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Abstract

Understanding how climate, genetic differentiation, and trait variation interact to shape
adaptation, abundance, and drought tolerance is critical for predicting ecosystem responses to
global change. This dissertation investigates these processes in Andropogon gerardi (big
bluestem), a dominant North American tallgrass prairie species, using an integrated approach
combining reciprocal garden experiments, ecological genomics, trait-based analyses, and range-
wide surveys. The overarching goal was to understand how environmental gradients and genetic
variation interact to determine local adaptation, population performance, and resilience under
drought.

Four complementary objectives guided this research: (1) quantify local adaptation across
precipitation gradients; (2) identify molecular and trait-based mechanisms of local adaptation
and drought response; (3) evaluate range-wide patterns of abundance, diversity, and trait
variation, and (4) assess the relative contributions of genetic differentiation and phenotypic
plasticity to intraspecific trait variation (ITV). We hypothesized (1) that local ecotypes would
exhibit higher fitness and performance than non-local ecotypes when grown in their home sites
(local adaptation) and would be competitively dominant over the surrounding plant community.
We expected (2) that drought-adaptive trait assemblages and gene expression profiles will be
more pronounced in the dry ecotype compared to the wet ecotype, reflecting genomic and trait-
based mechanisms of local adaptation. We hypothesized (3) that population abundance and
genetic diversity would peak at the range core, consistent with the Abundant Center Hypothesis
(ACH), and trait variation will correspond to linear clines according to climatic gradients, in

support of a clinal patterns model (CPM). Finally, we expected (4) that ITV will result primarily



from genetic differentiation among populations rather than phenotypic plasticity or short-term
environmental acclimation.

To test these hypotheses, we first leveraged long-term reciprocal gardens established in
2009 across broad rainfall gradients (500—1200 mm yr') and measured cover and biomass of
ecotypes and their surrounding plant community. Second, within these gardens, we measured
functional traits—including leaf morphology, biomass allocation, phenology, and water-use
efficiency among others— and used RNA sequencing to provide transcriptomic data to link gene
expression with phenotypic responses. Third, we conducted range-wide measurements of
abundance, traits, and genetic diversity across broad environmental gradients in populations
spanning sharp temperature (4-21°C, TX-MN USA) and precipitation (350-1400 mm yr'!, CO-
NC) gradients. Finally, we used controlled greenhouse experiments to disentangle environmental
versus genetic contributions to trait variation of the same populations used in our range-wide
demographic study.

Our results demonstrate strong local adaptation: A. gerardi ecotypes consistently
exhibited higher fitness in home environments with this trend becoming more pronounced at
decadal scales. The strength of local adaptation extended to the community level where local
ecotypes were competitively dominant over the surround plant community whereas non-local
ecotypes allowed for competitive release. Trait-based analyses of ecotypes showed the dry
ecotype demonstrated trait assemblages consistent with stress tolerance (increased water-use
efficiency, shorter stature) where the wet ecotype showed traits associated with increased light
competition (greater height, biomass, and leaf width). At the transcriptome level, differential
gene expression revealed drought-responsive genes (e.g., ABA signaling, Drought Induced 19)

were upregulated in the dry ecotype, with growth-promoting genes (e.g., Gibberellins, Auxin



Response Factors) were upregulated in the wet ecotype. Range-wide analyses showed that
abundance and genetic diversity aligned with the ACH, peaking near range centers. In contrast,
functional trait variation increased linearly along climatic gradients, supporting the CPM.
Finally, ITV was shaped by both climate and underlying genetic differentiation, indicating that
precipitation regimes have imposed persistent selective pressures on trait variation. Together,
these findings reveal a multi-scalar interplay between environmental selection, evolutionary
processes, and functional trait differentiation.

This research advances both ecological theory and applied restoration science.
Theoretically, it integrates frameworks of local adaptation, ecological genomics, and ITV,
providing mechanistic insight into how genotype, phenotype, and environment interact across
spatial and temporal scales. Practically, it informs climate-adjusted seed sourcing, ecotype
selection, and restoration strategies aimed at enhancing ecosystem resilience under increasing
drought and changing rainfall patterns. By combining long-term field experiments, genomic data,
and trait-based approaches, this dissertation provides a mechanistic understanding of adaptation
in a dominant prairie grass and offers actionable recommendations for land managers. These
include identifying drought-tolerant genotypes that can enhance restoration outcomes, such as
informing species and genotype selection for large-scale programs such as the Conservation

Reserve Program, which manages millions of acres of conservation land.
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combining reciprocal garden experiments, ecological genomics, trait-based analyses, and range-
wide surveys. The overarching goal was to understand how environmental gradients and genetic
variation interact to determine local adaptation, population performance, and resilience under
drought.

Four complementary objectives guided this research: (1) quantify local adaptation across
precipitation gradients; (2) identify molecular and trait-based mechanisms of local adaptation
and drought response; (3) evaluate range-wide patterns of abundance, diversity, and trait
variation, and (4) assess the relative contributions of genetic differentiation and phenotypic
plasticity to intraspecific trait variation (ITV). We hypothesized (1) that local ecotypes would
exhibit higher fitness and performance than non-local ecotypes when grown in their home sites
(local adaptation) and would be competitively dominant over the surrounding plant community.
We expected (2) that drought-adaptive trait assemblages and gene expression profiles will be
more pronounced in the dry ecotype compared to the wet ecotype, reflecting genomic and trait-
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from genetic differentiation among populations rather than phenotypic plasticity or short-term
environmental acclimation.

To test these hypotheses, we first leveraged long-term reciprocal gardens established in
2009 across broad rainfall gradients (500—1200 mm yr') and measured cover and biomass of
ecotypes and their surrounding plant community. Second, within these gardens, we measured
functional traits—including leaf morphology, biomass allocation, phenology, and water-use
efficiency among others— and used RNA sequencing to provide transcriptomic data to link gene
expression with phenotypic responses. Third, we conducted range-wide measurements of
abundance, traits, and genetic diversity across broad environmental gradients in populations
spanning sharp temperature (4-21°C, TX-MN USA) and precipitation (350-1400 mm yr'!, CO-
NC) gradients. Finally, we used controlled greenhouse experiments to disentangle environmental
versus genetic contributions to trait variation of the same populations used in our range-wide
demographic study.

Our results demonstrate strong local adaptation: A. gerardi ecotypes consistently
exhibited higher fitness in home environments with this trend becoming more pronounced at
decadal scales. The strength of local adaptation extended to the community level where local
ecotypes were competitively dominant over the surround plant community whereas non-local
ecotypes allowed for competitive release. Trait-based analyses of ecotypes showed the dry
ecotype demonstrated trait assemblages consistent with stress tolerance (increased water-use
efficiency, shorter stature) where the wet ecotype showed traits associated with increased light
competition (greater height, biomass, and leaf width). At the transcriptome level, differential
gene expression revealed drought-responsive genes (e.g., ABA signaling, Drought Induced 19)
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Response Factors) were upregulated in the wet ecotype. Range-wide analyses showed that
abundance and genetic diversity aligned with the ACH, peaking near range centers. In contrast,
functional trait variation increased linearly along climatic gradients, supporting the CPM.
Finally, ITV was shaped by both climate and underlying genetic differentiation, indicating that
precipitation regimes have imposed persistent selective pressures on trait variation. Together,
these findings reveal a multi-scalar interplay between environmental selection, evolutionary
processes, and functional trait differentiation.

This research advances both ecological theory and applied restoration science.
Theoretically, it integrates frameworks of local adaptation, ecological genomics, and ITV,
providing mechanistic insight into how genotype, phenotype, and environment interact across
spatial and temporal scales. Practically, it informs climate-adjusted seed sourcing, ecotype
selection, and restoration strategies aimed at enhancing ecosystem resilience under increasing
drought and changing rainfall patterns. By combining long-term field experiments, genomic data,
and trait-based approaches, this dissertation provides a mechanistic understanding of adaptation
in a dominant prairie grass and offers actionable recommendations for land managers. These
include identifying drought-tolerant genotypes that can enhance restoration outcomes, such as
informing species and genotype selection for large-scale programs such as the Conservation

Reserve Program, which manages millions of acres of conservation land.



Table of Contents

LIST OF FIGUIES ...eeeiiieeeiie ettt ettt e et e e e taaeesssaeessaeeessaeesssseesssaeesnseeensseesnsseeans xii
LISt OF TADIES ...ttt ettt et et at e et e st e e abeeneeas XX
ACKNOWIEAZEMENLS.......viiiiiiiieiieeie ettt ettt e be et esabeessaeenbeesseeesseessseenseensneans XXiii
PLETACE. ... ettt et st b et h et st nae et XXV
Chapter 1 - INtroOdUCHION .......ccoiiiiiiie ettt e e et e e s e e e s bee e aseeesseeeesseeesseeennns 1
Overview and Rationale.........ccuooiuiiiiiiiieiii ettt 1
Theoretical FrameWOTKS .........cccoiiiiiiiiiiiiieieeeee ettt 3
Literature Review of Ecological GEeNnOmICS...........cccuieriieriieriieeieeieecie ettt 5

Literature Review of Range Wide Patterns of Abundance, Traits, and Genetic Diversity

ACTOSS PlaNt SPECIES ....vieutiiiiieiie ettt ettt ettt et et e et esaeeeabeesaaeenbeesnnas 8
ReSearch QUESTIONS..........oiiiiiiiiiieeiiie ettt e e eee e e e et e e e eeaae e e e eearaeeeeeeaaeeeeeeaneas 11
Objectives and HYPOTNESES ....c.eieviiiiiiiiieieeie ettt ettt ebeessaeenseesnne e 11
Significance and IMPlICALIONS. .......cc.eecuierieiiieiieeie ettt sre et e s ae e eeenas 14

Chapter 2 - Prairie Grass Ecotypes Across the Rainfall Gradient of the US Great Plains Show

Decadal Evidence of Local Adaptation and Shifts in Community Composition................... 20
AADSTTACT ...ttt ettt et ettt st e bt e e bt e beeebeens 21
IMLATIE TEXE. .ttt ettt ettt ettt et e s it e bt e e ab e e bt e et e e sbbeeabeenbeeeaneens 21
RESULLS ...ttt ettt e st e bt e et e e st e e bt e s neeeabeesnbeebeesneeenneens 25
DDISCUSSION ..ttt ettt ettt ettt et e et e et e s et e ebeesateeseesnbeenseeeaseesnbeeabeesntesnseanseesnseans 31
IMEEEIOMS ..ttt ettt et ettt ettt et st e bt e e bt e bt eneens 39

Chapter 3 - Taking Genomics Outdoors: Linking local adaptation, trait variation, and gene

expression in grass ecotypes across a rainfall gradient .............coccooeveeiiiniiiinieniieiiee e, 73
ADSITACE ...ttt h e bttt st h et e a e b ettt e bbbt aes 74
INEEOAUCTION ...ttt sttt et et e bt e e b e s beeeabeens 75
Materials and Methods. ........c.ooiiiiiiiiii et 78
RESUILS ...ttt b et sttt et b et sttt 85
DIISCUSSION ...ttt ettt et b et eb ettt e a e sb e et s bt e sbe et e ebtenbeeabesatenbeenneeneenees 96
COMNCIUSIONS ...ttt ettt et a e et eebe e e bt e sbt e et e e sbbeeabeesabeebeesaeeenbeens 104



Chapter 4 - Testing core vs. margin paradigms: Abundance, traits, and genetic patterns of a
dominant grass across a broad NAtIVE TANZE ........ccccveeeeiuiieriiieeeiieecree e eeree e e eseeeeseaeeens
ADSITACE ...ttt ettt ettt b et h e bt ea e sat e h et e e bt et et e bt ente s
INEEOAUCTION ...ttt ettt et sb et et be et et e nbe et
Materials and Methods. ..........ooiiiiiiiii e e
RESULLS ...ttt ettt b e et e et e et e st e e abeesaeeebeesaeas
DIISCUSSION ...ttt ettt sttt et ht e bt et s at e bt esb e e st e bt entesatesbeenbeeneesbeentesaeenseenseas

COMCIUSIONIS . e e e e e e e e e e e e e e e e e e e e e e e e e e e aeaeeeaaeereaaaesesesasaaaaaaaraseaaaaaaaaaasaraaasaaaaans

Chapter 5 - Drivers of Intraspecific Trait Variation and Drought Response of a Dominant North

American Great Plains Grass: Disentangling the Role of Climate and Genetic Background

ADSTTACT ...ttt ettt et et sb e st e e e esaees
INEOAUCTION. ... tiieiie ettt e et e et e e et e e e taeeeabaeesasaeessseeessseeessseeessseeensseeennseeans
1\ (51 1 e (USRS
RESUILS . ..ttt ettt ettt e bt et s a e bt et e et e st et st e sae et
DISCUSSION ..ttt sttt e b e et e bt e ab e e bt e e ab e e bt e eab e e sbeeeabeenaeeenbeenaees
CONCIUSIONS. ...ttt ettt et e e et e st e et e e at e et e e e sbeenbeessbeenbeaesbeenseesnseenseesnseenseans
Chapter 6 - Chapter 6- Conclusions, Limitations, Implications, and Takeaways.........c...c.........
OVErVIEW OF FINAINGS ..eoovviiiiiiieciie et ettt et e ee e e e ee e naee e
Practical IMPICALIONS .....ccviiiiiiiiiie ettt e e et e e e eaaeeenbeeennaeeens
LAMIEALIONS ..ttt et ettt et e et e eat e et e essbe et e e seeenbeessbeeabeesnneenbeennnes
Future Research DIr€CtioNs. ........cecuieruiiiiieiieiiieiie ettt et
Conclusions and tAKEAWAYS ......cccuveirviieiiiieeiiieerieeertee et e e teeeeteeebreesseeesbeeessseeensseeenseesnnns

RETEIEIICES . ..ot e e e e e e e e e et eae e e e e e e e e aaeeeeeeenaaeaaaeeeeeeenaee

Xi



List of Figures

Figure 1.1. A. Range of 4. gerardi (green) across North America. B. Photograph of 4. gerardi,
the focal species of this diSSETtatioN. ........c.eeeuieriieriiieiieeie et 16

Figure 1.2. Summary of ecological genomics literature survey results (2014—2023): (A) habitat,
(B) phenotypes studied, (C) research setting, (D) plot design, (E) tribe, (F) focal species, (G)
study duration in years, (H) abiotic manipulations, (I) biotic manipulations, (J) sequencing
methods, and (K) cumulative publications per year in grassland ecological genomics. ...... 17

Figure 1.3. Summary of plant range patterns literature survey results (1984-2025): support of
either (A) the ACH or (B) the CPM. Data used in each study (abundance, trait, or genetic

Figure 1.4. Conceptual framework linking climate gradients, genetic response, and plant form
and function in A. gerardi. Climate gradients (e.g., precipitation, temperature) act as
selective pressures shaping genetic responses and plant form and function. These processes
influence ecological outcomes at multiple scales, including local adaptation (Obj. 1 & 2),
range-wide abundance and diversity patterns (ACH vs. CPM; Ob;. 3), and plant
intraspecific trait variation (ITV; Obj. 4). Andropogon gerardi serves as the focal species
connecting gradients, genetic responses, and plant form and function, with four objectives
linking reciprocal gardens, transcriptomics, trait analyses, and diversity patterns to test
mechanisms of drought tolerance and resilience. ...........ccoccvveeviieeiiieniieeeeeeeee e 19

Figure 2.1. A. The location of the source populations, the garden sites along the US Great Plains
rainfall gradient. Location of reciprocal gardens planting and collections sites across the US
Great Plains. White circles are reciprocal garden locations and black triangles are the
collection prairie for the seeds. Figure adapted from Galliart et al., 2020. B. Reciprocal
Garden transplant design for research plots with rainout shelters Single colors are single
ecotype plots (dry, mesic, or wet ecotypes). At each planting site, there are 4 replicate plots
and ecotype plots at each site were randomized. Gray is experimental rainout shelter. Note:
the Colby planting site had no local ecotype but was included to test the threshold of
response to drier locations as might be experienced in the future. C. Aerial photograph of

the reciprocal garden plots (photo taken at the mesic site, Manhattan KS) showing the

Xii



spatial arrangement of ecotypes and rainout shelters. The image provides context for the
research design and illustrates the community-scale layout of the experiment..................... 50
Figure 2.2. Vegetative cover of A. gerardi by planting sites (A. Colby, Kansas, B. Hays, Kansas,
C. Manhattan Kansas, and D. Carbondale, Illinois) in ambient conditions for each ecotype
from years 2010 to 2022 across the Great Plains precipitation gradient. Solid line indicates
the mean and shaded area indicates 95% confidence intervals. Yellow tick marks on x axis
indicates sampling years. The years without tick marks are modeled data. The black arrow
indicates the year of the severe 2012 drought...........ccooviieiiiiiiieiiiiieee e 51
Figure 2.3. Vegetative cover of A. gerardi by ecotype (A. dry, B. mesic and C. wet) in ambient
conditions versus rainfall. Data are presented for all sites and all years. Circles indicate data
points; solid line is the regression lNe. .........ccccecviiriieriieiiieiieeeecie e 52
Figure 2.4. Vegetative cover in ambient and rainout plots for each ecotype in the ecotype plots
by planting sites (A. Dry site-Hays, Kansas, B. Mesic site-Manhattan Kansas, and C. Wet
site-Carbondale, Illinois). Data from 2022 is presented. Dots indicate the mean, bars
indicate standard deviation, and different letters indicate significant (p<0.05) differences
between control or rainoOUt treatMENt. ........eevuiiiiiiiiiiiieieeie e 53
Figure 2.5. Discriminant Analysis of Principal Components (DAPC) of individuals grouped by
ecotype (dry = red, mesic = green, wet = blue), showing distinct clustering by ecotype. .... 54
Figure 2.6. Heatmap and volcano plot of differentially expressed genes (adjusted p < 0.05)
comparing the dry ecotype at the dry site (dry homesite) and the wet ecotype at the wet site
(WEE NOIMESITE). ..vieeniiieeiiee ettt ettt et e e et e e e e te e e sabeeessbaeesaseeesseeesseeennseeensseeennns 55
Figure 2.7. Vegetative cover of plant functional groups (Left: other grasses, right: forbs) by
planting sites (A. Driest, B. Dry, C. Mesic, and D. Wet Sites) in ambient conditions for each
ecotype from 2010 to 2022. Red indicates a functional group growing with dry ecotype,
green indicates those growing with the mesic ecotype, and blue indicates those growing
with the wet ecotype. Solid line indicates the mean and shaded area indicates 95%
confidence intervals of the mean of a GAM model. Yellow tick marks on x axis indicate
SAMPIINE YEATS. ..eeeuvriieiieeriieeiieeerteeesteeesaeeeseteeassteessseeaseeeasseeessseeessseeensseesssseesasseesnsseesnsses 56
Figure 3.1. A. Aerial photograph of the mesic garden site, showing the spatial arrangement of
plots within the prairies. This image highlights the ecological context of the experiment and

illustrates how the reciprocal gardens are established within a grassland community. B. The

Xiii



location of the source populations, the garden sites along the natural rainfall gradient of the
US Midwest. The location of reciprocal gardens plantings are black filled points and source
populations are hollow white circles. Color gradients denote mean annual total precipitation
in mm from 400-1250mm yr!. C. Transplant design for garden plots with rainouts in gray
and where ecotype plots (dry, mesic, or wet ecotypes) are indicated by colors (red, green,
and blue). At each planting site, there are four replicate plots and plots were randomized at
each site
Figure 3.2. Comparisons of community-level response variables. A. canopy cover and B.
aboveground biomass of A. gerardi in 2022. Ambient conditions are blue, and rainout is in
red. The points indicate the mean, error bars represent standard errors, and the different
letters denote significantly differences between ecotypes and treatments within a site and
year (a = 0.05). The first year (2021) is presented in Figure S2..........ccccevviiviieiiienieennnns 108
Figure 3.3. Comparisons of individual plant traits. A. photosynthetic rate, B. date of flowering,
and C. vegetative height across sites (driest, dry, mesic, and wet) in peak season 2022.
Ambient is blue, and rainout treatment is in red. The error bars represent standard errors,
and the different letters denote significantly different groups among the comparisons within
STEE (0 = 0.05). 1ottt ettt ettt e ettt e et st eenbeenneas 109
Figure 3.4. A. Principal component analysis (PCA) biplot of trait data by ecotype. A. dry ecotype
and B. wet ecotype (mesic in the supplement) where colors and shapes indicate site (driest,
dry, mesic, and wet). A PCA biplot of trait by site: C. dry site and D wet site in peak season
(mesic and driest site in the supplement) where colors and shapes indicate ecotype (dry,
mesic, or wet). A PCA biplot of trait by homesite. E. dry homesite and F. wet homesite in
peak season where colors and shapes indicate ecotype (dry or wet). Lines indicate plant
traits, and points are the MEANS. ..........cccuiiiiiiiiiiiie e e e e e saaeeens 110
Figure 3.5. Heatmaps and volcano plots depicting the following: A. 11,278 differentially
expressed genes between the wet and dry ecotypes, sites combined (ecotype main effect). B.
24,927 differentially expressed genes between the wet and dry sites, ecotypes combined
(site main effect) C. 19,054 differentially expressed genes between the wet and dry ecotypes
in their respective home sites (homesite effect). D. 408 differentially expressed genes
between ambient and rainout conditions, ecotypes and sites combined (rainout main effect).

Red points indicate upregulated genes; blue points indicate downregulated genes in volcano

Xiv



plots with unsignificant genes (p adj > 0.05) are indicated by gray points. The fold change
in heatmaps indicated by blue (negative expression) or red (positive expression)............. 111

Figure 3.6. Co-expression network analysis of gene-trait associations. A. dry ecotype, B. wet
ecotype, C. dry site, and D. wet site. Candidate genes were selected based on significant
gene clusters from WGCNA with more than 3-fold change in expression and a known
annotation. Green circles represent measured traits, while orange circles denote genes. Stars
indicate genes with a well-documented function and provide insight into adaptive
mechanisms. Line thickness corresponds to the strength of the association, with red lines
indicating positive correlations and blue lines representing negative correlations. This
network visualization highlights key relationships between gene expression and phenotypic
traits, providing insights into potential functional connections underlying trait variation. 112

Figure 3.7. Co-expression network analysis of gene-trait associations. A. dry homesite and B.
wet homesite, C. rainout, D. ambient treatments. Candidate genes were selected based on
significant gene clusters from WGCNA with more than 3-fold change in expression and a
known annotation. Green circles represent measured traits, while orange circles denote
genes. Stars indicate genes with a well-documented function and provide insight into
adaptive mechanisms. Line thickness corresponds to the strength of the association, with red
lines indicating positive correlations and blue lines representing negative correlations. This
network visualization highlights key relationships between gene expression and phenotypic
traits, providing insights into potential functional connections underlying trait variation. 113

Figure 3.8. This model illustrates the adaptive strategies of wet and dry ecotypes in response to
their respective home sites. In the wet ecotype, upregulated genes related to growth
regulation, gibberellin signaling, and biomass accumulation are associated with increased
resource capture and competitive success under favorable moisture conditions. In contrast,
the dry ecotype shows enhanced expression of drought-tolerant genes involved in water
retention, photosynthetic efficiency, and stress response mechanisms, enabling survival in
arid environments. The lower panel illustrates the influence of experimental drought by
rainouts on plant performance, trait variation, and gene expression. Our conceptual model
highlights the role of gene-environment interactions in local adaptation and the importance
of assessing both trait and transcriptomic data to understand the molecular basis of

ecological success in plant COMMUNILIES. ......cccuvieeruieeeieieeeiieeniieeeieeeeieeeeree e e eaeeenaaeeens 114

XV



Figure 4.1. Conceptual models of A. increased plant performance (ex. height, photosynthetic
rate, abundance) in core sites at intermediate longitudes (ACH). B. An alternative model of
clinal variation (CPM) in plant traits across a mean annual precipitation gradient. C.
increased nucleotide diversity in core sites at intermediate longitudes (ACH) or D. increased
genetic diversity in non-core sites (PTV). The core distribution of 4. gerardi, indicated by a
red circle, is between either intermediate longitudes or precipitation, which is indicated by
1€d dAShEd TINES. ...eeeiiiiiieiiee e et 157

Figure 4.2. Sampling sites across the US where each site is indicated by a black point. A. Mean
annual precipitation (mm/yr) is overlayed from low precipitation in warm colors to high
precipitation in cool colors. B. Mean annual temperature (°C) is overlayed from low
temperatures in cool colors and high temperatures in warm colors. Sites were sampled mid-
season, growing degree days 50-60%, 2023, .......c.ccovieeiierieeiiierie e 158

Figure 4.3. A. Map of climatic suitability from a multivariate, Bayesian species distribution
model. Values represent the mean estimated relative abundance, A, across all MCMC chains
in the Bayesian model. Points represent locations of sampling sites. The current suitability
is overlayed on the map and represented by contour lines. We define the range “core” to be
the portion in the top 5 percentile of the distribution of A. B. Abundance (canopy cover) of
A. gerardi overlayed on a map of North America. Points indicate the site mean and the color
indicates the high (red) or low (blue) cover. C. A quadratic regression of the relationship
between A. gerardi abundance (canopy cover) and longitude. Points indicate the site mean,
error bars indicate standard error, and the shaded is the 95% confidence interval. Green
squares indicate core sites (within the current suitability), and black circles indicate non-
COTE STEES. .euuteeutteuteeutteett e et e ettt et e ettt et e e sh et e bt eebe e e ab e e sa et e abeesheeeabeesaeeeabeenbteeabeesabeenbeenateenbeennees 159

Figure 4.4. Regressions of A. plant height, B. vegetative biomass, C. leaf thickness, D.
photosynthetic rate, E. water use efficiency, and F. water potential. Each trait is regressed
based on the predictor with the lowest AICc in regression analysis. The solid line is the
regression, shaded area indicates the confidence interval, points indicate site mean, and
error bars indicate site standard error. Green squares indicate core sites (within the current
suitability), and black circles indicate NON-COTE SItES. ......ccervereeriiriiniieiieeiereeereesieeees 160

Figure 4.5. A. Regression of nucleotide diversity () and B. allelic richness across longitude. The

solid line is the regression, shaded area indicates the confidence interval, points indicate site

Xvi



mean. Green squares indicate core sites (within the current suitability), and black circles
indicate non-core sites. C. Heatmap of pairwise Fs comparisons between sites. High Fi is
indicated by red and low by blue values. ...........cccoveviieriiiiiiieecee e 161
Figure 4.6. A. A principal components analysis (PCA) plot of climate variables across all
populations. Points indicate site mean and green squares indicate core sites (within the
current suitability), and black circles indicate non-core sites. B. A PCA loading plot where
traits are displayed as vectors. The length of the vector indicates its magnitude of influence.
C. Linear regression of the trait PC1 across climate PC1 where points indicate site means.
D. Linear regression of the climate PC1 across a mean annual precipitation gradient. E.
Correlation network analysis of plant traits and climatic conditions across all sites. Network
hubs (ie hub traits) have the most connections (highest edge density). Hollow points
indicate a variable, the correlation direction is indicated by color (blue = positive, red =
negative), and the length of the edge indicates closeness among nodes and shorter lines
indicate increased correlation. Variables with no significant (Pearson’s -0.7<x<0.7) do not
have an edge drawn and are not shown. LEGEND: Photo= photosynthetic rate, Transp=
transpiration rate, Ci= internal carbon dioxide concentration, WUE= water use efficiency,
SPAD= chlorophyll absorbance, WaterPot= midday water potential, d13C= carbon isotope
discrimination, NConc = leaf nitrogen concentration, Thickness= leaf thickness, Diameter=
canopy diameter, Height= vegetative height, Width= blade width, VegBio= vegetative
biomass, TotalBio= total aboveground biomass, MAP = mean annual precipitation, MAT=
mean annual temperature, and WMT = temperature of the warmest month. .................... 162
Figure 5.1. Map of sites of A. gerardi A. from 25 source populations across an aridity gradient
(main experiment). Aridity is defined as (mean annual temperature in °C + 10)/ (mean
annual precipitation in mm/ 1000) (Wang et al. 2016). B. Source populations for the drought
experiment of eight populations across a mean annual precipitation gradient. .................. 219
Figure 5.2. Regressions from the main experiment at mid-experiment, 95 days after
transplanting. A. Vegetative height B. leaf area, C. leaf thickness D. photosynthetic rate,
and E. chlorophyll absorbance, and F. date of flowering. Each trait is regressed over the best
predictor by model selection. The solid line is the regression, shaded area indicates the
confidence interval, points indicate site mean, and error bars indicate site standard error.

The equation of the line of best fit and variance explained by R? is included.................... 220

xvil



Figure 5.3. Principal Components Analyses (PCA) of trait and climate variation across 25
populations. A. PCA based on climate variables at source locations, illustrating climatic
variation across populations. B. PCA based on morphological, physiological, and
phenological trait data from the main greenhouse experiment, showing differentiation
among populations along major trait axes. C. Linear regression showing the relationship
between MAP and population scores along trait PCA axis 1. D. Plant trait network showing
relationships among traits and climate variables. Nodes represent traits or climate factors,
while edges indicate correlations between them. Edge color reflects the direction of the
correlation: blue for positive and red for negative. The length of each edge corresponds to
the strength of the correlation, with shorter edges indicating stronger connections. Hub
traits—those with the highest degree (k)—are indicated in gold. ........ccccocvveevverireinennnnnnn. 221

Figure 5.4. Regressions from the drought experiment, 38 days after the onset of drought--A. Plant
height, B. total aboveground biomass, C. total belowground biomass, D. photosynthetic
rate, E. midday water potential, and F. date of flowering across a mean annual precipitation
gradient. Blue indicates control and red indicates drought. The solid line is the regression,
shaded area indicates the confidence interval, points indicate site mean, and error bars
indicate site standard error. The equation of the line of best fit for each treatment (control or
drought) and variance explained by RZ included. .............cccocovevevereuerereeeeeeeeeeeeee e 222

Figure 5.5. Principal Components Analysis (PCA) of trait variation across a precipitation
gradient under control and drought treatments. A. PCA biplot of trait data from the control
treatment, showing population-level variation in functional traits across the precipitation
gradient. B. PCA biplot of trait data from the drought treatment, illustrating shifts in trait
expression under water limitation. Arrows indicate loadings of key traits contributing to
variation along PCA axes. Plant trait networks showing relationships among traits under C.
control or D. drought treatment. Nodes represent traits or climate factors, while edges
indicate correlations between them. Edge color reflects the direction of the correlation: blue
for positive and red for negative. The length of each edge corresponds to the strength of the
correlation, with shorter edges indicating stronger connections. Hub traits—those with the
highest degree (k)—are indicated in gold. LEGEND: NL= number of leaves, Wi= leaf
width, He= height, Th= thickness, ABio= aboveground biomass, Sp= SPAD, LA= leaf area,

Wp= water potential, LGR= leaf area based growth rate, BBio= belowground biomass, Fl=

xviii



flowering, Ph= photosynthetic rate, Co= stomatal conductance, Tr= transpiration rate,
HGR= height based growth rate. ..........ccooooiiiiiiiieiie e 223
Figure 5.6. Genetic variation across 4. gerardi populations. A. Genetic Principal Component
Analysis (PCA) of populations across North America, based on SNP profiles. The first two
principal components (PC1 and PC2) capture most genetic variation, and points indicate
averages of populations. B. Regression analysis of trait PC1 scores across genetic PC1
scores, showing the relationship between genetic differentiation and functional trait
Variation across POPULALIONS. .....ccuvievieriiieiiieriie et eete ettt ettt e bt e e ebeesaaeebeesaneensaennaeenne 224
Figure 5.7. A principal component analysis (PCA) to visualize multivariate trait variation, with
the same traits related to morphology and physiology across populations.-i A. the main
experiment in the greenhouse. B. the same populations in the field. C. Linear regression of
PCA axis 1 scores from the greenhouse against PCA axis 1 scores from the field, assessing

the consistency of population trait patterns across enVIroNmMents. ...........ecceeerveerveereeenneenne 225

Xix



List of Tables

Table 2.1. Seed sources with location, soil type, size, and elevation per plant ecotype. Four

populations of each ecotype were collected from each region (dry, mesic, and wet regions).

Table 2.2. Historical weather data (30-year normal) for planting site locations with garden site
locations relevant information. Annual rainfall and temperature at each garden, average
throughout the study period, and historical average. ...........ccoecvevieeviienieeniienieeeeee e 66

Table 2.3. List of all planted species in each reciprocal garden site with family, functional group,
and seeding rate per species, seeds sown by hand in 2009. ...........ccccoeviiiiiiiiiniiiinieneeee 67

Table 2.4. Candidate genes differentially expressed between wet and dry ecotypes at the driest,
dry, and wet sites. Candidate genes are selected based on significant differential expression
(padj<0.05), at least 70% sequence similarity to known gene annotations, logFoldChange >
2.0, and functional relevance to plant metabolism, development, or stress response........... 68

Table 3.1. A. Seed source of the dry, mesic, and wet ecotypes of 4. gerardi sown into the
TECIPTOCAL GATAGIIS. ...eviiiiiiieeiiee ettt e et e e e tee e st e e s e e esnaeeenaseeennseeens 123

Table 3.2. A. Statistical response with main and interactive effect in early season 2022 at p<0.05.

Table 3.3. The total number of up- and down-regulated differentially expressed genes at all
comparison points and at the individual comparison points for each ecotype (wet or dry),

site (wet, dry, or driest), homesite (wet or dry homesite), and treatment (rainout or ambient).

Table 3.4. Significantly enriched Gene Ontology (GO) terms among differentially expressed
genes associated with the main effects of ecotype, site, and rainout treatment. Only GO
terms with a false discovery rate (FDR) < 0.05 are included. GO term annotations were
obtained using Blast2GO. "u" indicates GO terms enriched among upregulated genes, and
"d" indicates enrichment among downregulated genes for each main effect. .................... 127

Table 3.5. List of selected candidate genes identified across ecotypes, sites, treatment, and
homesite. The table includes gene annotations, associated Gene Ontology (GO) terms, and

fold change values indicating the direction and magnitude of differential expression....... 129

XX



Table 3.6. The DEGs co-expressed with plant phenotype and their candidate genes associated,
annotation, WGCNA cluster number, and GO term. Phenotype abbreviations: Ph=
Photosynthetic Rate, Co= Stomatal conductance, Tr=Transpiration Rate, Wu= Water Use
Efficiency, Sp= SPAD, Ci= Internal Carbon Dioxide Concentration, Bw=Blade Width,
Rg= Relative Growth Rate, He=Height, Th= Leaf Thickness, Di= Canopy Diameter,
Sb=Seed biomass, Tb=Total Biomass, Nc= Leaf Nitrogen Concentration, Cc= Leaf Carbon
Concentration, Bo=Bolting, and FI=SFIOWering. ...........ccccecvevieniiinieeiieiecieeieeeeeeee e 131

Table 4.1. Literature view of Web of Science of 152 papers demonstrating: Data type used in the
study where A=abundance, T=traits, and G=genetic. The response curve of either the ACH
or CPM where L= linear, NL= nonlinear, and cat = categorical. ............ccceeceerviierirenennnen. 170

Table 4.2. A. Site information for sampling of A. gerardi showing site (state) name, county,
vegetation type based on Kuchler vegetation category (Kuchler, 1947), geographic
coordinates. Historic temperature & precipitation values, aridity (annual heat moisture
index, temperature/ precipitation), climatic ranges, and 2023 .............ccccoeeviiiiiiinieencenne. 173

Table 4.3. Results from regression analysis using climate variables or biogeographic range
position as predictors. P-values shown (a<0.05) with significant variables in bold and
highest contributing variable (lowest p-value) bold and underlined............cc.cccnernenene. 174

Table 4.4. Results from regression model analysis using edaphic (soil N, pH, sand, silt, or clay
content) variables as predictors. P-values shown (0<0.05) with significant variables in bold
and highest contributing variable (highest F statistic and lowest p-value) bold and
UNAETIINEA. ..ttt ettt e st e bt e et e e bt e eabeesateenbeesneeenneans 175

Table 4.5. AICc results from regression analysis of either A. linear or B. quadratic terms. The top
two models are bold, and the best model (lowest AICc¢) is bold and underlined................ 176

Table 4.6. Estimates of nucleotide diversity, allelic richness, and observed heterozygosity among
A. gerardi POPULATIONS. ......eeiuiiiiiiiieiiieiie ettt ettt e et e et esteeeteesseeenseennnes 177

Table 4.7. Variance partitioning analysis of plant traits by a full model of biogeographic range
position and climatic variables with the total variation explained and unexplained. Model 1
is geographic variables alone, and model 2 is climatic variables alone with the total
variation explained and unexplained in each model. Model 3 is precipitation and aridity

alone (conditioned by geography and temperature alone). .........c.cccceeeveeveenieeniienieeeeee. 178

xxi



Table 5.1. Site information, location (longitude and latitude), and home climate variables
showing historic annual temperature and precipitation, aridity (temperature/precipitation)
and other relevant Sit€ details. .........ccoviiiiriiiiiiiieec s 231

Table 5.2. Statistical response for each trait in the main experiment compared to home climate.
This table shows the p-values for each trait measured in the main experiment, comparing the
response of traits to home climate. Values are presented for each trait, with the model with
the lowest AIC value is underlined and bolded. AIC values are used to assess the relative
goodness-of-fit for the models describing the relationships between traits and climate
VATTADIES. ..ottt ettt et ettt ettt e et e e ae e et e e bt e et e e sat e e bt e et e eabeenneeenne 232

Table 5.3. The results of general linear models (GLMs) analyzed the effects of drought
treatment, population origin, and their interaction on trait variation. First included is the
main effect of population and home mean annual precipitation. Then, drought treatment and
population origin were included as fixed factors in the models, and variance explained by
each factor was calculated by the mean square of each factor into its variance component.
Analysis of covariance (ANCOVA) was used to assess the effects of population of origin,
drought treatment, and the population X treatment interaction over time. Significant
population x treatment interaction in various time points predrought or after start of drought

are bold for each response variable. ..........cocieiiiiiiiiiieiiee e 233

xxii



Acknowledgements

I am deeply grateful to the many individuals and organizations who supported this
research. I am especially grateful to my dissertation committee—Dr. Allison Louthan, Dr. Zak
Ratajzak, Dr. Chris Toomajian, and my PI Dr. Loretta Johnson—for their guidance, mentorship,
and encouragement throughout this project. Their expertise and support were invaluable at every
stage of the research and writing process.

I am grateful to my coauthors—Dr. Matthew Galliart, Kian Fogarty, Kori Howe, Dr.
Bradley Olson, Dr. Sara Baer, Dr. David Gibson, Dr. Brian Maricle, Eli Hartung, Dr. Trevor
Hefley, Dr. Adam Smith, Hannah Tetreault, Dr. Allison Louthan, Helen Winters, Dr. Erica
Newman, Dr. Sonny Lee, Dr. Ari Jumpponen, Brooke Vogt, Dr. Anna Kazarina, Allison Ricker,
and others—for their contributions to experimental design, data collection, analysis, and
manuscript preparation. Their expertise and dedication were essential in producing the
collaborative studies that underpin this dissertation.

I sincerely thank Dr. Zhe Ren, Dr. David Barfknecht, Saroj Thapa, Nora Bishop, and
Dasik Clouse for their invaluable assistance in the field, including biomass collection, sample
processing, and experimental planning. Additional thanks to Jared Craine, Paul St. Amand, Jesse
Polland, Ethan Faryna, and Shuywe Wu for help with DNA extraction and library preparation. I
am also grateful to the National Center for Genome Resources and New Mexico State University
INBRE for assistance with analyses and access to computational resources.

I extend my deepest appreciation to the landowners, property managers, and site
coordinators who permitted access to their properties and facilitated fieldwork. In particular, I
thank T. Smetzer, G. Hanks, S. Pennings, T. Beckert, D. Crowley, K. Shannon, C. Osborne, M.

Bell, D. Testerman, J. Gruchy, J. Hill, K. R. Heidorn, M. Kroll, L. Rowley, L. Reidel, K. Viste-

xxiii



Sparkman, W. Williams, P. Duekrop, K. Menard, S. Wessel, A. Jarding, T. Richardson, S.
Digiacomo, N. Ellingson, A. Eigirdas, and M. Ahlering for their support in the field.

Funding for this work was generously provided by USDA Grant #2020-03665 and the
US Department of Education GAANN Grant P200A240009. Additional support was provided by
the Kansas Academy of Science 2023 Graduate Student Research Grant, the 2023 Kansas Native
Plant Society Bancroft Grant, the Love of Learning Phi Kappa Phi Grant, the 2024 Grassland
Heritage Foundation Research Grant, the 2024 Ecumenical Ministry Grant, the Kansas Academy
of Science 2025 Graduate Student Research Grant, and the 2025 Biology Graduate Student
Association Research Grant.

Finally, I am grateful for the guidance, camaraderie, and encouragement from my
colleagues, peers, and family throughout this project. Their collaboration and support were

essential in making this research possible.

XxXiv



Preface

This dissertation represents the culmination of several years of research investigating
how climate, genetic differentiation, and trait variation shape adaptation, abundance, and drought
tolerance in Andropogon gerardii, a dominant grass of the North American tallgrass prairie. This
work integrates long-term reciprocal transplant experiments, ecological genomics, trait-based
analyses, and range-wide surveys to examine these processes across multiple spatial and
temporal scales.

The concepts and approaches developed herein emerged from early discussions with my
advisor, Dr. Loretta Johnson, and were refined through extensive collaboration and intellectual
exchange within a dynamic research community. I am deeply appreciative of the scientists,
students, and colleagues whose insight, enthusiasm, and constructive feedback informed this
work at every stage. Members of the Johnson Lab provided an engaging and supportive
environment in which to develop ideas, troubleshoot challenges, and cultivate a deeper
understanding of ecological systems. Conversations in the laboratory, during fieldwork, and at
professional meetings continually advanced the scientific and conceptual framework that
underpins this dissertation.

This research also benefited from the generosity and expertise of the broader grassland
ecology community. Collaborations across institutions and research networks provided access to
diverse datasets, methodological innovations, and critical perspectives that enriched both the
scope and rigor of this work. The collective efforts of these colleagues reflect the cooperative
spirit that defines ecological science and underscore the value of sustained collaboration in

addressing complex environmental questions.

XXV



I am especially grateful to my dissertation committee—Dr. Allison Louthan, Dr. Zak
Ratajczak, Dr. Chris Toomajian, and my advisor, Dr. Loretta Johnson—for their mentorship,
guidance, and encouragement throughout this process. Each has contributed distinct expertise
and thoughtful critique that strengthened this research and fostered my growth as a scientist. I
also extend my sincere appreciation to my coauthors, collaborators, and many field and
laboratory assistants whose careful work and persistence were essential for the successful
completion of this project.

Financial support from the United States Department of Agriculture (USDA), the U.S.
Department of Education, and additional grants provided critical resources for both the research
and the professional development that made this dissertation possible. Beyond its scientific
contributions, this work reflects an ongoing commitment to understanding and sustaining
grassland ecosystems under changing climatic conditions, with the aspiration that its findings
advance both ecological theory and applied conservation practice.

Finally, I dedicate this work to the teachers, mentors, colleagues, friends, and family
members who have supported and inspired me throughout this endeavor. Their guidance,
encouragement, and confidence in my abilities have been integral to my academic and personal
development. The knowledge, skills, and perspectives gained through these experiences have
shaped not only this dissertation but also my continuing growth as a researcher and member of

the broader scientific community.

XXVi



Chapter 1 - Introduction

Overview and Rationale

Grasslands are among the most extensive biomes on Earth, covering ~40% of terrestrial
surfaces (White, 2000), and provide critical ecosystem services including carbon storage, forage
production, and support high levels of plant biodiversity (Hungate et al., 2017; Moore et al.,
2020; Petermann & Buzhdygan, 2021; Bai & Cotrufo, 2022). Grasslands also exert a strong
influence on global climate regulation (Petermann & Buzhdygan, 2021), stabilize soils, filter
water, and sustain diverse animal communities (Werling et al., 2014). Despite their ecological
importance, grasslands are among the most threatened ecosystems globally, with North American
tallgrass prairie reduced to less than 5% of its historical extent due to agricultural conversion
(Samson & Knopf, 1994; Wright & Wimberly, 2013; Baer et al., 2019). Additional pressures—
including habitat fragmentation, invasive species, and climate change—further threaten
grasslands (Hoekstra et al., 2005; Gaskin et al., 2021; Smith et al., 2024). Grasslands are
particularly vulnerable to drought and precipitation variability (Nippert et al., 2006; Cherwin &
Knapp, 2012; Knapp et al., 2001, 2008; Smith et al., 2024), stressors that are projected to
intensify in the future (IPCC, 2023; King et al., 2024). Understanding mechanisms of drought
tolerance in dominant grass species is therefore critical for sustaining grassland resilience,

biodiversity, and ecosystem services into the future (Craine et al., 2012; Smith et al., 2024).

Andropogon gerardi (Nash, big bluestem, Poaceae; Figure 1) is a foundational grass
species in the North American tallgrass prairies, contributing up to 70% of aboveground biomass
(Knapp et al., 1998) and exerting strong influence on community composition and ecosystem
processes (Swemming et al., 2006). Its broad distribution across precipitation and temperature

gradients (Wang et al., 2014; USDA Plants Database, 2023; Figure 1.1) makes it a valuable



model for understanding plant responses to climate. Furthermore, 4. gerardi demonstrates
tolerance to various stressors such as variation in rainfall (Swemmer et al., 2006), temperature
(Fay et al., 2011), and elevated CO: (Knapp et al., 1999). Studying this species therefore offers

insight into key mechanisms shaping population responses to environmental stress.

Although A. gerardi has been widely studied for its physiological responses (Knapp et
al., 1999; Swemming et al., 2006; Fay et al., 2011) and dominance in prairie ecosystems (Knapp
et al., 1998; Epstein et al., 1998; Swemming et al., 2006), important questions remain about how
ecological and evolutionary processes interact to shape its performance across environmental
gradients. In particular, the role of intraspecific trait variation (ITV; Anderson et al., 2021), and
local adaptation, where populations perform best in their home environments (Savolainen et al.,
2007, 2013) remain poorly understood. Integrating the concepts of local adaptation and ITV
across the species range provides a framework for linking population-level ecological responses

to broader ecosystem outcomes.

This dissertation highlights how genetic and phenotypic differences together influence
productivity, competition, and drought tolerance in 4. gerardi. By grounding this research in
ecological context, such an approach not only advances theory on adaptation and functional
diversity but also supports practical applications in restoration (Vitt et al., 2022) by identifying
how adaptive variation can enhance ecosystem function (Shaw et al., 2025) and persistence in
variable climates. This work also integrates ecological genomics (Ungerer et al., 2008) to link
genetic variation directly to ecological outcomes. Both processes influence how A4. gerardi
mediates grassland resilience and provides a framework for predicting ecosystem trajectories

under future climate scenarios (Aitken & Whitlock, 2013).



To address how the phenotypic and genotypic mechanisms contribute to productivity and
drought tolerance in A. gerardi, this research is grounded in several complementary theoretical
frameworks. These include local adaptation, intraspecific trait variation, and biogeographic
models, each offering a lens for understanding how genetic and functional diversity shape

grassland resilience across environmental gradients.

Theoretical Frameworks

Local Adaptation. Local adaptation occurs when populations of a species exhibit highest
fitness in their home environments than non-local conditions (Savolainen et al., 2007; 2013).
This process is critical because it underpins how species respond to environmental heterogeneity,
shaping biodiversity and ecosystem resilience across landscapes. Understanding local adaptation
is especially important for ecological restoration, as mismatches between seed source and
planting sites can reduce survival and long-term persistence. An ecotype is a genetically distinct
population within a species that is adapted to specific local environmental conditions (Clausen et
al., 1944; McMillian, 1968; Lowry et al., 2012), making them valuable units for conservation
and restoration planning. Genomic tools now allow researchers to detect adaptive loci, allele
frequency shifts, and gene expression patterns linked to environmental gradients (Ungerer et al.,
2008). Reciprocal gardens are the “gold standard” for studying local adaptation of a species
(Johnson et al., 2022) and combining reciprocal gardens with genomic analyses (Ungerer et al.,
2008; Savolainen et al., 2013) can reveal the strength of local adaptation at both phenotypic and

genetic levels (Schwinning et al., 2022; Johnson et al., 2022).

Intraspecific Trait Variation. Intraspecific trait variation (ITV) refers to functional trait
differences within species or among populations (Moran et al., 2016; Westerband et al., 2021). It

buffers populations against environmental stress and helps maintain ecosystem function (Moran



et al., 2016), particularly in climatically variable systems like grasslands. Specifically, traits such
as water-use efficiency, root allocation, and phenology often mediate responses to drought and
disturbance (Grime, 1988). These trait differences can arise from both genetic differentiation
(Mitchell-Olds et al., 2007) and phenotypic plasticity (Ahrens et al., 2021), allowing populations
to persist under fluctuating or novel climatic conditions. High levels of ITV may enhance
community stability (Moran et al., 2016) and in restoration contexts, accounting for ITV can
improve the adaptive capacity of plantings (Siefert et al.., 2015) and increase the likelihood of
long-term ecosystem resilience (Moran et al., 2016). Genomic approaches can link ITV to its
genetic basis (Mitchell-Olds et al., 2007), clarifying whether ITV arises from plasticity, standing
genetic diversity, or local adaptation (Savolainen et al., 2013). Studying ITV in 4. gerardi across
climatic gradients therefore provides insight into how genetic differentiation and plasticity

contribute to morphological differences between populations and its drought tolerance.

Abundant Center Hypothesis vs. Clinal Pattern Model. While ITV highlights the
mechanisms driving variation within species, broader biogeographic frameworks such as the
Abundant Center Hypothesis (ACH) and Clinal Pattern Model (CPM) provide context for how
these patterns manifest across species’ ranges. The ACH predicts that abundance, performance,
and genetic diversity peak at range centers and decline toward margins due to suboptimal
conditions for the species (Brown, 1984). The CPM instead attributes variation to environmental
gradients (Estarangue et al., 2023), independent of range position. While both frameworks offer
valuable perspectives, empirical tests show mixed support (Dallas et al., 2020; Panter et al.,
2025), highlighting species-specific dynamics. In addition to trait-based analyses and abundance
estimates, genomic data provide new opportunities to evaluate these models by measuring

genome-wide diversity and detecting selection along climatic and geographic gradients. Testing



models of the ACH and CPM helps to disentangle the roles of selection due to climate, range

position, and adaptation in shaping range-wide patterns of a species.

Literature Review of Ecological Genomics

Ecological genomics offers a powerful framework for investigating these mechanisms by
linking genetic variation with phenotypic traits and environmental responses in natural
populations. To contextualize the current state of this field, we conducted a systematic literature
review of ecological genomics studies in grasses. Using the Web of Science, we surveyed peer-
reviewed publications from July 2014 to July 2023 with the search terms “grassland AND
genetics NOT animal AND plant NOT micro*.” After excluding reviews and studies on animals
and microbes, our final dataset included 190 papers. For each study, we recorded key
characteristics including species, phenotypes measured, experimental setting, plot design,
sequencing techniques, and study duration. This synthesis provides a framework for evaluating
how genomic tools have been applied to grassland systems and identifies opportunities for
advancing our understanding of adaptation and resilience across broad spatial and temporal

scales.

A large proportion of studies (42%) examined tallgrass prairie grasses, followed by
Mediterranean grasslands (17%) and shortgrass steppe ecosystems (16%; Figure 1.2A). Very few
focused on savanna or deciduous forest grasses (2%). Geographically, roughly half of all studies
were conducted in North America, with Europe contributing 25%, Asia 17.2%, South America
5.6%, and Africa 2.2%. Most studies concentrated on one (16%) or two (50%) phenotypic traits,
with only a small fraction assessing three or more (8%; Figure 1.2B). Morphological traits
dominated (68%), while physiological traits were less frequently measured (28%). Field-based

research represented nearly two-thirds of the literature (63%), compared to greenhouse studies



(34%), and most experiments evaluated individual plants without competitors (66%) rather than

in community contexts (36%; Figure 1.2C).

Taxonomic coverage spanned 85 grass species across 18 tribes (Figure 1.2E). Paniceae
(36%), Triticeae (14%), and Andropogoneae (17%) were most frequently represented, with
Panicum virgatum (24%), Andropogon gerardi (10%), and Lolium perenne (7%) serving as the
primary focal species (Figure 1.2F). However, 66 species appeared in only one or two studies,
highlighting limited breadth across taxa. Perennial grasses were overwhelmingly represented
(85%) compared to annuals (16%), and wild taxa (92%) were studied far more often than

cultivated varieties (5%).

Most studies (76%) employed experimental designs, though durations were typically
short: 61% lasted less than one year, and only 4% extended beyond five years (Figure 1.2G).
Abiotic manipulations were common (54%; Figure 1.2H), especially drought (20%) and
temperature (18%), while other variables such as watering, light, CO-, or soil type were rarely
tested (<5%). Biotic manipulations occurred in 24% of studies, primarily involving microbial
communities (17%) and competition (12%), with herbivory addressed in just 1% (Figure 1.21).
Genomic approaches varied: 29% of studies relied solely on phenotypes without genetic data,
while others incorporated candidate-gene analyses, older marker systems (AFLPs, RAPDs,
microsatellites), or modern methods such as GBS, DDrad54, and SNP arrays (Figure 1.2J).
Whole-genome sequencing (2 studies) and exome sequencing (4) were rare, and transcriptomic
work was mostly limited to RNAseq (10). Other “omics” approaches—including methylome (3),
metabolic (1), and proteomic (1) studies—were scarcely applied, with chloroplast genome

sequencing appearing in only two phylogenetic studies.



Key insights and gaps. Our survey reveals strong research emphasis on dominant prairie
grasses in North America, especially P. virgatum, which alone accounted for nearly a quarter of
all studies. While this provides depth in model species, it leaves the broader diversity of grasses
underexplored. Major gaps include limited work in natural ecological contexts, minimal attention

to biotic stressors, and narrow coverage of phenotypic traits.

Accessibility of advanced genomic tools remains a limiting factor. Roughly one in four
studies did not incorporate genetics at all, implicitly attributing phenotypic variation to genetic
differences without testing that assumption. Reduced-representation sequencing methods show
promise for extending genomic resources to non-model grasses (e.g.., GBS; Poland & Rife,
2012). However, the heavy reliance on a few well-studied cultivars risks overlooking valuable
diversity in wild grasses and landraces, which may harbor traits crucial for stress tolerance and
disease resistance. Furthermore, functional genomic approaches—including transcriptomic
(RNAseq), methylome, proteome, and metabolome profiling—remain rare (less than 5% of
studies) but offer exciting opportunities for future research, provided adequate sequencing

infrastructure and bioinformatic resources are available.

Overall progress. Despite these limitations, the past decade has seen steady growth in
ecological genomics of grasses. Annual publications rose from 18 in 2014 to 20-30 between
2020 and 2023, reaching a total of 190 by mid-2023 (Figure 1.2K). Considerable progress has
been made in genotyping, but substantial opportunities remain for broadening taxonomic
coverage, incorporating underused genomic tools, and expanding research into ecological and

evolutionary dimensions of grass diversity.



Literature Review of Range Wide Patterns of Abundance, Traits, and

Genetic Diversity Across Plant Species

While our synthesis of genomic studies in grasses highlights how researchers have
explored genetic and functional diversity within species, a complementary perspective comes
from examining how these patterns scale across geographic ranges. Therefore, to complement
our review of ecological genomics in grasses, we also reviewed empirical tests of range-wide
patterns in plant abundance, traits, and genetic diversity. This second review focused on two
conceptual frameworks—the ACH (Brown, 1984) and the CPM (Estarangue et al., 2023)—
which generate contrasting predictions about how populations vary across species’ ranges. We
conducted a systematic literature review to assess empirical support for two frameworks
describing plant range dynamics: the ACH and CPM. These models make different predictions
about abundance, traits, and genetic diversity across ranges, yet their relative support remains
unclear. By systematically surveying studies that explicitly addressed these models, we aimed to
evaluate the extent to which empirical evidence supports ACH or CPM and to identify conditions

under which each framework is most applicable.

Using Web of Science, we searched studies published between January 1, 1985, and July
7, 2025, with the string: ("Abundant Center" OR "Center Periphery" OR "Center Margin" OR
"Center Edge" OR "Central Marginal Hypothesis") AND plant* AND (trait OR genetic) NOT
animal*. This yielded 152 peer-reviewed papers, and we included studies that (1) focused on
plants, (2) measured empirical trait or genetic data across geographic ranges, and (3) addressed

ACH or CPM. We excluded reviews, meta-analyses, and experimental manipulations.



Each eligible study was categorized by: Data type: Abundance (A), Trait (T), Genetic
(G), ACH support: yes/no/mixed, and CPM support: yes/no/mixed. This structured framework

enabled consistent study of classification and comparison across data types and range patterns.

Our systematic review of 152 studies provides insight into how well empirical evidence
supports the ACH and the CPM in plants. For abundance and genetic diversity, results largely
aligned with the predictions of the ACH: more than half of the studies reported peak abundance
at the range center (56.5%, 35 of 62 papers; Figure 1.3), and a majority observed the highest
levels of genetic diversity in core populations with declines toward range margins (62%, 31 of 50
papers; Figure 1.3A). These findings suggest that demographic and genetic processes often

follow expectations of reduced population size and diversity in peripheral habitats.

In contrast, studies of trait variation provided stronger support for the CPM. While
roughly one-third of trait-focused studies were consistent with the ACH (33.8%, 23 of 68
papers), most instead documented linear or curvilinear clines associated with environmental
gradients (66.2%, 45 of 68 papers; Figure 1.3B). These literature survey results indicate that
functional traits are more strongly structured by underlying ecological gradients than by simple
spatial position within a species’ range. Importantly, only a small fraction of studies (3%, 5 of
152 papers) simultaneously examined abundance, genetic diversity, and traits, limiting the ability
to evaluate how these dimensions of variation interact. Addressing this gap will require
integrative, multi-dimensional approaches that explicitly connect demographic, genetic, and trait-

based perspectives to better understand the mechanisms shaping range-wide patterns in plants.

Knowledge Gaps. Despite decades of research, several critical gaps remain which are
highlighted by both literature reviews. First, the extent and patterns of ecotypic variation across

broad climatic gradients are poorly characterized. While greenhouse experiments have provided



insight into trait variation, they often fail to capture long-term responses within natural
communities. Second, the integration of genetic variation, phenotypic traits, and environmental
responses is incomplete. Linking these components is essential for understanding the
mechanisms underlying adaptation and predicting population performance under future climates.
Third, range-wide patterns in abundance, trait distribution, and genetic diversity remain largely
unexplored, as most studies focus on local populations. Finally, long-term, field-based studies are
scarce, yet such studies are crucial for revealing adaptive patterns and community dynamics over

decadal timescales.

Taken together, our literature surveys highlight both the progress and the persistent
limitations in ecological genomics and range dynamics of plants. While there has been a clear
expansion in genetic tools and an increase in the number of studies, research has been
disproportionately concentrated on a handful of model species, short-term experiments, and a
narrow range of phenotypic traits. Gaps remain particularly evident in the integration of
ecological, phenotypic, and genomic perspectives across species and climates. Addressing these
gaps is especially important for dominant prairie grasses, which function as foundation species in
North American grasslands. To move beyond these limitations, this dissertation focuses on 4.
gerardi, a dominant species in the tallgrass prairie (Knapp et al., 1998). By situating our study
within established ecological and evolutionary theory, we aim to connect patterns of intraspecific
variation with underlying genomic mechanisms and ecological outcomes. In particular, we use
frameworks such as ITV, local adaptation (Savolainen et al., 2007; 2013) and competing models
of species’ range dynamics (ACH vs CPM) to interpret how genetic and phenotypic diversity are

distributed across climatic gradients.
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Research Questions

Our theoretical grounding enables us to address several unresolved questions raised by the

literature review:
1. How strongly does local adaptation structure performance across climate gradients?

2. What are the mechanisms of local adaptation to rainfall and drought tolerance in A.

gerardi?

3. Do patterns of abundance, diversity, and adaptation align more closely with ACH

predictions or with clinal gradients (CPM)?

4. To what extent does trait variation in A. gerardi reflect plasticity versus genetic

differentiation?

By integrating ecological genomics with these frameworks, this dissertation advances our
understanding of how a foundation grass species responds to environmental variation, providing
insight into both basic evolutionary processes and applied conservation strategies under global

change.

Objectives and Hypotheses

The overarching goal of this dissertation is to understand how climate, genetic

differentiation, and trait variation interact to shape adaptation, abundance, and drought tolerance

in the dominant grass 4. gerardi. Since A. gerardi plays a critical role in ecosystem functioning

(Knapp et al., 1998; Silleti & Knapp, 2002), its responses to environmental gradients provide
both theoretical insights into the mechanisms of adaptation and applied guidance for grassland

management under global change. To address this goal, this research integrates field
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experiments, controlled common gardens, trait-based ecology, and ecological genomics (Figure

1.4) across multiple spatial and temporal scales.

Objective 1: Local adaptation across rainfall gradients. In Chapters 2 and 3, we use
reciprocal garden experiments across a broad precipitation gradient (MAP 500-1200 mm yr!) to
test whether A. gerardi ecotypes show higher fitness in their home environment compared to
foreign sites. This directly evaluates local adaptation and the selective pressures imposed by
water availability, a major selection force across ecosystems (Siepielski et al., 2017; Feldman et
al., 2024). We hypothesized that local ecotypes (e.g., a dry ecotype in the home dry site) would
perform best with survival, growth, and reproduction maximized in home environments. A non-
local ecotype (e.g., a wet ecotype in the dry site), by contrast, would exhibit reduced fitness

which would result in decreased abundance and biomass of the non-local ecotype.

Objective 2: Gene expression, traits, and drought response. Building on the reciprocal
gardens, Chapter 3 integrates transcriptomic data and trait-based analyses to provide possible
mechanisms for local adaptation in 4. gerardi. By linking differential gene expression to
functional traits such as water-use efficiency, biomass, and phenology, this objective identifies
molecular and physiological mechanisms underlying resilience. We hypothesized that drought-
adaptive traits (e.g., increased water use efficiency, thicker leaves, shorter stature) and drought-
responsive genes (e.g., ABA Signaling, LEA, Gupta et al., 2020) will align with the dry ecotype
at its home, dry site. In contrast, we expected that the wet ecotype would show growth-
promoting traits (e.g., increased height and biomass, greater leaf area) and genes (e.g.,

Gibberellins, Vascular Tissue Generation; Gupta et al., 2020).

Objective 3: Range-wide patterns of abundance, traits, and genetic diversity. Next,

Chapter 4 evaluates whether A. gerardi populations conform more closely to the ACH (Brown,
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1984) or the CPM. Using range-wide data, this objective examines how abundance, genetic
diversity, and trait variation are structured across geography and climate (Figure 1.4). We
hypothesized that abundance and genetic diversity will peak in range core populations, consistent
with the ACH, while variation in traits will align primarily with climatic gradients, consistent
with the CPM (Estarague et al., 2023). Together, these patterns provide a framework for
understanding how range position and environmental gradients jointly shape species distributions

and adaptive potential.

Objective 4: Drivers of trait variation. Finally, Chapter 5 addresses the extent to which
ITV in A. gerardi is driven by genetic differentiation among populations versus plastic, short-
term acclimation to environmental conditions. Since ITV is a key determinant of resilience in
variable climates (Westerband et al., 2021), this objective combines trait, genetic, and climatic
data (Figure 1.4) to parse these contributions. We hypothesized that genetic differentiation
underlies much of the observed ITV and modulates drought responses. Specifically, if ITV had a
strong genetic basis, trait variation would align between the same populations from the field
sampling in Obj. 3 planted in a controlled common garden. Confirming this hypothesis would
demonstrate the evolutionary basis of ITV and highlight its role in buffering populations against
climate change, with direct implications for designing restoration strategies that leverage

functional diversity.

Together, these objectives are guided by the central research question: How do climate
gradients, genetic differentiation, and trait variation interact to shape adaptation,
abundance, and drought tolerance in A. gerardi? Addressing this question contributes to both

ecological theory—by integrating frameworks of local adaptation, species distribution models,
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and ITV—and applied management, by identifying ecotypes and trait syndromes most likely to

sustain ecosystem function under future climate scenarios.

Significance and Implications

This research contributes meaningfully to both applied and theoretical ecology. From an
applied perspective, clarifying the extent of local adaptation and ITV provides actionable
knowledge for ecological restoration. Identifying climate-appropriate ecotypes (Hufford &
Mazer, 2003; Leimu & Fischer, 2008) enables practitioners to select plant populations that are
more likely to establish, persist, and maintain ecosystem function. This is particularly important
given the increasing frequency of droughts and altered precipitation regimes (Franks et al., 2007;
Knapp et al., 2008; Wilcox et al., 2017). Seed sourcing strategies that integrate genetic and trait-
based information (Breed et al., 2013; Bucharova et al., 2019) can help ensure that restoration
projects preserve genetic diversity while maximizing performance. Approaches such as climate-
adjusted provenancing (Prober et al., 2015) demonstrate how incorporating genomic and climatic

data can guide seed sources in ways that promote long-term persistence under future droughts.

The theoretical contributions of this work are equally significant. By integrating
ecological genomics with frameworks of intraspecific trait variation, local adaptation, and
species distribution models such as the ACH and CPM, this study provides a multidimensional
approach to understanding how evolutionary and ecological processes interact across spatial and
environmental gradients. This integration moves beyond descriptive patterns, allowing for a
mechanistic understanding of how genetic differentiation drives trait variation (Savolainen et al.,
2013; Hoban et al., 2016) and ultimately shapes population performance. It also bridges the gap

between classical ecological research and contemporary genomic tools (Ungerer et al., 2008;
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Sytsma et al., in press), demonstrating how molecular approaches can uncover signatures of

adaptation that are often hidden at the phenotypic level.

Finally, linking gene expression, phenotypic traits, and environmental gradients offers a
predictive framework for both conservation and management. Species distribution models can
anticipate how populations are likely to respond to future climate scenarios, helping forecast
vulnerabilities and adaptive potential (Aitken & Whitlock, 2013; Fitzpatrick & Keller, 2015).
These insights enable proactive management strategies, such as assisted gene flow, targeted seed
transfers, and the design of restoration projects that anticipate future environments rather than
replicate past ones. In doing so, this work contributes to the practical goal of sustaining grassland

ecosystems under rapid global change while also advancing ecological and evolutionary theory.
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Figure 1.1. A. Range of 4. gerardi (green) across North America. B. Photograph of 4. gerardi,
the focal species of this dissertation.
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Figure 1.2. Summary of ecological genomics literature survey results (2014-2023): (A) habitat,
(B) phenotypes studied, (C) research setting, (D) plot design, (E) tribe, (F) focal species, (G)
study duration in years, (H) abiotic manipulations, (I) biotic manipulations, (J) sequencing

methods, and (K) cumulative publications per year in grassland ecological genomics.
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Number of Studies

Figure 1.3. Summary of plant range patterns literature survey results (1984-2025): support of
either (A) the ACH or (B) the CPM. Data used in each study (abundance, trait, or genetic data).
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Figure 1.4. Conceptual framework linking climate gradients, genetic response, and plant form
and function in A. gerardi. Climate gradients (e.g