall2riimes more biomass thus
suppressinggthe shertstaturemesicecotype resulting in greater dominance tbe wet ecotype

in EasternKansas These results highlight the increased strength of biotic factors, especially
betweereeotype competition in the expression of local adaptation at the wetter end of the
gradient.At'the dry end of the gradient, abiotic factors such as low precipitation are selective

pressures in local adaptation and the dry ecotype dominates in single and rotypd piots.

Our results*corroborate other studies (reviewed inksrahal. 2014) showing selection over

time. Several® studies show selectioduced treatment effects on phenotypes in intact
communities. The Buxton grassland studies of climate change treatments impostsl years

shows adaptive, selection and differentiation of phenotypes of species (tidle010), and
outliers sorting.of genotypes (Ravenscifal. 2015) among treatments plots. Avolio & Smith
(2013) studied.changes in phenotype in response to rainfall manipulation in intacingrassla
found A. gerardii phenotypic variation but no adaptive response to drought. Resurrection studies
in which phenotypes and genotypes from historical seed are compared with contemporary
progeny (Fraks et al. 2018 have shown evidence for contemporary evolutierankset al.

(2016) showed rapid genome evolution in response to droughtassica rapa. Nevo et al.

(2012) found that cereal grasses in Israel collected as seed 28 years apart showed genetic and
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phenotypic differentiation consistent with climate warming dnging. These studies show that

with strong enough selection pressures, evolution is measurable in contempaeeary ti

4. Broader Implications for Climate Change,Conservation and Restoration

Several lines _of evidence suggest that climate, espesidiyonal precipitation and temperature
variables structues ecotypesand genetic divergence. First, cowrwet and dry ecotymewvas
correlated”with” precipitation, with wet ecotypes outperformiing ecotypes in wet climates
(Figs. 3 4) and conversely, fodry ecotypes.Second, RDA shows that climatemore than
geographie leeation, structureseutral genetic variation.Third, outliers were related toboth
temperature angrecipitationfactors.Precipitationand temperaturpatternsfor the st 10,000
years(Axelrod 1985) havéeen a selective pressure leading to adaptive variation. This has also
been observed with experimental manipolatof rainfall and temperaturé\yolio et al. 2013)

The ability.of species to tolerate extreme drought was demonstbgtdtkposito-Alonscet al.
(2018) in whieh they highlighted the role of within species variation in drought tolerance in
Arabidopsis' and its evolutionary response to climate. More broadly, the importance of
precipitation_as a selection force ptants and animal populatiolss beerdiscovered through
metaanalysis (Siepielsket al. 2019.

How climate structure#\. gerardii genetics, form, and functiois critical, as thefoundation
specdes oftallgrass prairie Climate is predicted to change the Great PlaingIPCC 2013,
resulting invinereasedccurrence and severity dfought.We are currently manipulating rainfall
with a rainout drought experiment in these same plots to address the role of draughent
phenotypicmodeling study(Smith et al. 2017)predicted thatwith climate changepopulations
of short-statured, dwarf forntd A. gerardii fromdry parts ofits range would be favored 600 km
eastwardand. result ir60% decrease in productivity and biomdsgolutionary adaptation iA.
gerardii may-'not be able tprovide what ecology and future climate demands Kdo#t al.
2017). Feduction in productivity could have cascading effects on prairie fun(tioappet al.
1998) cattle forage productiofGibsonet al. 2016) grassland restoratiqBaeret al. 2018) and
conservationkFurthermore, about 60% afyricultural production itKansag~$10billion, NASS,
2014) was attributeto cattle production, with. gerardii beingthe main forage grass for cattle.
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Tallgrassprairie, one of the most diverse grasslandsyiscally endangeed with only 4%native
prairie remaining(Samson and Knopf 1899 with A. gerardii being the iconic grass of prairies.
Ultimately, this researclwill inform land managersvhich grass ecotypes are best suited for
conservation and restoration for drier climat&édus, knowing how to restore prairie with
climatematched ecotypes is critical to the future ecology,cafjitiral sustainallity of critical
grasslands.
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Tables

: ] Annual Growing Growing Growing
Reciprocal Rainfall Temp
Lat. Number Pcp Mean Season Seasonal Season )
Garden 6-year . Annual ) Annual Severity
) ) (°N) of Pcp | Driest | Annual Mean ) Diurnal Mean
Planting Site Elev. mean ) ) Diurnal Mean Index
Long Events Year | rainfall Rainfall Temp Temp
(Towny (m) 20092016 Temp Temp (# days
(W) >1.25cm| (cm) (cm) (cm) (°C) °C)
County) (range) (°C) (°C) over
) (sum+sp) (sum+sp) (sum+sp)
Soil Type (cm) 95F)
Western KS
(Colby, KS
Thomas, Co) 39.39 48.0 28.37
972 13.0 52.5 39.44 -2.0 -2.0 10.9 16.7 21.3
KSU Ag 101.06 | (29.466.8) (1967)
Expt Station
(Ulysses Silt Loam
Central’KS
(Hays KS
Ellis Co)
38.85 54.6 36.27
KSU/Ag 603 15.4 59.6 43.18 -3.2 -3.4 12.3 18.3 29.2
i 99.34 | (38.367.9) (1988)
Expt Station
(McCook Silt
Loam)
Eastern KS 39.19 89.1 39.16
315 219 90.5 63.47 -4.2 -4.3 12.8 18.9 23
(Manhattan, KS 96.58 (61.5 (1966)
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1200
1201
1202

Riley Co) 110.2)
USDA
Plant Materials
(Belvue Sjlt'Loam)
Southern"llinois
(Carbondale IL
125.6
Jackson; Co) 37.73 67.38
127 (76.2 32.7 119.8 64.51 -5.3 -5.1 135 19.0 6.3
SIU Ag Research 89.17 125.6) (1963)

Station
(Stoy Silt Loam)

Table 1.Historical Weather data (g6ar normals) for planting site locations. Precipitation data for 6 years ofgegreent are

presented in SFig. 2.
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1203  Figure Caption

1204

1205

1206  Fig 1. Location of reciprocal gardens planting and collections sites acrosS tBecdt Plains.

1207  White circlesis,reciprocal garden location. Black triangles are the collgut#one for the seeds.

1208  For prairie;population acronyms, see STable 1. Western Kansas (Colby, Kansas) is the satellite
1209 reciprocal'site'to test the range of tolerance for big bluestem. Note that seeds were not collected
1210 in Colby.

1211

1212  Fig 2. Reciproeal gardenatsplant design for sown community plots. Single colors are single
1213  ecotype plots,checkerboard is mixed ecotype plot. At each planting site, thénesplieate

1214  plots. Ecotype plots at each site were randomized. Note that the Colby planthmapsite bcal

1215  ecotype but was included to test the threshold of response to drier locatmightbe

1216  experienced. in the future.

1217

1218 Fig. 3. Vegetative cover (least square mean estimates with standard errors) by planting sites
1219 (Western'kKansas (Colby, Kansas), Central Kansas (Hays, Kansas), Eastern Kansas (Manhattan,
1220 Kansas).and Southern lllinois (Carbondale, lllinois) for each ecotype in the soagige plots

1221  from years 2010-2015 across the Great Plains precipitation gradient. Lettereisdjodicant

1222  differences.within years.

1223

1224  Fig 4. Vegetative cover (least square mean estimates with standard errors) by each ecotype in the
1225  single ecotype plots at planting sites from years 20156 across the Great Plains precipitation
1226  gradient. Red=western KS, Orange=cerii@| Green= Eastern KS, Blue = Southern Illinois.

1227  Letters indicate significant differences within a year.

1228

1229  Fig 5. Percent big bluestem dry (red) and wet (blue) ecotype cover versus the anralairrainf

1230 the corresponding planting locations 2014 and 2015 combined.

1231
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1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242

Fig 6. STRUCTURE bar plot labeled by regional ecotype and by prairie. The most likelic gene
grouping solution, K = 3, is shown. Each color indicates one genetic group, and each bar

represents percentage membership to genetic group(s). Mixedemséripkndicates admixture.

Fig 7. Map.indicating the allele frequencies for the GA1 outlier across the 12 {apsila
focusing on the gradient in alleles across the climate gradient from Western Kansas to Southern

lllinois. *Short™allele is in blue, adirnative “tall” allele is in red.
Fig 8. Map showing the predicted ecotype composition of mixed ecotype plots across the

reciprocal gardens in 2014. Dry ecotype denoted in red, Mesic ecotype denoted in green, and

Wet ecotype denoted in blue.

This article is protected by copyright. All rights reserved



1243

Author Manuscript

This article is protected by copyright. All rights reserved



A Collection Site ©  Planting Site

Mean Annual Precipitation (1981-2020), mm

article IIDROEECR8d by cog¥igtc Al digHes Feb cmgdl 201~ 1300
401 - 500 701 - 800 - 1,001 - 1,100 |:| 1,301 - 1,400

|:| 501 - 600 |:| 801 - 900 - 1,101 - 1,200 |:| > 1,400




Western Kansas Central Kansas14Baste#n Kansas  Southern Illinois
Colby, KS Hays, KS Manbhattan, KS Carbondale, IL

atdlals

\WikeNalTNla¥Yal

o

! | Il?nli‘

Th-cl(!?sr}%o@&g; X)pc%pyright. All-s re‘sYngdE COtype
- Mesic Ecotype - Mixed Ecotypes



m

[0}

esti

>

(8}

Per

ent Big Bl

0.5
0.4
0.3
0.2
0.1
0.0

0.5
0.4
0.3
0.2
0.1
0.0

0.5
0.4
0.3

0.1
0.0

0.5
0.4
0.3
0.2
0.1
0.0

Western Kansas (Colby, KS)

gcb_14534_f3.pdf
(a) J
: A
1 s |
T 4} — 'A"——-;A""/--‘.jk e
YLA--_ pes . {A
B
B,_ :lBG- "'—f ‘-« g i "}.B
Central KanQ;lays KS)
(b) - i
A /,.-{‘* gl
" — k _A O// : 7.A
Biis_:ﬁ . ;@3 . :
\\"'H = il 3B
Eastern Kansas%nhattan, KS)
(© :
f
?A__:
Southern Illinoﬂrbondale, IL)
(d) fd :
A _/.JA{‘A.}-/Ij {,\
A8
 ~s— s g —F
2010 2011 2012 2013 2014 2015
anting Site
ECO article is protecte
~Dry Ecotype

- Mesic Ecotype
- Wet Ecotype



0.5

0.4

0.3

0.2

0.1

Percent Big Bluestem

o
(=)

ot
3}

0.4

0.3

0.2

0.1

0.0

Ecoty,
gcb_ 14? 34 f4 pdf

(a)
A
B ) _}B_ - ,3/A
A } A ///
| T P L
L A 1
I A — B
e
a: = _IB 2 !
oo —
) -
, Mesi@type
St N
A
<IN
A
L
9 ®
I
\"" B—2
2010 2011 2012 2013 2014 2015
Year

Planting Site

~Western Khhdasaddalg, ispprotected
- Central Kansas (Hays, KS)

- Eastern Kansas (Manhattan, KS)

- Southern lllinois (Carbondale, IL)




Big Bluestem Cover
- N N w w o B~ (4,
° o 9 e ¢ o g o o o

)
kL]

Ecotype ® Dry Ecotype ® Wet Ecotype

gcb_14534_f5.pdf

s
A ,,..//
: - .
s - '
° 2 =0.725 86
W\ Dz 0.0073
y = 219x ’
2 = 0.497 |
B S -
..,.. A
L]

50 60 70 80 90 100 110 120 130 140 150 160
Rainfall (cm)



=
=)
o
a
<
o
e
[
]
wv
=
O
&
¢~
()
o
(]
O

[%]
w

=

Dry Ecotype Mesic Ecotype Wet Ecotype



gcb_14534_f7.pdf

This article is protected by copyright. All rights reserved



Ecotype Dry Ecot)%g‘i%/ré%‘l%décotype Wet Ecotype

Western Kansas

Eastern Kansas
Central Kansas

Southern IIinois

This article is protected by copyright. All rights reserved



	Local adaptation, genetic divergence, and experimental selection in a foundation grass across the US Great Plains’ climate gradient
	Recommended Citation
	Authors

	Local adaptation, genetic divergence, and experimental selection in a foundation grass across the US Great Plains’ climate gradient

