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Summary  46 

Herbaceous plant species have been the focus of extensive, long-term research into climate 47 

change responses, but there has been little effort to synthesize results and predicted outlooks 48 

from different model species. We summarize research on climate change responses for eight 49 

intensively-studied herbaceous plant species. We establish generalities across species, 50 

examine limitations, interrogate biases, and propose a path forward. All six forb species exhibit 51 

reduced fitness, maladaptation, and/or population declines in at least part of the range. Plasticity 52 

alone is likely not sufficient to allow adjustment to shifting climates. Most model species also 53 

have spatially-restricted dispersal that may limit genetic and evolutionary rescue. These results 54 

are surprising, given that these species are widespread, span large elevation ranges, and 55 

generally have substantial levels of genetic and phenotypic variation. The focal species have 56 

diverse life histories, reproductive strategies, and habitats, but most are native to North 57 

America. Thus, these species may poorly represent rare species, habitat specialists, or species 58 

endemic to other parts of the world. We encourage researchers to design demographic and field 59 

experiments that evaluate plant traits and fitness in contemporary and potential future conditions 60 

across the full life cycle, and that consider the effects of climate change on biotic interactions. 61 

  62 
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Introduction 63 

A key priority for society is evaluating organismal responses to changing climates – specifically 64 

identifying: which species are likely to be threatened by changing climates, why these species 65 

are threatened while others are not, and what the impacts will be on ecological communities and 66 

ecosystems (IPCC 2023). Empirical studies of plants have played a large role in our current 67 

understanding of biological responses (Parmesan, 2006; Franks et al., 2007, p. 20; Thompson 68 

et al., 2013; Wilczek et al., 2014; Anderson & Song, 2020). Plants are sessile, which makes 69 

them both relatively easy to study through observational and manipulative studies as well as 70 

vulnerable to changing climates as rooted plants cannot thermoregulate through movement, as 71 

animals can. Indeed, population declines are documented or predicted for many plant species 72 

(Inouye, 2008; Krushelnycky et al., 2013; Sheth & Angert, 2018; Campbell, 2019; Reed et al., 73 

2021), as are spatial lags in adaptation in response to changing climates (Wilczek et al., 2014; 74 

Kooyers et al., 2019; Anderson & Wadgymar, 2020). The effects of climate change on plants 75 

have influenced dynamics at the community and ecosystem scales, including collapsing food 76 

webs and altering ecosystem function and services (Avolio et al., 2014; Smith et al., 2015; 77 

Bartley et al., 2019; Vahsen et al., 2023).  78 

 79 

In response to changing climates, plants can move through seed dispersal, acclimate via 80 

phenotypic plasticity, or adapt to novel conditions (Aitken et al., 2008). Genetic variation can 81 

also be introduced into populations through pollen movement. Assessing the responses of 82 

different plant species as well as determining the magnitude of responses is challenging and 83 

requires synthesis from different kinds of experiments and fields (See Box 1). Researchers can 84 

evaluate shifts in species’ ranges and phenology for many model and non-model species due to 85 

the presence of herbarium collections and historical surveys as baseline data (e.g. Kelly & 86 

Goulden, 2008; Calinger et al., 2013; Fadrique et al., 2018; DeLeo et al., 2020; Büntgen et al., 87 

2022). However, documenting the propensity for species to shift their phenotype through 88 

phenotypic plasticity or genetic adaptation is more complicated and requires in-depth common 89 

garden or manipulative experiments (Gienapp et al., 2008; Shaw & Etterson, 2012; Wadgymar 90 

et al., 2022). Quantifying adaptive potential requires determining genetic variation in 91 

ecologically-important traits, often in populations across a species’ ranges (Pennington et al., 92 

2021).  Further, documenting population dynamics and risk of extirpation requires labor-93 

intensive field studies across life cycles within natural populations (Sheth & Angert, 2018; 94 

Campbell, 2019; Reed et al., 2021). Needless to say, our understanding of plant responses to 95 
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changing climates is predominantly shaped by studies of a small proportion of plant species, 96 

often in a restricted portion of their ranges.  97 

 98 

We do have good insights into how climate change impacts a few crop and model plant species. 99 

Extensive empirical studies and meta-analyses have been conducted on climate responses in 100 

trees (e.g., (Langlet, 1971; Aitken et al., 2008; Alberto et al., 2013; Sork et al., 2013; Fei et al., 101 

2017), particularly those in northern temperate forests, owing to their economic and ecological 102 

importance. These studies suggest that trees are well adapted to historical climatic conditions 103 

(Savolainen et al., 2007), are threatened within warmer and drier areas of historical ranges 104 

(Rebetez & Dobbertin, 2004; Dyderski et al., 2018; Browne et al., 2019), have occasionally had 105 

recent shifts in range and abundance both latitudinally and longitudinally (Fei et al., 2017), but 106 

often will require human assistance via assisted gene flow to persist (Aitken & Bemmels, 2016). 107 

Meta-analyses of shorter-lived herbaceous species are far less common (but see Franks et al., 108 

2014; Anderson, 2016). Herbaceous species likely differ in the type and magnitude of 109 

responses to changing climates owing to shorter generation time and reduced environmental 110 

variability within a lifespan. For instance, herbaceous species with short generation times may 111 

adapt rapidly to extreme events (e.g., Franks et al., 2007), but are also predicted to be less-112 

buffered against climate variability than long-lived species (Morris et al., 2008). Additionally, 113 

herbaceous plants likely have different trait-based ecological strategies for responding to abiotic 114 

and biotic stresses (Kooyers, 2015) and may have different seed bank dynamics (Thompson, 115 

1987). 116 

 117 

Here we explore eight of the model herbaceous plant species that have shaped our current 118 

understanding of responses to changing climate (Fig. 1). For each species, we: 1) document 119 

relevant organismal biology; 2) review the major work on climate change responses; 3) 120 

summarize the key results within a move, acclimate, and adapt framework; 4) synthesize the 121 

relevance of the results for other plant species, communities and ecosystems; and 5) highlight 122 

the limitations of each model system. Our goal is not to comprehensively summarize the 123 

immense literature on all climate responses of herbaceous species. Instead, we aim to provide 124 

an introductory primer to eight ecological model species to foster a better understanding of the 125 

diversity of and commonalities in climate change responses.  126 

 127 

Section 1: Arabidopsis thaliana (Brassicaceae) 128 



 6 

Moi Exposito-Alonso 129 

 130 

Arabidopsis thaliana (L.) Heynh. (2n = 10) is an annual herb whose native range spans Eurasia 131 

with sparse relictual populations from Africa to Tibet, and naturalised ranges in every other 132 

continent except for Antarctica. Populations occur from sea level to ~4400m. Arabidopsis 133 

thaliana is locally rare but widespread in North America, and rare in South America and 134 

Australia (Leventhal et al., 2025). The life cycle of A. thaliana varies from a winter annual to a 135 

spring or summer annual depending on whether germination occurs in fall or spring. Both life 136 

histories result in rapid flowering within the growing season (Donohue, 2002; Montesinos et al., 137 

2009; Picó, 2012). Seed dormancy is variable and a seed bank exists (Lundemo et al., 2009; 138 

Vidigal et al., 2016). Its lack of symbiosis requirements, lack of obligate pollinators or 139 

outcrossing, and low competitive ability (Pigliucci, 2002) make it a relatively simple model 140 

system with low cultivation requirements. Arabidopsis. thaliana is best known as a weed 141 

adopted as a genetics laboratory model system in mid-late the 20th century. We argue that the 142 

availability of extensive genetic resources and the expansive climatic range provide a unique 143 

opportunity to understand the molecular and genomic basis of environmental adaptation. Its 144 

simple life history, together with a broad geographic range makes it ideal for studies in ecology, 145 

life history evolution, and population biology (Leventhal et al., 2025). 146 

 147 

In the oldest, relict populations sampled in the Mediterranean, Levant, and Africa, A. 148 

thaliana inhabits xeric shrublands and rocky outcrops, at elevations from sea level to above 149 

2500m (Brennan et al., 2014; Fulgione et al., 2022; Leventhal et al., 2025). In relict populations, 150 

phenotypes span from extremely fast flowering plants with low-levels of winter germination 151 

(Fulgione et al., 2022), to extremely late flowering plants found at high elevations in Iberia 152 

(Méndez-Vigo et al., 2011; Leventhal et al., 2025). Other populations across the range, such as 153 

very northern populations of Scandinavia, have strict vernalization and photoperiod control to 154 

time overwintering via cold temperature clocks (Dittmar et al., 2014; Duncan et al., 2015), 155 

different water use efficiency strategies (Des Marais et al., 2014; Mojica et al., 2016; Exposito-156 

Alonso et al., 2017; Dittberner et al., 2018), and altered root architectures (LaRue et al., 2022). 157 

Unlike ruderal populations in Central Europe, relictual populations have been declining in 158 

effective population size since the last glacial maxima (Alonso-Blanco et al., 2016; Durvasula et 159 

al., 2017; Exposito-Alonso et al., 2017).  160 

 161 
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1B. Significant Work:  162 

The vast molecular genetic and genomic resources in A. thaliana provide an exceptional context 163 

for understanding potential population responses to climate change. For instance, studies in 164 

laboratory and in the wild allowed characterizing the first genome-wide mutation rate of 7 x 10-9 165 

mutations / bp / generation of a plant species (Ossowski et al., 2010), allowing understanding 166 

the speed of evolution of natural populations (Exposito-Alonso et al., 2018a). Extensive 167 

functional genetic studies allow researchers to understand the potential fitness ramifications of 168 

individual mutations. For instance, Wing Ho Ho and Weigel (2014) characterize the ramifications 169 

of mutations in 120 of 175 possible codons in the FT locus on flowering time. These approaches 170 

enable researchers to parse gene x environment interactions, which is necessary for 171 

determining how and why (or why not) populations may be phenological tracking changing 172 

climates. Surveys of genetic diversity within and across populations across the world allow 173 

assessment of which populations have the most adaptive potential (Nordborg et al., 2005; 174 

Horton et al., 2012). 175 

 176 

While A. thaliana has strong potential for deciphering many different types of responses to 177 

changing climates, the largest focus has been on characterizing the genomic basis of local 178 

adaptation and natural selection to heterogeneous environments. Extensive reciprocal 179 

transplant experiments (Ågren & Schemske, 2012; Oakley et al., 2023) and field GWAS 180 

experiments (Fournier-Level et al., 2011; Hancock et al., 2011; Alonso-Blanco et al., 2016)) 181 

have been conducted and worldwide panels of A. thaliana have been used to identify genotype-182 

environment associations (Lasky et al., 2012). Global collaborations (GrENE-net consortium; 183 

https://grene-net.org/) are underway to coordinate 45 parallel common gardens across the 184 

Northern Hemisphere to examine tempo, mode and predictability of natural selection in a 185 

changing world. While these studies may not all directly assess climate change responses, they 186 

provide critical information about adaptive and maladaptive responses in future climates. 187 

 188 

1C. Major Results: Arabidopsis thaliana has a long history of migrating with changing climates 189 

(Sharbel et al., 2000; Beck et al., 2008; François et al., 2008). Large population scale genomic 190 

sampling was used to reconstruct population histories and suggest populations colonized 191 

Eurasia ~100 thousand years ago (Durvasula et al., 2017) followed by several admixture events 192 

between relictual and non-relictual expanding populations (Alonso-Blanco et al., 2016). 193 

Currently patterns of population structure across the native range strongly suggest range 194 
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expansion as glaciers receded following the last glacial maximum (Beck et al., 2008). Species 195 

distribution models suggest that lower latitude populations (often genetically distinct refugial 196 

populations) are most threatened by changing climates, but note that A. thaliana has clearly 197 

colonized novel environments around the globe (Yim et al., 2024). However, accessions 198 

associated with humans (i.e. lab ecotypes) exhibit patterns of rapid migration across the globe 199 

(Exposito-Alonso et al., 2018a). Accessions from low latitude equatorial or high elevation 200 

environments have lower seed output and slower reproduction rates, and have likely been 201 

isolated in relictual regions for thousands of years (Brennan et al., 2014; Durvasula et al., 2017). 202 

This suggests that these populations are likely dispersal-limited.  203 

 204 

Variation in seasonal conditions has driven pervasive natural selection on phenology and local 205 

adaptation (Leventhal et al., 2025). Generally, there are strong fitness declines when 206 

populations are transplanted into non-local environments, with an average fitness reduction of 207 

30% (Ågren & Schemske, 2012; Exposito‐Alonso, 2023), and climate change could reduce the 208 

fitness of local populations relative to those from more equatorial latitudes, which experienced 209 

hotter conditions across their evolutionary histories (Wilczek et al., 2014). Natural selection is 210 

stronger in water-limiting environments (Mediterranean common gardens; Exposito-Alonso et 211 

al., 2019) or very cold environments (Scandinavian common gardens; Ågren & Schemske, 212 

2012), while selection is much weaker when plants are transplanted into more temperate and 213 

mesic environments (Exposito-Alonso et al., 2018b, 2019). Selection is sufficiently strong to 214 

generate divergent phenotypic clines along different elevation gradients in the native range 215 

(Gamba et al., 2024) and parallel clines in flowering time following introduction to North America 216 

(Samis et al., 2012). 217 

 218 

Genomic predictions forecast that regions in Mediterranean-to-temperate climate transitions in 219 

Central Europe may have the largest lag in adaptation to climate change (Exposito-Alonso et 220 

al., 2019), consistent with maladaptation detected by Wilczek et al. (2014) in four European 221 

common gardens. This adaptation lag was especially pronounced at the highest latitude site, 222 

consistent with greater impacts of warming at more extreme latitudes (Wilczek et al., 2014). 223 

However, there have been shifts in some phenotypes (including phenology and leaf C:N) over 224 

time that suggest some level of adaptation to changing climates (DeLeo et al., 2020). The 225 

capacity for future adaptation likely depends on the population. There is substantial variation in 226 

fitness in experiments with mixtures of global genotypes, with up to h2 = 0.5 for survival in a low 227 
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precipitation population in Spain (Exposito-Alonso et al., 2019). But many local populations will 228 

have a fraction of that genetic variation as genetic diversity is generally low within the primarily 229 

selfing species (Nordborg et al., 2005). Local studies in Sweden, Toulouse, and Spain (Toledo 230 

et al., 2020) have lower heritabilities in fitness. De novo mutation also has been shown to 231 

introduce new adaptive variation, as recent studies in isolated populations of Cape Verde 232 

colonized 7-10k years ago identify multiple independent mutations emerging on several islands 233 

(Fulgione et al., 2022). 234 

  235 

Phenotypic plasticity plays a clear role in acclimating to changing conditions, although direct 236 

tests of selection for plasticity are limited (Stinchcombe et al., 2004; Exposito-Alonso et al., 237 

2018b). Temporal surveys of phenotypic variation in herbarium specimens suggest that 238 

populations are able to shift phenology to track yearly variation in climate (DeLeo et al., 2020), 239 

although these shifts are likely a product of both fluctuating selection and plasticity. Generalist 240 

accessions with greater phenotypic plasticity in flowering time do have higher fitness when 241 

transplanted to some warmer environments. But plasticity (via GxE interactions on flowering) is 242 

not always adaptive - low-elevation fast-flowering lines delay flowering at higher-elevations and 243 

do not have sufficient reproductive output for establishment ((Exposito-Alonso et al., 2018b). 244 

Transgenerational plasticity through epigenetics has been demonstrated in Arabidopsis (i.e. 245 

Kooke et al., 2015), although particular application within natural populations and to changing 246 

climate change is uncertain.  247 

 248 

1D. Importance for other species: Evolutionary biologists can leverage an extensive genetic and 249 

genomic toolkit developed for Arabidopsis to identify genes subject to selection in nature. 250 

Additionally, the Arabidopsis genome has been used as a springboard to catalyze research in 251 

other species. For example, a recent population genomic study capitalized on the Arabidopsis 252 

genome to find that local adaptation proceeds through similar ortholog loci across 20 species 253 

(Whiting et al., 2024). Notably, there is an abundance of field common garden data generated in 254 

Arabidopsis, allowing nuanced inference of patterns of phenotypic plasticity and (mal)adaptation 255 

while generating hypotheses regarding climate change responses in other species. 256 

 257 

1E. Limitations: Arabidopsis is often criticized for the exact traits that make it a spectacular 258 

model organism - existence as a cosmopolitan, rapid-cycling, selfing species with a relative-259 

simple genome that often (but not always) occupies degraded habitats. However, the genetic 260 
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and genomic advances made in Arabidopsis are highly repeatable across Brassicaceae (Koenig 261 

& Weigel, 2015; Zhai et al., 2024) and are often able to be extrapolated distantly across the 262 

flowering plants. For instance, the same loci that control flowering in Arabidopsis are highly 263 

conserved in Populus species (e.g. FT). Likewise, similar adaptation lags have been 264 

documented in A. thaliana as in several other herbaceous species (Wilczek et al., 2014; 265 

Kooyers et al., 2019; Anderson & Wadgymar, 2020; Bontrager et al., 2020). Thus, Arabidopsis 266 

likely represents a generalizable ecological model for herbaceous climate change responses for 267 

annual species. Selfing is often a highlighted limitation. While selfing reduces the combinatorics 268 

of genomes, it has been often shown that linkage disequilibrium in Arabidopsis is comparable to 269 

humans (~10Kb, Kim et al., 2007), and outcrossing in natural populations is variable (from ~2% 270 

average outcrossing across populations to a 14% in a local dense population; Platt et al., 2010; 271 

Bomblies et al., 2010). Studying adaptation and evolution of a selfing species is important since 272 

>50% of annual herb species can self-fertilize (Hamrick & Godt, 1997). 273 

 274 

Section 2: Boechera stricta (Brassicaceae) 275 

Jill Anderson 276 

 277 

Boechera stricta (Graham) Al-Shehbaz is a short-lived diploid perennial forb (2n=14) that grows 278 

in high elevation meadows and habitats along streams throughout western North America, from 279 

Utah through Alaska (Al-Shehbaz & Windham, 2010; Rushworth et al., 2011, 2022). In addition 280 

to occurring across a wide range of latitudes, this species spans a broad elevational gradient 281 

ranging from 700m-3900m above sea level (Al-Shehbaz & Windham, 2010; Rushworth et al., 282 

2011, 2022). Natural populations of the western and eastern subspecies of B. stricta (Wang et 283 

al., 2019; Lin et al., 2021) have adapted to environmental conditions that vary across the range 284 

(Lee & Mitchell-Olds, 2011; Lee & Mitchell‐Olds, 2013; Anderson et al., 2014, 2015; Anderson & 285 

Wadgymar, 2020), but much work remains to dissect the relative contributions of various agents 286 

of selection to the evolution of local adaptation. B. stricta has a vernalization requirement for 287 

flowering (Anderson et al., 2011). Demographic models from natural populations estimate that 288 

life expectancy is in the range of 5-7 years (Anderson & Wadgymar, 2020), but we have seen 289 

very large individuals that could be up to 15-20 years old based on the diameter of the plant at 290 

the base (Anderson, pers. obs.). The relatively short-lived nature of the species, in conjunction 291 

with its self-pollination mating system (Song et al., 2006), make it ideal for eco-evolutionary 292 

experiments, as many siblings from field-collected accessions and pedigreed lines (such as 293 



 11 

recombinant inbred lines or near-isogenic lines) can be exposed to multiple environments in the 294 

field or lab to interrogate fitness and trait expression under realistic ecological conditions 295 

(Prasad et al., 2012; Wagner et al., 2014; Keith & Mitchell‐Olds, 2019; Carley et al., 2021). 296 

Furthermore, climatic projections have been examined extensively for this geographic region 297 

(Seager, 2007; Rangwala et al., 2012; Seager et al., 2013; Cook et al., 2018; Talsma et al., 298 

2022; Alizadeh et al., 2023), enabling researchers to simulate climate change in manipulative 299 

experiments in greenhouse, growth chamber and field environments (Anderson & Gezon, 2015; 300 

Anderson & Wadgymar, 2020; MacTavish & Anderson, 2022; Denney et al., 2024). 301 

 302 

Climate change has already exposed B. stricta populations to increased temperatures, 303 

reduced snowpack and accelerated snowmelt, intensifying aridity, and increased risk of fire 304 

(Seager, 2007; Rangwala et al., 2012; Seager et al., 2013; Cook et al., 2018; Talsma et al., 305 

2022; Alizadeh et al., 2023). Mean growing season temperatures increased by 0.33-0.52°C per 306 

decade from 1979-2020 in mountain systems of the western U.S. and in the Canadian Rockies, 307 

with greater rates of warming at higher elevations (Alizadeh et al., 2023). The effects of climate 308 

change on B. stricta and other high elevation and high latitude species may be mediated more 309 

by shifts in snowpack and snowmelt timing rather than temperature changes. Snow dynamics 310 

drive many elements of B. stricta’s life history, and strongly influence phenology, functional 311 

traits, fitness, and local adaptation (Anderson & Gezon, 2015; Wadgymar et al., 2018; Anderson 312 

& Wadgymar, 2020; Hamann et al., 2021b). Increasing temperatures have reduced snow 313 

accumulation in the winter by 15-30% since the mid-1900s in the western United States, and 314 

have hastened the timing of snowmelt in the region (Fyfe et al., 2017; Mote et al., 2018; 315 

Campbell, 2019). These changes are projected to increase. For example, by 2080, Colorado 316 

may lose 50-60% of its snow cover (Talsma et al., 2022), which could amplify the duration and 317 

intensity of spring droughts by increasing the time between snowmelt and monsoonal rains 318 

(Seager et al., 2013; Maloney et al., 2014; Pascale et al., 2016; Seth et al., 2019). 319 

 320 

2B. Significant Work: Boechera stricta has emerged as a model system for evolutionary ecology 321 

and ecological genetics (Rushworth et al., 2011, 2022). This species is amenable to large-scale 322 

manipulations in field and laboratory settings, and substantial effort has been devoted to 323 

identifying environmental drivers of genetic population differentiation (Lee & Mitchell-Olds, 2011, 324 

2012), along with studying the genetic basis of phenotypic variation and fitness (Prasad et al., 325 

2012; Anderson et al., 2013), and examining selection and multivariate trait evolution (Anderson 326 
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et al., 2012; Keith & Mitchell‐Olds, 2019; Carley et al., 2021). Much of the foundational research 327 

into the genes underlying key phenotypes in this species can be leveraged to investigate 328 

climate change responses. For example, in B. stricta and other Brassicaceae, glucosinolates 329 

serve a critical role in anti-herbivore defense (Prasad et al., 2012; Carley et al., 2021) and 330 

drought tolerance (Salehin et al., 2019; Carley et al., 2021), which could influence fitness in 331 

future climates if drought stress and herbivory both increase (Hamann et al., 2021a; IPCC 332 

2023). Recent studies have exposed natural accessions of B. stricta to climates that simulate 333 

projections through manipulations of snowmelt timing in the field (Wadgymar et al., 2018; 334 

Anderson & Wadgymar, 2020; Hamann et al., 2021b) drought stress and nutrient availability in 335 

the greenhouse (MacTavish & Anderson, 2020, 2022), and temperature and carbon dioxide 336 

concentration in the greenhouse (Denney et al., 2024). Furthermore, ongoing field experiments 337 

manipulate snowmelt timing and growing season temperature factorially in four experimental 338 

gardens (Anderson, in review). Despite work that mapped quantitative trait loci (QTL) for fitness 339 

and identify loci associated with local adaptation to contemporary environments (e.g., Anderson 340 

et al., 2013), no studies to-date have investigated the fitness consequences of climate change 341 

for local alleles at candidate genes implicated in local adaptation. 342 

 343 

2C. Major results: Reduced winter snowpack and early snowmelt (Fyfe et al., 2017) accelerated 344 

flowering in B. stricta (Bemmels & Anderson, 2019), and climate change has advanced B. 345 

stricta’s reproductive phenology by 3.7 days/decade in natural populations around the Rocky 346 

Mountain Biological Laboratory (Gothic, CO) since the mid-1970s (Wadgymar et al., 2018), 347 

likely through a combination of plasticity and adaptation (Anderson et al., 2012). This rate is 348 

nearly identical to phenological shifts in other plant species at that site (CaraDonna et al., 2014; 349 

Wadgymar et al., 2018), and very similar to changes in spring phenology in a diversity of plant 350 

and animal species in temperate ecosystems worldwide (Amano et al., 2010; Pöyry et al., 2011; 351 

Diamond et al., 2011; Jakoby et al., 2019; Bates et al., 2023). Thus, B. stricta may serve as a 352 

reliable model of climate change responses for other species. Furthermore, manipulations of 353 

snowmelt timing in the field suggest that B. stricta is adapted to historical climates and that 354 

climate change has already disrupted local adaptation (Anderson & Wadgymar, 2020). 355 

Specifically, low elevation accessions, which evolved under relatively hot and dry conditions, 356 

have a fitness advantage over local accessions in contemporary environments, but snow 357 

additions, which simulate historical climates, can restore local adaptation (Anderson & 358 

Wadgymar, 2020). Furthermore, this experiment revealed strong costs of reproduction under 359 
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arid and hot projected climates, suggesting that climate change could favor the evolution of 360 

shorter lifespans (Hamann et al., 2021b).  361 

To-date, research suggests that local populations in the center of the range may not 362 

maintain sufficient genetic variation to respond to rapid changes in the climate (Bemmels & 363 

Anderson, 2019; Anderson et al., in review), but it is possible that populations at the leading 364 

edge in high elevation and high latitude locations could expand if climate change dampens the 365 

harsh winters and cold temperatures there (Anderson et al., in review). Gene flow is spatially-366 

restricted across populations of this selfing species (Song et al., 2006; Wang et al., 2019) and 367 

we hypothesize that upslope or poleward migrations will not be rapid enough for ecotypes from 368 

trailing edge and central populations to remain within their locally-adapted climate niche. 369 

Nevertheless, field (Anderson & Wadgymar, 2020), growth chamber (Denney et al., 2024), and 370 

greenhouse (MacTavish & Anderson, 2020) experiments have found that low elevation 371 

accessions display greater fitness than high elevation accessions when exposed to conditions 372 

that reflect climate change projections, including early snowmelt (Anderson & Wadgymar, 373 

2020), high temperatures, elevated atmospheric carbon dioxide levels (Denney et al., 2024), 374 

and drought stress (MacTavish & Anderson, 2020). Additionally, low elevation accessions show 375 

greater resistance against insect herbivory than their higher elevation counterparts when 376 

transplanted into common gardens at various elevations (Anderson et al., 2015). This 377 

heightened resistance could reduce the vulnerability of low elevation accessions to any 378 

increases in herbivory that may occur with climate change (Robinson et al., 2012; Hamann et 379 

al., 2021a). These results highlight that relevant genetic variation in climatic responses exists 380 

across the range of the species even if it is not found within any given population. 381 

 382 

2DE. Importance for other species and limitations: As a primarily-selfing species, B. stricta may 383 

lack the within-population genetic variation necessary to adapt to ongoing environmental 384 

change (Bemmels & Anderson, 2019), and this species has limited interactions with pollinators. 385 

Selfing species are often assumed to have restricted genetic variation within populations. 386 

Additional research could estimate quantitative genetic variation in adaptive potential across the 387 

range, which would be especially illuminating if experiments exposed transplants to simulated 388 

climate change. Furthermore, B. stricta has gravity and wind-dispersed seeds, which likely 389 

restricts its ability to migrate in response to climate change and means that the species does not 390 

interact with frugivorous animals. These elements of the natural history of B. stricta make it 391 

unsuitable for studies focused on phenological mismatches with pollinators and seed dispersers 392 
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or novel interactions that could arise from divergent range shifts. However, researchers can still 393 

address plant-animal interactions through investigations of herbivory at the ecological, genetic 394 

and evolutionary levels (Prasad et al., 2012; Carley et al., 2021). Detailed experiments have 395 

elucidated the genetic basis of glucosinolates, and have examined the effects of glucosinolates 396 

on both herbivory and drought responses  (Prasad et al., 2012; Carley et al., 2021). Drought is 397 

projected to increases across the range of B. stricta (Seager, 2007; Cook & Seager, 2013; Cook 398 

et al., 2018; Talsma et al., 2022; IPCC 2023), and it is possible that rates of herbivory could also 399 

shift with climate change (Hamann et al., 2021a). Thus, multifactorial experiments are required 400 

to evaluate how climate and biotic environments interact to impose novel selection and shape 401 

global change responses in B. stricta and other species. To-date, few studies have manipulated 402 

the herbivore community (but see, Jameel et al., 2024; Carley et al., 2025) to examine the 403 

strength of selection imposed by herbivory – or specific herbivore species – on functional traits, 404 

defenses, and plant phenology. Furthermore, exciting questions remain about how microbiota 405 

interact with roots and aboveground biomass to influence trait expression and fitness in B. 406 

stricta (Wagner et al., 2014, 2016). Finally, we have limited understanding of how climatic 407 

drivers influence root phenotypes, interactions of roots with soil microbes or leaves with leaf 408 

microbiota, the soil seed bank and seed dormancy, and plant ecophysiology.  409 

 410 

Section 3: Clarkia xantiana (Onagraceae) 411 

David Moeller 412 

 413 

Clarkia xantiana is a diploid (2n = 18), self-compatible, winter annual plant endemic to southern 414 

California, occurring primarily in the southern Sierra Nevada (Lewis & Lewis, 1955; Eckhart & 415 

Geber, 1999). The species is currently divided into two subspecies that are differentiated by 416 

phenology, floral traits, and geography (Moore & Lewis, 1965; Eckhart & Geber, 1999). 417 

Substantial evidence indicates that the two taxa are phylogenetically distinct and reproductively 418 

isolated (Pettengill & Moeller, 2012b; Briscoe Runquist et al., 2014) and therefore more 419 

appropriately considered sister species (Sianta et al., 2024). Both taxa occupy small geographic 420 

ranges that are parapatric, with a narrow zone of overlap. Clarkia xantiana ssp. xantiana is 421 

primarily outcrossing and bee pollinated (Moeller, 2006; Pettengill & Moeller, 2012a) and 422 

occupies the western foothills of the Sierra Nevada where precipitation is higher and less 423 

variable than in the eastern foothills where the primarily selfing, C. xantiana ssp. parviflora, 424 
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occurs. Most research with relevance to climate change has occurred on subspecies xantiana 425 

and all subsequent text refers to this taxon unless otherwise indicated.  426 

Populations are typically large and discrete, with thousands to hundreds of thousands of 427 

individuals (Eckhart et al., 2011). Plants primarily occur on slopes in open areas and co-occur 428 

with other herbaceous forbs and grasses, especially non-native annual grasses. Seeds 429 

germinate in winter (November – March) and flower in late spring in response to the onset of 430 

summer drought (May-June; Eckhart & Geber, 1999). Population dynamics are driven primarily 431 

by precipitation (Eckhart et al., 2011), which is highly variable in the Sierra Nevada (historically 432 

varying 50-200% of average; Dettinger et al., 2011). The southwestern United States has 433 

experienced the most severe “megadrought” since 800 C.E. (2000 – present: Cook et al., 2015; 434 

Williams et al., 2022) and anthropogenic climate change has caused ca. 42% of the soil 435 

moisture anomaly (Williams et al., 2020). In this region, climate change is expected to result in 436 

reduced mean but higher variance in precipitation (Dettinger et al., 2018).   437 

 438 

3B. Significant Work: The genus Clarkia has been an important model system for studies of 439 

plant adaptation and speciation since the 1950s (Lewis & Lewis, 1955). Clarkia xantiana is 440 

among the most intensively studied plants in the context of geographic range dynamics.  Long-441 

term research on C. xantiana (20+ years of continuous study) integrates data on abiotic 442 

variation, species interactions, population dynamics, and local adaptation. This work includes 443 

long-term demographic studies, reciprocal transplant experiments, population genetic studies, 444 

and resurrection studies. 445 

 446 

3C. Major results: Species distribution models (SDMs) were developed to examine range 447 

dynamics in response to Holocene climate change and to first evaluate alternative explanations 448 

for the causes of current geographic range limits. At the last glacial maximum (LGM; 21,000 449 

B.P.), predicted suitable habitat occurred only at the very southern end of the current distribution 450 

and at the lower extreme of elevations where contemporary populations occur (Pettengill & 451 

Moeller, 2012b). Since the LGM, populations have migrated north and to higher elevations, 452 

which is reflected in patterns of population genomic structure (Pettengill & Moeller, 2012b; 453 

Sianta et al., 2024). Populations are now infrequent in the southern portion of the range but very 454 

common at the northern portion of the range. The northern range limit coincides with the 455 

Greenhorn Mountains and SDMs suggest that potentially suitable habitat is found to the north 456 

(i.e., dispersal limitation: Eckhart et al., 2011). Those SDMs also suggest that the eastern range 457 
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margin is limited by adaptation (not dispersal) and that precipitation is a key limiting factor 458 

(Eckhart et al., 2011). Long-term work on C. xantiana has focused on this broad eastern range 459 

limit, which falls along a continuous abiotic gradient, consistent with the context of most 460 

theoretical models on range limits (e.g. Kirkpatrick & Barton, 1997; Polechová & Barton, 2015).  461 

Guided by distribution models, subsequent work sought to distinguish the causal agents 462 

of maladaptation to novel conditions beyond the range. Understanding the ecological and 463 

evolutionary causes of range limits is central to predicting range shifts with climate change. 464 

Reciprocal transplant studies have shown that lifetime fitness is at or below replacement just 465 

inside and beyond the eastern range limit (Geber & Eckhart, 2005). While quantitative genetic 466 

variation for fitness is elevated at the range limit and beyond, no genotypes have fitness above 467 

replacement even when crosses were used to generate novel recombinants among populations 468 

(Moeller, unpublished data). Patterns of population variation indicated that abiotic stress and 469 

physiology contribute to the location of the range limit (Eckhart et al., 2010). However, a series 470 

of experiments have repeatedly shown that a major source of mortality at the range margin was 471 

fatal herbivory by small mammals (Geber & Eckhart, 2005; Benning & Moeller, 2021); 472 

populations could persist beyond the range margin if such biotic interactions were removed 473 

(Benning et al., 2019; Benning & Moeller, 2021). Similarly, fecundity is limited by pollinator 474 

availability at the range limit and beyond (Geber & Eckhart, 2005; Moeller et al., 2012; Benning 475 

& Moeller, 2021). Notably, both biotic interactions exhibit steep non-linear gradients that 476 

coincide with the range limit and exhibit high temporal variation (Moeller, 2006; Moeller et al., 477 

2012; Benning et al., 2019; Benning & Moeller, 2021); whereas, abiotic factors exhibit near-478 

continuous variation. Such steep gradients and temporal variation have been suggested by 479 

theoretical studies to be critical to causing range limit formation (Polechová & Barton, 2015; 480 

Benning et al., 2022). Despite a focus in the literature on how abiotic factors govern 481 

distributions, our results emphasize that the biotic environment is similarly important even in the 482 

presence of a strong and obvious abiotic gradient.  483 

Population persistence in the face of climate change may occur if populations adapt in 484 

situ and/or if plasticity is adaptive such that plastic responses result in higher fitness. 485 

Persistence may also occur when populations remain dormant through periods of unsuitable 486 

conditions. While range shifts have been observed in many systems in response to 487 

contemporary climate change, Clarkia xantiana’s range limits have remained stable over 25 488 

years of intensive monitoring (and in relation to records as far back as the 1950s). In particular, 489 

at the eastern range limit where drought is most prevalent, and where we have observed 490 
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substantial climate and population fluctuations (Eckhart et al., 2011; Siegmund et al., 2023; 491 

Vergara et al., 2024), we have observed no local population extinctions. Long-term 492 

demographic studies spanning 20 years have demonstrated that the seed bank is key to 493 

population persistence through periods of low precipitation (Eckhart et al., 2011; Siegmund et 494 

al., 2023; Vergara et al., 2024). 495 

We have also found evidence for rapid evolution, but the extent of evolution may be 496 

limited by dormancy. A recent study took advantage of a severe period of drought from 2011-497 

2015 (box 2) to test for rapid evolution and to distinguish among mechanisms that may hinder 498 

rapid evolution (Benning et al., 2023). Genotypes were grown from before drought (2011), at the 499 

end of the drought (2015), and beyond the end of drought (2017) in a common environment. 500 

Although all populations experienced similar levels of drought stress and expressed similar 501 

levels of quantitative genetic variation in traits, only one of three populations exhibited rapid 502 

evolution in phenology (time to first flower). Flowering occurred earlier in genotypes from 2015 503 

than 2011 and even earlier for genotypes from 2017 (two years after the drought ended). 504 

Evolutionary simulation models (developed in SLiM) incorporated field data and tested 505 

alternative hypotheses on the causes of a lack of rapid evolution using Approximate Bayesian 506 

Computation (ABC). There was strong evidence that gene flow from the seed bank (gene flow 507 

through time) was responsible for preventing the evolution of early phenology in two populations 508 

(Benning et al., 2023). These results suggest that the same mechanism that may facilitate 509 

persistence through unsuitable periods (dormancy) may also prevent adaptive evolution to 510 

climate change. 511 

Although plasticity may contribute positively to population persistence through 512 

environmental fluctuations, we find mixed evidence for it in this system. There is population 513 

differentiation in flowering time over fine spatial scales (highest estimated QST: Gould et al., 514 

2014). Flowering time is also a key trait differentiating C. x. xantiana from its sister subspecies 515 

(Eckhart & Geber, 1999) and contributing to reproductive isolation (Briscoe Runquist et al., 516 

2014). Transplant experiments beyond the eastern range limit of C. x. xantiana (and into C. x. 517 

parviflora’s range) have shown that flowering time is later but selection favors earlier flowering 518 

time (Eckhart et al., 2004). This counter-gradient plasticity is maladaptive and has important 519 

consequences for lifetime fitness (Eckhart et al., 2004; Anderson et al., 2015).  520 

 While the nature of responses to climate change may influence individual species, it may 521 

also modulate premating reproductive isolation between sister species. If climate change 522 

weakens isolation, introgressed ancestry may facilitate or prevent adaptation to novel 523 
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environments. The magnitude of admixture between the two sister taxa of C. xantiana varies 524 

considerably geographically, with northern contact zones having substantially higher admixture 525 

than southern contact zones (Pettengill & Moeller, 2012b; Sianta et al., 2024). Admixture is 526 

highest in sites where interannual variation in precipitation during the growing season is most 527 

pronounced (Sianta et al., 2024); years of drought cause greater overlap in flowering time 528 

between taxa. Given that climate change is predicted to cause greater interannual variance in 529 

precipitation in the southern Sierra Nevada (Dettinger et al., 2018), one might predict higher 530 

rates of introgression over time.  531 

 532 

3DE. Importance for other species and limitations: The last 20+ years of megadrought in the 533 

southwestern U.S. has provided a potential preview of future climate change – multi-year severe 534 

drought episodes punctuated by intermittent wet years. Our continuous study of C. x. xantiana 535 

over this period has revealed significant declines in abundance in some areas but no population 536 

extinctions or range shifts. While we have observed some rapid evolution in response to 537 

drought, seed banks have simultaneously hindered adaptation and prevented local extinctions. 538 

While most studies of climate change examine upslope elevational movement and northward 539 

migration, research on C. x. xantiana offers insights into climate change effects on biotas where 540 

precipitation is a more important driver of population and community dynamics than 541 

temperature. Parallel studies on longer-lived plants would be particularly helpful for assessing 542 

how woody plants with minimal seed dormancy may respond across the same changing 543 

environmental gradient. 544 

Clarkia xantiana is an important model for plant biotic interactions in a changing climate. 545 

The east-west environmental gradient over which the range limit occurs is complex, with both 546 

abiotic and biotic factors influencing population dynamics and adaptation. For example, 547 

precipitation drives the population dynamics of Clarkia xantiana, which affects populations of its 548 

specialized bee pollinators in subsequent years (Moeller et al., 2012). The lagged effects of 549 

plant population dynamics on bee pollinators can cause mismatches between years of high 550 

plant and pollinator abundance and limit reproduction. Interestingly, the same climate-driven 551 

lags have been observed in interactions between C. xantiana and generalist insect herbivores, 552 

where the intensity of herbivory can be predicted by precipitation in prior years (unpublished 553 

data). Future studies of climate change will need to consider the direct effects of abiotic 554 

variation on plant populations along with the complex indirect effects on its pollinators and 555 

herbivores.  556 
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 557 

Section 4: Mimulus cardinalis (syn. Erythranthe cardinalis; Phrymaceae) 558 

Amy Angert and Seema Sheth 559 

 560 

Mimulus cardinalis is a short-lived self-compatible perennial herb (2n=16) with red, tubular 561 

flowers pollinated primarily by hummingbirds. Reproduction occurs sexually via copious, tiny 562 

seeds and asexually via rhizomes. The species grows in moist, disturbed riparian habitats such 563 

as mossy crevices in water-splashed boulders and sandy cobble bars along stream banks. It 564 

ranges from central Oregon, USA to northern Baja California, Mexico and from sea level to 565 

<2400 masl (Fraga, 2018). This latitudinal and elevational breadth encompasses substantial 566 

variation in macroclimate, with greater than 12°C difference in mean annual temperature and 567 

3000 mm difference in mean annual precipitation observed among populations (Sheth & Angert, 568 

2018b). Northern populations occupy cooler and more reliably wet conditions, while southern 569 

populations inhabit warmer and unpredictably dry conditions (Muir & Angert, 2017). For all 570 

populations, growing season precipitation is negligible; soil moisture is recharged by winter 571 

precipitation and spring snowmelt and gets progressively drier across the growing season.  572 

Across the species range, warming has already increased mean annual temperatures by 573 

1-2 °C (California EPA, 2018). While changes in total annual precipitation are more difficult to 574 

project, there is high confidence that drought severity will increase due to increasing evaporative 575 

demand and changing intensity and seasonal distribution of rainfall events(California EPA, 576 

2018). During the historic 2011-15 CA drought (box 2), many populations of M. cardinalis 577 

declined and some southern populations were extirpated (Sheth & Angert, 2018). For riparian 578 

species such as M. cardinalis, climatic changes are compounded by changes to the hydrological 579 

regime. For example, warming-driven shifts in precipitation falling as rain instead of snow 580 

change the timing and size of the spring freshet, with important consequences for flood 581 

disturbance regimes and soil moisture availability in the subsequent growing season(California 582 

EPA, 2018).  583 

 584 

4B. Significant Work: Mimulus cardinalis has been the subject of a wide variety of observational 585 

and experimental studies for many decades (Decker, 1959; Hiesey et al., 1971; Schemske & 586 

Bradshaw, 1999). Observational work across range-wide climatic gradients includes 587 

demographic observations of vital rates and population dynamics in 21 wild populations 588 

(ongoing since 2010); stratified, random sampling of population presences and absences for 589 
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unbiased estimates of habitat suitability and occupancy; and estimates of population genetic 590 

diversity and differentiation. Experimental work has tested the effects of climatic drivers on 591 

performance by assaying physiological responses to thermal and drought stress and conducting 592 

reciprocal transplants and common gardens. Experiments have also quantified evolutionary 593 

potential using artificial selection and quantitative genetic breeding designs and tracked real-594 

time evolution during extreme climate events via resurrection studies. Collectively, these studies 595 

have fostered the collection and creation of numerous resources for further study, such as 750 596 

whole-genome sequences; curated records of occurrence; ecological niche models 597 

independently validated by field surveys; and tissue and seed samples (including pedigreed 598 

crosses allowing for estimation of additive genetic variances and covariances) spanning >20 599 

years and most of the climatic and geographic range of species. 600 

 601 

4C. Major results: Several lines of evidence suggest that the geographic range is not at 602 

equilibrium with recent-past climate. Projected population growth rates increase with elevation 603 

(Angert, 2006) and latitude (Sheth & Angert, 2018), consistent with leading-trailing dynamics 604 

(Hewitt, 1996; Davis & Shaw, 2001). Natural dispersal appears to be insufficient to track 605 

changing climates. The species is underfilling climatically suitable habitat in the north compared 606 

to the central and southern portions of the range (Angert et al., 2018), while experimental 607 

translocations indicate that experimental populations beyond the northern range edge grow as 608 

well or better than experimental populations transplanted within the northern range (Bayly & 609 

Angert, 2019). During the 2012-2015 drought, demographic surveys documented high mortality 610 

and low seedling recruitment, leading to significant declines in 19 out of 32 populations 611 

spanning the latitudinal gradient (Sheth & Angert, 2018), especially in populations experiencing 612 

the most anomalous winter precipitation conditions (Anstett et al., 2024). The intensity of decline 613 

was greatest in the south, where researchers observed two local extinctions; to date, one of 614 

these populations remains extirpated. Though life-history shifts were consistent with 615 

demographic compensation (i.e., more negative correlations between vital rates than expected 616 

by chance), higher reproduction in southern populations was insufficient to offset their low 617 

survival and growth during the unprecedented drought (Sheth & Angert, 2018). Consistent with 618 

an adaptation lag, experiments of northern-edge, central, and southern-edge populations 619 

transplanted into northern, central, and southern common gardens reveal that southern 620 

populations had the highest fitness and northern populations had the lowest fitness in all 621 

gardens (Sheth et al., in review). Collectively these findings strongly support the hypothesis that 622 
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the northern range edge is dispersal-limited, not climate-limited, while the southern range edge 623 

is under increasing climate stress. If southern range contraction proceeds faster than northern 624 

range expansion because of limited dispersal, the range will shrink.  625 

 Field and lab common gardens reveal how population divergence in physiological, 626 

phenological, and life-history traits mediates responses to climatic variation and sets the 627 

baseline for the direction and pace of future evolutionary responses. For example, populations 628 

diverge along a fast-slow axis from the less predictable environments of the south to the more 629 

reliably wet north, with southern populations demonstrating more rapid germination, higher 630 

photosynthesis, greater growth and a more annualized life-history than northern populations 631 

(Muir & Angert, 2017; Sheth & Angert, 2018). Populations also differ in breadth and optima of 632 

thermal performance curves along latitudinal gradients (Angert et al., 2011). Interestingly, 633 

different analyses on these independent datasets both suggest that gene flow among 634 

populations has constrained adaptation to historical climates (Paul et al., 2011; Muir & Angert, 635 

2017). Despite ample variation among populations in trait means, there is less consistent 636 

evidence for population divergence in trait plasticity in response to climatic variation. Muir et al. 637 

(2017) did not detect strong plasticity for performance traits in response to temperature or 638 

watering treatments. In contrast, Branch (2023) showed that southern populations exhibited 639 

greater within-generation plasticity but lesser transgenerational plasticity for leaf traits in 640 

response to soil moisture relative to northern ones.  641 

 Greenhouse studies suggest that some populations of M. cardinalis harbor substantial 642 

levels of genetic variation in ecologically important traits. A study of two northern-edge, two 643 

central, and two southern-edge populations of M. cardinalis found that the trailing-edge 644 

populations have ample genetic variation to respond to climate-driven selection on flowering 645 

time, and that the evolution of delayed flowering for drought avoidance could lead to an overall 646 

shift to slower life history traits (Sheth & Angert, 2016). Muir et al. (2022) quantified genetic 647 

variance in another phenological trait, germination timing, for five latitudinally arrayed 648 

populations of M. cardinalis in a greenhouse setting, and found that populations harbored 649 

substantial genetic variance for germination timing, with similar levels of variation among and 650 

within populations. Nonetheless, genetic variance in winter survival in a northern and southern 651 

common garden was negligible, implying that genetic variation in germination time did not 652 

contribute to variation in winter survival (Muir et al., 2022). Since greenhouse studies can 653 

overestimate quantitative genetic variation (Charmantier & Garant, 2005), we ultimately need to 654 

measure quantitative genetic variation in traits and fitness, along with selection on a suite of 655 
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escape and avoidance traits (Kooyers et al., 2015) in climatically-distinct field gardens to fully 656 

evaluate the evolutionary potential of populations across the species’ range, and this is the 657 

focus of ongoing work (Sheth et al., unpublished). Preliminary reports of additive genetic 658 

variances of escape and avoidance traits, along with fitness, in latitudinally arrayed common 659 

gardens highlight the challenges of detecting population-level variation in field settings (Sheth et 660 

al., in review). 661 

Resurrection studies to date suggest that the likelihood of in situ evolution of trait means 662 

and plasticities depends on the populations, timescales, and traits examined. They also 663 

demonstrate how populations entering an extreme event (box 2) with different baseline 664 

phenotypes diverge along different trajectories. In six populations (two each from the south, 665 

central and northern portions of the range), Wooliver et al. (2020) observed limited evolution of 666 

thermal performance curves and Vtipil & Sheth (2020) found no evolution of flowering 667 

phenology despite high standing genetic variation in southern-edge populations (Sheth & 668 

Angert, 2016). In contrast, Anstett et al. (Anstett et al., 2021) sampled 11 populations from 669 

across the range and detected evolution of later phenology range-wide and lower specific leaf 670 

area, especially in the south and center of range, consistent with a shift from traits promoting 671 

drought escape (live fast, die young) to traits promoting drought avoidance (hunker down and 672 

grow slow). Branch et al. (2024) focused on leaf anatomy and biochemical function across six 673 

populations (a subset of those studied by Anstett et al., 2021) and found that populations from 674 

all regions evolved to maintain photosynthetic carbon assimilation under dry conditions, but via 675 

different anatomical changes within leaves. In the south, drought adaptations appear to have 676 

become more canalized. The anatomical changes that maintain photosynthesis during drought 677 

incur a cost to photosynthesis under wet conditions for southern, but not northern, populations, 678 

and southern populations have lost plasticity in specific leaf area (Anstett et al., 2021). Preston 679 

et al. (2022) also observed loss of plasticity, in this case in high-temperature gene expression in 680 

northern populations.  681 

Differences in the extent of trait evolution do not appear to be a simple outcome of 682 

differences in strength of selection; though the north is wetter than the south in absolute terms, 683 

the drought anomaly (relative to historical baselines) was similar in the north and the south. 684 

Rather, differences in evolutionary response might be better explained by historical differences 685 

in environmental predictability and the evolution of transgenerational plasticity. Branch (2023) 686 

found that northern populations in historically predictable climates had both less trait evolution 687 

and more (grand)parental inherited stress memory, while southern populations evolved more 688 
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rapidly and showed less transgenerational plasticity. Though the detection and magnitude of 689 

evolutionary responses varies among studies, populations, and traits, this work represents 690 

unique evidence for rapid evolution in a perennial plant species and highlights the potential for 691 

adaptive evolution to rescue some declining populations from extreme climatic events. Genomic 692 

analyses reveal that the frequency of drought-adapted alleles has increased in some 693 

populations, and that variability at climate-associated loci predicted population recovery post-694 

drought (Anstett et al., 2024). This provides one of few empirical examples of evolutionary 695 

rescue in the wild. 696 

 697 

4D. Importance for other species: While most resurrection studies examining plant responses to 698 

climate change have focused on annual species (e.g., (Franks et al., 2007; Hamann et al., 699 

2018; Dickman et al., 2019; Kooyers et al., 2021), little is known about whether perennial 700 

species will be able to adapt fast enough to keep up with climate change. Though we often 701 

assume that perennial species evolve more slowly, M. cardinalis includes populations that have 702 

high evolutionary potential, can rapidly respond to selection in the greenhouse, and have rapidly 703 

evolved in response to recent drought. This work documents that evolutionary rescue can occur 704 

in herbaceous perennial plants, which are longer-lived than most focal organisms in 705 

evolutionary rescue studies.  706 

 707 

4E. Limitations: Disturbance and post-disturbance successional dynamics can have overriding 708 

effects on population dynamics that make climatic signals hard to discern. For example, riparian 709 

habitat is subject to stochastic flood-driven disturbances that can cause high mortality of 710 

established adult M. cardinalis and pulses of juvenile recruitment, followed by successional 711 

development of willow and alder stands that gradually displace M. cardinalis. Fire disturbance 712 

has a similar effect: fires stimulate high recruitment both directly (by clearing canopy and 713 

increasing light along riparian corridors) and indirectly (because deadfall alters streamflows). 714 

The perennial life history of M. cardinalis poses challenges for adequately capturing long-term 715 

fitness and population trajectories in short-term common garden experiments. As with many 716 

plant species, seed bank dynamics are not well-studied, and whether seed banks hinder 717 

evolutionary responses or allow ecological buffering and bet-hedging in variable environments 718 

remains an open question. While there have been numerous studies of climatic drivers of 719 

performance in this system, species interactions (e.g., with hummingbird pollinators, herbivores, 720 

fungal leaf endophytes) and their interplay with climate stress needs further study.    721 
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 722 

Section 5: Mimulus guttatus (syn. Eryranthre guttata; Phrymaceae) 723 

Nicholas Kooyers 724 

The common yellow monkeyflower (Mimulus guttatus; syn. Erythanthe guttata; 2n=28) is 725 

widespread through Western North America occurring in wet areas including coastal bluffs, 726 

riversides, thin-soiled meadows, rockwalls, and roadside ditches from sea-level to ~3000m 727 

elevation (Wu et al., 2008). Mimulus guttatus is highly genetically and phenotypically variable 728 

with life history strategies ranging from stoloniferous perennial populations living on ocean-729 

adjacent bluffs and riversides to inland annual populations rapidly completing life cycles in 730 

habitats with ephemeral water supplies. This species is primarily outcrossing and with 731 

pollination by bee species and it has an obligate long day photoperiod requirement with variable 732 

vernalization requirement for flowering (Friedman & Willis, 2013). Populations are both locally 733 

and regionally common, thus M. guttatus is not typically considered vulnerable to changing 734 

climates and is even considered an invasive species in some regions (Vallejo-Marín et al., 735 

2021). Moreover, M. guttatus contains some of the highest levels of genetic diversity found 736 

within any plant population (Friedman et al., 2015; Puzey et al., 2017), suggesting extensive 737 

capacity for adaptation to changing conditions. However, recent studies indicate that 738 

populations of M. guttatus in part of its range (the central Oregon Cascades) are threatened by 739 

shifting and shortening growing seasons as well as extreme events (Kooyers et al., 2019, 2025; 740 

McDonald et al., 2023). This area has the shortest growing season across the range of M. 741 

guttatus. 742 

 743 

5B. Significant Work: Mimulus guttatus has not traditionally been considered a model species 744 

for climate change, but it is an important model for speciation (Vickery, 1964, 1978; Fishman & 745 

Willis, 2001; Brandvain et al., 2014; Ferris et al., 2014; Oneal et al., 2016), hybridization 746 

(Sweigart et al., 2006; Coughlan et al., 2020; Ivey et al., 2023), evolutionary genomics of 747 

adaptation (Hendrick et al., 2016; Monnahan & Kelly, 2017; Selby & Willis, 2018; Nelson et al., 748 

2018), evolution of chemical defense (Holeski, 2007; Holeski et al., 2013; Kooyers et al., 2017; 749 

Colicchio, 2017), plant evo-devo (Yuan, 2019; Ding et al., 2020), and life history evolution (Hall 750 

& Willis, 2006; Lowry & Willis, 2010; Twyford et al., 2015; Peterson et al., 2016; Troth et al., 751 

2018). This work has provided context and resources (e.g., annotated genomes, seed stocks, 752 

and functional genetics protocols) for understanding climate change responses. Nearly all work 753 

on climate change responses has been conducted in inland annual populations. Provenance 754 
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experiments including populations throughout the range designed to examine local adaptation 755 

conducted in low and high elevation populations in the central Oregon Cascades provided the 756 

first evidence for adaptation lags (Kooyers et al., 2019). Additional common garden experiments 757 

and phenotypic selection analyses conducted in high elevation Oregon populations have 758 

documented patterns of fluctuating selection (Mojica et al., 2012; Troth et al., 2018; Kelly, 2022) 759 

and the genomic consequences of inbreeding (Brown & Kelly, 2020). These studies have often 760 

been paired with evolutionary genomics to examine the genetic basis of rapid adaptation 761 

(Nelson et al., 2018; Monnahan et al., 2021). Demographic and observational experiments 762 

tracking populations across many years are rare; however, there are now six continuous years 763 

of data in twelve central Oregon high elevation populations tracking survival, phenology, and 764 

fecundity (Kooyers et al., 2025).  765 

 766 

Additionally, researchers in the Mimulus community are prolific seed collectors, leading to 767 

collections of the same populations before and after extreme events – such as the historical CA 768 

drought (box 2). These collections have been used in resurrection experiments to identify 769 

phenotypic and genetic responses across populations to extreme events (Kooyers et al., 2021). 770 

Finally extensive work on evolution of flowering time variation via controlled growth chambers 771 

experiments, QTL mapping, and field experiments has provided insights on potential 772 

phenological responses across monkeyflower populations (Friedman & Willis, 2013; Kooyers et 773 

al., 2015). 774 

 775 

5C. Major results: Provenance studies have identified adaptation lags in both low and high 776 

elevation annual populations in Oregon where populations from California that better match 777 

contemporary growing seasons conditions have higher fitness (Kooyers et al., 2019). While this 778 

adaptation is identifiable across multiple different years (2014 and 2019; Scharnagl et al., 2023; 779 

McDonald et al., 2023), the exact California populations that are favored change between years 780 

in high elevation sites, depending on temporal variation in the timing of snow melt and duration 781 

of the growing season (McDonald et al., 2023). Such adaptation lags suggest that 782 

monkeyflowers are neither able to move (i.e. disperse via pollen or seeds) nor adapt quickly 783 

enough to respond to changing climate conditions, at least in this region. 784 

 785 

The adaptation lag results fit into the context of over two decades of work within a few highly 786 

diverse populations in the central Oregon Cascades. These studies identify a key tradeoff 787 
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between rapid flowering and flower size where extensive variation is maintained due to 788 

temporally heterogenous selection associated with growing season variation ((Mojica et al., 789 

2012; Monnahan & Kelly, 2017; Troth et al., 2018). More broadly, nearly 15 years of temporal 790 

studies at the Iron Mountain field site suggests that large portions of the genome exhibit signs of 791 

balancing selection, with similar shifts in allele frequency at ~1800 SNPs across the genome 792 

(Kelly, 2022). The large levels of segregating variation within this population (and at a large 793 

Quarry population) suggests that these populations already contain the variation to adapt to 794 

small shifts in the growing season by altering phenology and that they could contribute to 795 

genetic rescue in nearby populations. Gene flow through pollen flow is likely to be substantial at 796 

fine spatial scales (<5km) as little population structure has been observed between nearby 797 

populations, even with whole genome sequencing of many individuals (Twyford et al., 2020). 798 

Notably, other nearby populations are much smaller in physical size, number of individuals, and 799 

levels of genetic variation and may have greater difficulty with evolutionary rescue.  800 

 801 

Observational studies in 12 nearby smaller natural populations over the last six years have 802 

demonstrated that growing season fluctuations and extreme heat events do indeed threaten 803 

smaller M. guttatus populations (McDonald et al., 2023; Kooyers et al., 2025). A short 9-day 804 

heatwave in 2019 occurring early in the growing season caused complete mortality in one of the 805 

twelve populations and caused an average of 50.3% mortality across plots. A heat dome event 806 

in 2021 occurring midway through the growing season caused early mortality in all plots, but did 807 

not reduce fecundity despite occurring during the flowering and fruiting period. Instead seed 808 

mass was 30% less than earlier years and seeds germinated later and less readily. Germination 809 

rates remained low in the following year, but recovered two years following the drought. These 810 

results indicate that the timing of extreme events within growing seasons is important for 811 

determining outcomes. Notably, mortality from these heatwaves is mediated by faster dry down 812 

of the thin-soiled meadows ((McDonald et al., 2023)McDonald et al., 2023). Water addition 813 

treatments increased survival and fecundity of local M. guttatus populations (S. Holt; 814 

Unpublished Data). These results suggest that water availability - mediated by temperature and 815 

snow melt and impacting growing season duration - is the key selection factor for climate 816 

adaptation in these populations. While there are risks of complete mortality in a given year, both 817 

seed banks and intrapopulation variation in water availability may provide important buffers 818 

(Friedman et al., 2019; McDonald et al., 2023). The population with complete mortality after the 819 
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2019 heatwave had a small number of new germinants in 2021 and has maintained a minimal 820 

population size. 821 

 822 

Climate-change mediated extreme events may also have range-wide impacts in M. guttatus.  823 

Resurrection experiments similar to those conducted in C. xantiana and M. cardinalis 824 

surrounding the 2012-2016 CA drought (box 2) examine the rapid evolution in M. guttatus. 825 

Annual M. guttatus populations are often thought of as drought-escaping plants that grow and 826 

reproduce quickly prior to terminal drought, but some populations also are competent at 827 

physiologically avoiding drought to extend the growing season (Wu et al., 2008; Kooyers et al., 828 

2015). Early resurrection studies suggest that only <20% of surveyed populations evolved 829 

earlier flowering or greater drought avoidance during the drought. Patterns of evolution were not 830 

geographically structured, but evolutionary responses varied in magnitude based on the amount 831 

of phenotypic variation in the population prior to the drought (Kooyers et al., 2021). This study 832 

has two major limitations. First, this study only examined two phenotypes and evolution of 833 

drought resistance can occur through many different mechanisms.  Second, several populations 834 

were not observed during the drought; this suggests that seed dormancy may be an important 835 

yet unexplored way to cope with poor conditions. Combined these results suggest that 836 

evolutionary rescue may occur in a subset of cases, largely in more phenotypically diverse 837 

populations. However, further investigation is needed to evaluate if rapid evolution facilitated 838 

population recovery or benefits these populations during future drought events (i.e. creates 839 

silver-linings). 840 

 841 

Other key considerations for the future performance of range-wide populations exist. First, 842 

annual M. guttatus populations have an obligate long-day photoperiod requirement (Friedman & 843 

Willis, 2013; Kooyers et al., 2015). Tracking growing seasons that are consistently moving 844 

earlier in the year may be a challenge for this species. However substantial variation in critical 845 

photoperiod thresholds exists within populations that should facilitate evolutionary rescue 846 

(Friedman & Willis, 2013). Second, the reproductive dynamics of M. guttatus will also depend on 847 

the availability of pollinators. While M. guttatus is capable of selfing, strong inbreeding 848 

depression has been observed in natural populations (Brown & Kelly, 2020). Loss or limited 849 

activity of bee species from hotter and drier areas of the range could be problematic, causing an 850 

initial loss of fitness and driving life history evolution (Bodbyl Roels & Kelly, 2011). 851 

 852 



 28 

5D. Importance for other species: Owing to the high levels of genetic diversity, the large 853 

abundance of individuals within a population, and an extensive distribution, M. guttatus provides 854 

a model system for species that should be able to respond to changing climates. Despite its 855 

wide distribution, M. guttatus also occupies a very specific ecological niche – sites that have 856 

copious water, high levels of sunlight, little soil, and little competition from other species. The 857 

plant communities in these sites are largely different from surrounding meadows and forests 858 

and tend to be specialized (Arceo-Gómez & Ashman, 2014). The above results likely are most 859 

directly applicable to specialist species within seeps and rockwall communities, some of which 860 

are threatened, as well as other annual species that experience terminal droughts in 861 

Mediterranean ecosystems. M. guttatus also hosts a wide community of generalist and 862 

specialist herbivores (Rotter, 2020). However, few herbivores are likely exclusively dependent 863 

on this monkeyflower.  864 

 865 

5E. Limitations: Mimulus guttatus might provide a limited model for understanding climate 866 

responses of threatened species because populations harbor high levels of genetic diversity 867 

and it is extremely common compared to other plant species. We know little about mortality and 868 

selection directly following germination because nearly all field studies transplant seedlings. 869 

This is important because individual plants produce many seeds compared to the number of 870 

censused individuals within a population. Likewise, while the existence of a seed bank is likely 871 

(McDonald et al., 2023), the abundance and long-term viability of seeds in the ground is 872 

unknown. These factors make it challenging to produce demographic models that realistically 873 

project the impacts of climate change and extreme events on populations (but see: DeMarche et 874 

al., 2016).  875 

 876 

Mimulus guttatus is part of a larger species complex that includes multiple different ecotypes 877 

(inland annuals, coastal perennials, high-elevation perennial populations, perennial river 878 

populations) and closely-related species (M. nasutus, M. tilingii, M. glacescens, etc.). Despite 879 

some reproductive isolation between these ecotypes and species, there is hybridization that 880 

could impact the long-term evolution of these populations (Brandvain et al., 2014; Ivey et al., 881 

2023). Because these different ecotypes are often relatively proximate geographically, there are 882 

likely genetic variants of large effects introduced at a high frequency that could potentially be 883 

adaptive in a rapidly changing environment (Coughlan & Willis, 2019). However, this is a feature 884 
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that is not common for other plant species and may increase the relative climate resilience of M. 885 

guttatus. 886 

 887 

Section 6: Andropogon gerardii (Poaceae) 888 

Meghan Avolio 889 

 890 

Andropogon gerardii (Poaceae) is a dominant C4 grass species that characterizes tallgrass 891 

prairies across North America, from the eastern Atlantic coast to the western Rocky Mountains, 892 

and from southern Canada down to northern Mexico (Keeler, 2004). Andropogon gerardii is a 893 

long-lived species (Keeler et al., 1987), composed of two common coexisting cytotypes (2n= 6x 894 

= 60 and 2n = 9x = 90), with intermediate cytotypes, 7x and 8x, being present but rare (Keeler, 895 

1992; McAllister et al., 2015). Geographically, 9x cytotypes are more common in drier habitats 896 

with 6x being more widespread overall and more common in the northern part of the species 897 

range (McAllister et al., 2015). The species reproduces mainly asexually (Benson & Hartnett, 898 

2006), recruiting buds on rhizomes at the start of the growing season (Ott & Hartnett, 2011). 899 

Estimates of the size of clones vary from meters (Keeler et al., 2002) to tens of meters in 900 

diameter (Avolio et al., 2013) or larger (Chang & Smith, 2013), and clones are intermixed with 901 

one another (Avolio et al., 2011). Although a clone is long-lived, individual tillers are rapidly lost 902 

and gained due to annual senescence and recruitment of new tillers from the bud bank (Hartnett 903 

& Bazzaz, 1985; Ott & Hartnett, 2012). Flowering and sexual reproduction commonly occurs, 904 

but most plants do not produce viable seeds (Keeler, 2004) Andropogon gerardii is self-905 

incompatible and fertilization occurs across all combinations of 6x and 9x cytotypes (Norrmann 906 

et al., 1997). Crosses between 6x cytotypes result in the most viable seeds (Keeler, 2004); 907 

however, viable seed is possible from other crosses (Norrmann & Keeler, 2003).  908 

 909 

Large-scale population genetic studies of A. gerardii spanning its range in the United States 910 

indicate there are high levels of genetic variation (Gray et al., 2014), including southeastern US 911 

populations where the species is not as common or dominant (Tompkins et al., 2012). The most 912 

recent study of population structure using SNP data found four differentiated clusters: one in the 913 

eastern US, and three in the Midwest. Midwest clusters include a northern, a southeastern, and 914 

a southwestern cluster that co-occur in Kansas (McAllister & Miller, 2016). 915 

 916 
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6B. Significant Work: Despite the challenges of working with a long-lived perennial species with 917 

mixed ploidy, A. gerardii has a substantial body of work examining potential responses to 918 

climate change. Most of this work consists of observational and manipulative field experiments 919 

examining growth and physiology. However, species and phenotypic distribution modeling 920 

demonstrate potential range shifts in A. gerardii, a reciprocal transplant studies documents 921 

contemporary patterns of local adaptation across a precipitation gradient, and another study 922 

documents evolutionary responses using a manipulative experiment.  923 

 924 

6C. Major Results: Historic observations suggest that A. gerardii is sensitive but resilient to 925 

changing climate conditions, particularly water availability. During the intense drought of the 926 

1920s (the dust bowl), A. gerardii only persisted in small areas with wetter soils (Weaver, 1954). 927 

After the drought, A. gerardii was able to recover through asexual spread of rhizomes that 928 

persisted through the drought (Weaver, 1954).  929 

 930 

A large reciprocal transplant experiment suggests that contemporary populations are locally 931 

adapted to their home sites (Johnson et al., 2015). Ecotypes from three locations, including 932 

central Kansas, eastern Kansas, and southern Illinois, were planted in four common gardens 933 

(the three collection locations plus a fourth location in western Kansas), spanning a precipitation 934 

gradient from drier conditions in the west to wetter conditions in the east (Johnson et al., 2015). 935 

Plants from the drier and wetter end of the spectrum did considerably better when grown in their 936 

home environment than non-local ecotypes (Johnson et al., 2015; Galliart et al., 2019, 2020). 937 

Local adaptation was not necessarily based on growth patterns – the mesic ecotype grew 938 

equally as well across all sites (Galliart et al., 2019), instead this mesic ecotype flowered 939 

relatively more and set more seed at wetter sites (Galliart et al., 2020). Xeric ecotypes appeared 940 

to have adaptive traits, such as thicker leaves, that may underlie the advantage in the drier sites 941 

(Olsen et al., 2013; Kramer et al., 2018). 942 

 943 

Species and phenotypic distribution models project that climate change is likely to cause range 944 

shifts and potential maladaptation (Smith et al., 2017). Climate suitability for species abundance 945 

is most dependent on maximum temperature in the hottest month, but phenotypic variance 946 

throughout the range was most closely associated with precipitation metrics. Models suggest 947 

that A. gerardii will decline in abundance across most of its present range with the suitable 948 

climatic range moving considerably northward. Notably, phenotype variation will shift 949 
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dramatically with shorter ecotypes, which currently prevail in the most xeric populations, 950 

spreading to a greater proportion of the range (Smith et al., 2017). Since there are already 951 

established populations in areas with future climate suitability (i.e. Canada; Gorrie, 2002), 952 

persistence of this species is likely. However, dispersal is likely limited, given the overwhelming 953 

reliance on clonal reproduction and low fertility of seeds (Keeler, 2004). 954 

 955 

Several field studies have investigated how different agents of selection associated with 956 

changing climates influence fitness and population abundance. The majority of field studies on 957 

A. gerardii took place in or around Manhattan, KS, near the center of the species range. One 958 

study found that A. gerardii only responded to increased CO2 when water was limiting (Knapp et 959 

al., 1993). Additionally, long-term elevated soil moisture reduced A. gerardii abundance in 960 

lowlands (Collins et al., 2012), but not in more xeric upland environments. Field experiments on 961 

drought timing found that drought in the middle of the growing season strongly depresses the 962 

number of flowering stalks and may reduce sexual reproduction (Dietrich & Smith, 2016). 963 

Finally, extreme drought over the whole growing system greatly reduced A. gerardii but then 964 

there was strong recovery following drought (Hoover et al., 2014a). There is also evidence from 965 

an extreme drought and heatwave experiment that A. gerardii is more sensitive to water stress 966 

than heat stress in terms of leaf-level physiology (Hoover et al., 2014b). Together these studies 967 

may suggest that increased precipitation variability, as likely in future climates, may alter 968 

population dynamics and shift the range of A. gerardii. 969 

 970 

The existence of considerable phenotypic plasticity (Avolio & Smith, 2013b; Galliart et al., 2020; 971 

Hoffman & Smith, 2021) and substantial intraspecific variation across the range (Bachle et al., 972 

2018) suggests that populations may be able to evolve in situ to changing conditions. One 973 

manipulative rainfall experiment in the field concluded that there is substantial genetic and trait 974 

variation for natural selection to act upon in changing climates (Avolio & Smith, 2013a). For 975 

example, within a natural population there was substantial variation in leaf traits and growth 976 

traits (Avolio & Smith, 2013a,b). Avolio et al. (2013) also examined the effect of a decade of 977 

experimentally more variable rainfall patterns on the genetic diversity and genotypic composition 978 

of A. gerardii in intact tallgrass prairies. In this experiment, precipitation was manipulated to 979 

have fewer, larger rainfall events, but the same total amount of precipitation as in the ambient 980 

treatment. They found that the altered rainfall treatments reduced the number of genotypes, but 981 

that surviving individuals were less related to one-another, increasing overall genetic diversity 982 
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(Avolio et al., 2013). Follow-up field studies found that the remaining genotypes had different 983 

phenotypes, with one genotype growing faster and being taller and another having higher 984 

specific leaf area (Avolio & Smith, 2013a). Downstream greenhouse studies found that 985 

successful genotypes were either more drought tolerant or more plastic (Avolio et al., 2018). 986 

These experiments suggest that evolution may indeed facilitate population persistence in future 987 

climates.  988 

 989 

Given dispersal limitations and evidence of in situ evolution, assisted gene flow has been an 990 

important topic for A. gerardii. Some researchers have suggested that assisted gene flow might 991 

have unintended negative consequences as ecotypes from drier areas have much lower 992 

belowground biomass and productivity, which could alter local ecosystem function (Mendola et 993 

al., 2015). However, others hypothesize using drier adapted ecotypes now in restoration efforts 994 

may be prudent, given how climate is likely to change (Smith et al., 2017). 995 

 996 

5D. Importance for other species: Andropogon gerardii is the dominant species in tallgrass 997 

prairies, and can account for up to 80% of biomass production (Smith & Knapp, 2003). When 998 

removed, no other species can replace it, and ecosystem productivity does not recover (Smith & 999 

Knapp, 2003; Chaves & Smith, 2021). Given the dominance of A. gerardii, when present, it 1000 

reduces community richness (Collins et al., 2002). Genetic diversity within the species across 1001 

the landscape has conflicting impacts on productivity and no relationship with species richness 1002 

(Avolio & Smith, 2013c; Chang & Smith, 2014). Thus, range shifts of genotypic variation may 1003 

have localized effects on productivity.  1004 

 1005 

5E. Limitations. A limitation for evolutionary studies of A. gerardii is that it is a polyploid with 1006 

multiple ploidy levels found across the range. A second limitation is that its reproductive biology 1007 

violates many assumptions in ecological and evolutionary models. However, given the 1008 

ecological importance of this species, it is essential that we undertake such studies despite 1009 

these limitations. 1010 

 1011 

Section 7: Panicum virgatum (Poaceae) 1012 

Joseph Napier & Thomas Juenger 1013 

 1014 
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Switchgrass, Panicum virgatum, is a large, perennial C4 grass that is widespread throughout 1015 

much of the grassland, woodland, and riparian areas in eastern and central North America from 1016 

Mexico to Canada (McMillan, 1964; Zhang et al., 2011a,b; Triplett et al., 2012; Lovell et al., 1017 

2021). As a wind-pollinated, obligate outcrosser, and allopolyploid species (Talbert et al., 1983; 1018 

Martínez‐Reyna & Vogel, 2002; Triplett et al., 2012; Lowry et al., 2014), it exhibits extensive 1019 

phenotypic variability and adaptation across its range, especially related to latitude and 1020 

precipitation gradients (Casler et al., 2004, 2007; Meyer et al., 2014). Specifically, phenological 1021 

traits such as flowering time and winter dormancy strongly vary along these clines (Casler, 1022 

2012; Aspinwall et al., 2013). McMillan (McMillan, 1956, 1959, 1964, 1965a, 1967, 1969a,b) 1023 

provided pioneering experimental evidence linking genetic variation with these large-scale 1024 

environmental gradients. 1025 

 1026 

 Beyond the strong link between phenotypic variability and broad environmental gradients, there 1027 

are two major diversity partitions within the switchgrass complex: ecotypes and ploidy level. 1028 

Switchgrass populations have been traditionally classified as one of two major ecotypes, 1029 

lowland and upland (Porter, 1966; Cortese et al., 2010; Zhang et al., 2011a,b; Morris et al., 1030 

2011; Lu et al., 2013; Lowry et al., 2014). In comparison with upland plants, lowlands have 1031 

bluish waxy leaves, fewer tillers per plant, thicker leaves and tillers, and are generally taller with 1032 

a strong bunchgrass habit (Cortese et al., 2010; Zhang et al., 2011a,b). Upland ecotypes have 1033 

greener leaves, thinner tillers, more tillers per plant, are less resistant to rust infection, and with 1034 

a more rhizotomous and spreading growth form (Cornelius & Johnston, 1941; Porter, 1966; 1035 

Cortese et al., 2010). Lowland plants have a more southern range being typically found in 1036 

riparian areas, whereas uplands have a more northern range and are found in grasslands with 1037 

seasonally lower soil moisture when the ecotypes co-occur (Porter, 1966; Brunken & Estes, 1038 

1975). More recently, a third phenotypically-intermediate coastal ecotype has been described as 1039 

originating from a second southern ancestry group with a broad distribution across the Atlantic 1040 

seaboard (Lovell et al., 2021; Napier et al., 2022).  1041 

 1042 

Switchgrass ecotypes are reproductively compatible and hybridize along several contact zones. 1043 

Ploidy level has typically been considered a secondary division within switchgrass with the 1044 

dominant cytotypes considered to be tetraploids (2N = 4X = 36) and octoploids (2N = 8X = 72) 1045 

(Brunken & Estes, 1975; Hopkins et al., 1996; Narasimhamoorthy et al., 2008; Costich et al., 1046 

2010; Triplett et al., 2012). The upland ecotype contains both 4X and 8X individuals while the 1047 
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lowland ecotype was traditionally assumed to be dominated by 4X individuals (Costich et al., 1048 

2010; Triplett et al., 2012). The switchgrass 4X alloploid genome is large (haploid genome size 1049 

of 1.129 Mb), is highly heterozygous, with large repeat expansions and likely considerable 1050 

content and copy number variability across diversity (Lovell et al., 2021).  Much less is known 1051 

about the 8X genome, although octoploid individuals are likely the product of both auto- and 1052 

allopolyploidization within and among switchgrass ancestry groups (Napier et al., 2022). 1053 

Switchgrass populations have likely experienced range shifts and population expansion and 1054 

contraction along the latitudinal gradient in response to recent glacial-interglacial cycles 1055 

(McMillan, 1959; Zhang et al., 2011a; Lovell et al., 2021). Historic switchgrass populations were 1056 

likely enormous given the wide extent of habitat and its ecological dominance across much of 1057 

North America.  However, populations in the Great Plains and midwestern prairies have recently 1058 

been disrupted by conversion to row crop agriculture. Many of the relictual prairie populations in 1059 

the midwest are small (often less than 1 acre) and isolated, resulting in a dramatic bottleneck 1060 

and potential loss of local diversity. 1061 

  1062 

7B. Significant Work: Switchgrass has been the target of extensive common garden 1063 

experiments, field trials, and natural collections for over seven decades (e.g., (Nielson, 1947; 1064 

McMillan, 1959, 1965a; Quinn, 1969; Hopkins et al., 1995a,b; Casler et al., 2004, 2007; Lowry 1065 

et al., 2019; Lovell et al., 2021; Napier et al., 2022). Much of this work has been motivated by 1066 

agronomic interest in switchgrass as a forage crop and more recently as a candidate biofuel 1067 

feedstock. Observational work across the range of switchgrass has provided information on the 1068 

habitat differentiation between ecotypes, variation structured along environmental gradients, 1069 

presence/absence data for niche modeling, occurrence of ploidy variation, genetic population 1070 

structure, and introgression patterns. Complementary experimental work has documented plant 1071 

performance in common gardens, ecotypic performance, and genotype by environment 1072 

interactions using genetic mapping and natural populations. A number of field experiments have 1073 

studied plant physiological and growth responses to potential climate drivers including elevated 1074 

CO2 and altered patterns of precipitation (reviewed in Heckman et al., 2024). From the applied 1075 

perspective, a small number of breeding programs have generated cultivars through recurrent 1076 

phenotypic selection. Genomic prediction has been explored for increasing the speed of 1077 

switchgrass improvement in modern breeding programs (Tilhou et al., 2024). Ongoing studies 1078 

integrating field observations, experimental results, climate data, and sequenced genomes 1079 

provide opportunities to test long-standing ecological and evolutionary theories and provide 1080 
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insight into the basis of local adaptation. These studies also provide considerable insight on 1081 

current and future responses to changing climates. 1082 

 1083 

7C. Major Results: Decades of field research indicate that growing season length is one of the 1084 

primary drivers of adaptation within the species and, potentially more broadly, in C4 perennial 1085 

grasses. Independent studies have concluded that adaptation in the northern range of 1086 

switchgrass is driven by short growing seasons and tolerance to colder winter temperatures 1087 

(Nielson, 1947; Hope & McElroy, 1990; Moser & Vogel, 1995; Casler et al., 2004, 2007; Berdahl 1088 

et al., 2005; Casler & Smart, 2013). In contrast, longer growing seasons and higher summer 1089 

temperatures are the major adaptive drivers in the southern portion of the switchgrass range 1090 

(McMillan, 1965b, 1969a; Casler et al., 2004, 2007). Recent work argues that these patterns 1091 

provide a link between leaf economic strategies and physiological acclimation (see Wright et al., 1092 

2004; Heckman et al., 2024). Specifically, southern switchgrass genotypes from the warmer part 1093 

of the species range exhibit conservative economic strategies including later flowering times 1094 

and producing thicker, longer-lived leaves with lower nitrogen concentration than switchgrass 1095 

genotypes from cooler climates with shorter, less stochastic growing seasons (Aspinwall et al., 1096 

2013; Lovell et al., 2021). In part, these results imply that switchgrass climate adaptation is 1097 

linked with variation in flowering time and resource allocation strategies (Heckman et al., 2024).  1098 

 1099 

Understanding how plant species respond to climate shifts is central to predicting future 1100 

ecological and evolutionary dynamics of species. Correspondingly, many retrospective studies 1101 

have focused on how plant populations responded during major periods of climate upheaval, 1102 

particularly glacial maximums, and subsequent postglacial periods (see De Lafontaine et al., 1103 

2018). A paradigm shifting study in this field argued that rather than focusing on the discrete 1104 

processes of migration and adaptation, it is the interplay of these forces that is central to plant 1105 

responses to climate change (Davis & Shaw, 2001). Switchgrass provided one of the first 1106 

opportunities to directly observe this interplay when an expansive genomics study uncovered a 1107 

suite of introgressions from a Midwestern genetic subpopulation into an Atlantic genetic 1108 

subpopulation that coincided with northern range expansion after the Last Glacial Maximum 1109 

(Lovell et al., 2021). The Atlantic genotypes with higher levels of Midwest introgressions 1110 

exhibited a more-upland suite of traits and were also overrepresented along the northern margin 1111 

of the predominantly subtropical and temperate distribution of the Atlantic subpopulation. 1112 

Multivariate analyses demonstrated a strong relationship between climate and these 1113 
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introgressions. Lovell and colleagues (2021) hypothesize that these introgressions facilitated the 1114 

post-glacial colonization by switchgrass of colder habitats in the northeastern coastal region of 1115 

the USA and broadly supports the role of adaptive introgressions in facilitating range 1116 

expansions.  1117 

 1118 

Genetic architectures of local adaptation likely play an important role in rapid adaptation to 1119 

changing climates and studies of the genetics of adaptation in switchgrass provide key insights. 1120 

Theoretical models have consistently predicted that local adaptation will likely involve strong 1121 

fitness trade-offs at the level of single loci ((Levene, 1953; Felsenstein, 1976; Hedrick, 1986; 1122 

Kawecki & Ebert, 2004). Genes increasing fitness in one environment may through antagonistic 1123 

pleiotropy result in decreases in fitness in other environments. Alternatively, local adaptation 1124 

may arise through mutations that improve fitness locally, but that are neutral and generally have 1125 

no fitness impact in other environments (Anderson et al., 2013). The ratio of antagonistic 1126 

pleiotropic to conditionally neutral architectures may be a key determinant of species responses 1127 

to climate change. Two analyses of switchgrass common garden studies (Lowry et al., 2019; 1128 

Lovell et al., 2021) provide a unique opportunity to test how often and to what extent loci confer 1129 

benefits and costs across geographic space. Results from these studies suggest trade-offs were 1130 

largely rare, weak, or non-existent although there was substantial evidence for standing genetic 1131 

variation in performance across much of the species range. This is surprising as most theories 1132 

would predict beneficial (or conditionally neutral) alleles should spread by gene flow across 1133 

habitats and ultimately fix in natural populations. Interestingly, both studies identified alleles 1134 

strongly impacting general vigor across broad geographical ranges, which suggests there is 1135 

ample genetic variation for adaptation to climatic variation and there is tremendous agronomic 1136 

opportunity to breed generalist high yielding cultivars by recombining and selecting on this 1137 

standing variation.  1138 

 1139 

Switchgrass also provides a key opportunity for understanding how mixed-cytotype species 1140 

respond to changing climates. Napier et al. (2022) contrasted the molecular and quantitative 1141 

genetic diversity of 4X and 8X switchgrass across 10 common gardens to evaluate the scale of 1142 

climate adaptation, ecological niche breadth, and growth performance. A main result from the 1143 

study was the detection of differential environmental sensitivity between switchgrass cytotypes 1144 

suggesting a generalist-specialist tradeoff and niche evolution between 4X and 8X cytotypes 1145 

linked to climate adaptation. Specifically, in common gardens with climates most similar to the 1146 
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climate of the original collection locations, 4X genotypes demonstrated higher relative fitness 1147 

than the 8X genotypes; however, fitness declined more slowly in the 8X, with the 8X eventually 1148 

having higher relative fitness than the 4X in climates more different from the climate of origin.  1149 

These results suggest that ploidy increases may expand the diversity of suitable habitats and 1150 

niche breadth, providing a path to range shifts under changing climate. 1151 

 1152 

Switchgrass is extremely robust and tolerant of most environmental extremes, in part because 1153 

of the buffering provided by its robust belowground growth pattern and extensive bud banks. 1154 

Field trials and agronomic crop modelling (Behrman et al., 2013) suggest that under most 1155 

climate change scenarios switchgrass should persist and even increase in terms of biomass 1156 

productivity, as it generally benefits from the warming winters, long growing seasons, and the 1157 

increased precipitation predicted across much of its range. The most vulnerable populations are 1158 

likely associated with the desert southwest and western margins of the species distribution, 1159 

where extreme and persistent drought may threaten new establishment and the persistence of 1160 

existing populations. Moreover, remnant populations in the midwest are likely threatened by 1161 

climate change driven shifts in community composition and woody encroachment in small 1162 

prairie preserves. 1163 

 1164 

7D. Importance for other species: Results from a long history of switchgrass studies combined 1165 

with modern genomic approaches provide insight into the interplay between gene flow, 1166 

demography, and adaptation in responses to past climate change. An especially interesting 1167 

discovery is the role of adaptive introgressions from one genetic subpopulation into another 1168 

enabling range expansion during rapid climate shifts (Lovell et al., 2021). Second, the discovery 1169 

of links between ploidy, niche breadth, and the spatial scale of climate adaptation (Napier et al., 1170 

2022) may hold true for other species with complex ploidy series, including other grass species 1171 

in North America that are widely distributed. This suggests changes in ploidy might play a key 1172 

role in abiotic stress responses and that ‘ploidy hops’ might be a generalized response to persist 1173 

through periods of pronounced climatic fluctuations. 1174 

 1175 

7E. Limitations: While there have been many insights gleaned from studies of switchgrass, it is 1176 

important to acknowledge that many of the field studies have been conducted in agronomic 1177 

settings rather than more realistic and complex natural habitats. For example, many of the 1178 

riparian habitats where lowland switchgrass occurs experience seasonal flooding, while 1179 
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northern upland prairie habitats were once grazing or periodically burned by wildfires. 1180 

Incorporating these disturbances into ongoing experiments is challenging and rare.  Moreover, 1181 

most studies are based on transplants that exclude the establishment stage and lack the strong 1182 

competition expected in grassland habitats. Measures of performance (i.e., fitness) are also 1183 

often estimated by biomass production as a proxy, which while highly correlated with sexual and 1184 

asexual reproduction in switchgrass (Palik et al., 2016; Lowry et al., 2019), might provide only a 1185 

partial view of adaptation and fitness. New studies incorporating demographic tracking of 1186 

individuals from dispersal to establishment, in more natural habitats, and allowing more realistic 1187 

competitive environments would be especially valuable. The switchgrass research community 1188 

continues to develop genomic resources and tools to study diversity.  To date, the community 1189 

has relied on the gulf lowland genome (AP13 genotype) as the primary reference for studies of 1190 

gene content and population genetic diversity. New high quality genome assemblies of the 1191 

upland and coastal ecotypes, along with more sampling within each of the described ecotypes, 1192 

will likely improve our understanding of ecotype divergence and climate adaptation across the 1193 

species range. 1194 

 1195 

Section 8: Ipomopsis aggregata (Polemoniaceae) 1196 

Diane Campbell 1197 

 1198 

Scarlet gilia (Ipomopsis aggregata) is a perennial forb (2n=14) that occurs throughout 1199 

mountainous western North America from southern British Columbia to north-central Mexico 1200 

(Grant & Wilken, 1986). Eight subspecies are currently recognized (Porter et al., 2010) and are 1201 

usually mainly hummingbird or hawkmoth pollinated, with occasional flower visits by other 1202 

insects to the self-incompatible plants (Price et al., 2005). Most ecological or evolutionary work 1203 

has focused on I. aggregata subsp. aggregata in western Colorado (review in Campbell, 2004) 1204 

or on I. aggregata subsp. candida and I. aggregata subsp. collina in the Front Range (Juenger & 1205 

Bergelson, 1998; Campitelli et al., 2018). All three of these subspecies are monocarpic 1206 

perennial wildflowers. Plants of I. aggregata subsp. aggregata spend 2 to 10 years or more as a 1207 

vegetative rosette of leaves before putting up a flowering stalk, reproducing and dying 1208 

(Campbell, 1997). Mammalian herbivory, either before or after flowering, can release apical 1209 

dominance and cause the production of multiple flowering stalks (Brody et al., 2007). Seeds are 1210 

frequently consumed by a fly (Anthomyiidae) that is a pre-dispersal seed predator, laying an egg 1211 
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on the inside of the sepals and typically consuming all seeds in the fruit (Brody, 1997). Seeds 1212 

rarely move > 1 m (Campbell et al., 2017), and there is virtually no seed bank, with 96% of 1213 

seedlings that germinate doing so in the first year (Campbell et al., 2008). In many localities, 1214 

plants of Ipomopsis aggregata hybridize naturally with Ipomopsis tenuituba (Aldridge, 2005) 1215 

Long-term demographic studies show that certain local populations at relatively high elevation 1216 

(2500 m to 3000 m) are threatened by earlier snowmelt in the spring that leads to a longer 1217 

period of drought before the onset of summer monsoon rains (Campbell, 2019). But 1218 

establishment of vegetative rosettes can be enhanced by disturbance and open ground 1219 

(Juenger & Bergelson, 2000), and the species as a whole occupies a wide variety of habitats, 1220 

including sagebrush, forests, and subalpine meadows (Grant & Wilken, 1986), likely allowing 1221 

widespread global persistence of the species. 1222 

 1223 

8B. Significant Work: Ipomopsis aggregata has long served as a model species for 1224 

understanding the evolution of floral traits (Grant, 1949; Campbell, 1989; Mitchell, 1993; 1225 

Campitelli et al., 2018; Campbell et al., 2022a,c). It has also served to model demographic 1226 

effects of pollination (e.g. Juenger & Bergelson, 2000; Price et al., 2008) and hybridization and 1227 

speciation (e.g. Wu & Campbell, 2007; Campbell et al., 2008, 2024). Work on climate change 1228 

has focused on consequences for trait variation, natural selection, and population persistence. 1229 

Two approaches have been employed: (1) long-term (>30 years) studies of natural populations 1230 

and common gardens, and (2) experimental manipulations of snowmelt timing, summer 1231 

precipitation, and temperature. Twenty five years of data from experiments involving planting 1232 

seeds in the field and tracking survival and reproduction were incorporated into integral 1233 

projection models (Campbell, 2019). Those studies were supplemented by estimates of 1234 

seedling establishment from naturally sown seeds (Waser et al., 2010), such that the integral 1235 

projection models included all steps of the lifecycle from seed germination to seed production. 1236 

Those initial demographic models described the impacts of earlier snowmelt with climate 1237 

change in the absence of changes in trait expression, and more recent models now examine 1238 

whether phenotypic plasticity or evolutionary responses to selection can rescue otherwise 1239 

threatened populations. These rely on estimates of plasticity, primarily from experimental 1240 

manipulation of snowmelt timing and summer precipitation over three years (Powers et al., 1241 

2022; Navarro et al., 2022). Estimates of natural selection and how it depends on snowmelt 1242 

timing were obtained from > 20 years of phenotypic selection estimates in natural populations 1243 

(Campbell & Powers, 2015; Campbell et al., 2024). Genetic variances and heritabilities of traits, 1244 
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also necessary to examine evolutionary rescue, were measured in the field using hand-1245 

pollinations to generate paternal half-sib families of seeds and planting them in common 1246 

gardens and performing reciprocal transplants (Campbell et al., 2022c).   1247 

 1248 

8C. Major results: In years of early snowmelt, populations of Ipomopsis have lower seedling 1249 

establishment and survival to the next year, and flowering individuals produce fewer seeds 1250 

(Campbell, 2019). Based on the demographic models, one hybrid population (I. tenuituba x I. 1251 

aggregata) is already below replacement, and one I. aggregata population could be within a few 1252 

decades given the trend towards earlier snowmelt (Powers et al., 2022) and early season 1253 

drought (Campbell, 2019). Moreover, based also on 13 years of pollen supplementation 1254 

experiments, the impact of early snowmelt has stronger effects on demography in a given year 1255 

than does pollen limitation due to few pollinators or interactions with seed predators (Campbell 1256 

et al., 2022b). Early snowmelt or reduced precipitation leads to shorter and narrower corollas, 1257 

shorter styles, narrower sepals, and reduced production of more concentrated nectar (Powers et 1258 

al., 2022), altered floral volatile emissions (Powers et al., 2025), and reduced stomatal 1259 

conductance and specific leaf area (Navarro et al., 2022; Campbell et al., 2022c). Elevated 1260 

temperatures of 2-3 °C during flowering alters floral volatile emissions and increases nectar 1261 

production, but has little or no effect on flower color or seed production (Wu et al., 2023). Long-1262 

term estimates of natural selection in wild populations indicate adaptive plasticity for low specific 1263 

leaf area (Campbell et al., In Review). For floral traits, selection sometimes counters plasticity, 1264 

favoring for example wider flowers (Campbell et al., 1996, 1997, 2022a) even though early 1265 

snowmelt directly causes narrower flowers. In other cases, selection changes in intensity with 1266 

snowmelt date in the spring. For example, corolla length and aliphatic emissions from flowers 1267 

both experience weaker selection with earlier snowmelt (Campbell & Powers, 2015; Powers et 1268 

al., 2025). Several other floral traits are also under selection because of effects on pollination, 1269 

seed predation, or both. These include not only flower morphology, but also the floral volatiles 1270 

α-pinene and indole (Campbell et al., 2022a). Many of these traits exhibit genetic variation 1271 

under natural field conditions (Campbell et al., 2022c), as does fitness based on survival, 1272 

reproduction, and age at reproduction (Campbell, 1997). 1273 

Putting this information together shows the possibility of evolutionary rescue in the 1274 

hybrid population, but not for the I. aggregata population and only if plasticity along with 1275 

evolution in situ is included (Campbell et al., In Review). This prediction is based on a shift 1276 

towards lower specific leaf area (thicker leaves) with earlier snowmelt. Without accounting for 1277 
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adaptive plasticity in the trait, the evolutionary response to selection appears too slow to counter 1278 

changes in snowmelt. But the plastic response of thicker leaves is adaptive, and including that 1279 

along with evolution would allow certain local populations to survive climate change.  In 1280 

contrast, seed dispersal upslope is unlikely by itself to keep up with changing climates. The 1281 

hybrid and I. aggregata population are 700 m apart and differ in snowmelt date by 11 days on 1282 

average, meaning that 64 years of seed dispersal of < 1 m would be required to gain just one 1283 

day later of snowmelt, and yet in that time period the snow is expected to melt approximately 13 1284 

days earlier on average (Campbell et al., In Review). Additionally, while pollen moves over 1285 

longer distances (Campbell & Waser, 1989), allowing introduction of adaptive alleles into lower 1286 

elevation populations, pollen flow alone could not rescue a population at the upper elevation 1287 

edge, nor allow the range to move farther upslope. Phenological responses are small in 1288 

Ipomopsis, as it is relatively late to bloom, and later-blooming species in this habitat show less 1289 

advancement of first and peak flowering time (CaraDonna et al., 2014) than do early bloomers, 1290 

but earlier flowering could increase the rate of pre-dispersal seed predation (Freeman et al., 1291 

2003). 1292 

 1293 

8D. Importance for other species: Reduced snowpack and early snowmelt are likely major risk 1294 

factors for plant species in mountainous areas around the world.  Ipomopsis aggregata is an 1295 

excellent model for understanding how herbaceous species are affected, as it is a common 1296 

species that shares subalpine meadows with a wide variety of other species. The results from 1297 

demographic models likely presage similar effects for other species, and indeed there is 1298 

evidence that negative effects on survival due to drought imposed by early snowmelt also 1299 

affects the co-occurring insect-pollinated sunflower Helianthella quinquenervis (Iler et al., 2019). 1300 

Interestingly, both species are impacted more by negative effects on survival than by changes 1301 

to flowering phenology. Whereas few other plant study systems provide sufficient information to 1302 

parameterize an evolutionary rescue model, combining published ranges of heritabilities and 1303 

those of selection intensities suggest that other short-lived species besides Ipomopsis 1304 

aggregata could also experience evolutionary rescue from early snowmelt due to evolution of 1305 

leaf traits (Campbell et al., In Review). Impacts could cascade to other trophic levels, as climate 1306 

effects on floral rewards and volatiles in Ipomopsis affect resources available for pollinators 1307 

(Powers et al., 2022) and behavioral responses of seed predators (Powers et al., 2025). 1308 

 1309 
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8E. Limitations: Ipomopsis aggregata in areas of most study has a mean generation time of five 1310 

years (Campbell, 1997), generating results that apply more widely than just to annual plants, but 1311 

making it difficult to perform experiments following evolutionary change. One study did show 1312 

changes in corolla length over 25 years similar to those predicted from estimates of selection 1313 

and heritability (Campbell et al., 2018). Because of the long history of quantifying phenotypic 1314 

selection and genetic variances / covariances, I. aggregata is more useful as a model species 1315 

for quantitative genetic approaches to understanding evolutionary rescue than for those 1316 

identifying specific genes involved in climate adaptation. Only a relatively small amount of 1317 

genomic work has been done (Campitelli et al., 2018), showing a large QTL for flowering time 1318 

and another for flower color localized to a gene in the anthocyanin biosynthesis pathway. Seeds 1319 

are difficult to store as they do not retain long-term viability, but leaf tissue samples have been 1320 

collected and stored from most plants used in long-term studies. These resources exist for 1321 

future genetic mapping and for following genomic changes in natural populations as far back as 1322 

the 1980s. 1323 

 1324 

Synthesis 1325 

These case studies of herbaceous species responses to climate change demonstrate the 1326 

variety of approaches that characterize the early days of understanding organismal responses 1327 

to changing climates. The majority of these focal species were model systems (predominantly 1328 

from North America) developed to address foundational questions in evolutionary ecology, 1329 

evolutionary genetics, or molecular genetics, and have been co-opted for climate change 1330 

research. A predictable conclusion is that all of these species are impacted and evolving in 1331 

response to climate change. We note that not all species have had comparable amounts of 1332 

work – for instance, several species (B. stricta, I. aggregata, and C. xantiana) have had dozens 1333 

of studies targeting climate change over the past two decades. However, the larger, dominant 1334 

prairie grasses (P. virgatum and A. gerardii) have had less targeted climate change work, with 1335 

more studies targeting patterns, mechanisms and genetics of local adaptation. Below, we 1336 

attempt to generalize the results from the above case studies and then synthesize within three 1337 

contexts: the characteristics of our focal species, notable knowledge gaps, and a path forward. 1338 

 1339 

Generalities in responses across focal species 1340 

Despite differences in the experimental methodologies and organismal biologies  of our focal 1341 

systems, we note clear commonalities in climate responses between species. First, a number of 1342 
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species exhibit signs of population decline in at least part of their geographic range. Population 1343 

growth rates below one have been observed in I. aggregata, B. stricta, C. xantiana and M. 1344 

cardinalis, and extirpation of natural populations have been observed in M. guttatus and M. 1345 

cardinalis. Declining populations are often on the edges of the range; typically, the trailing edge 1346 

that occurs in the hottest and driest part of the range. But high elevation subalpine populations 1347 

of I. aggregata, B. stricta and M. guttatus are also at risk due to earlier snowmelt and shifting 1348 

growing seasons. Earlier snowmelts shift phenology, change water availability patterns during 1349 

growing season, and can expose seedlings to greater freezing risk. Population dynamics for 1350 

several species have been observed during extreme events (i.e., droughts or heatwaves), which 1351 

can exacerbate declines. We note that the only species that did not exhibit such declines is a 1352 

dominant perennial grass where such demographic data has not been collected (P. virgatum). 1353 

For all model species, precipitation and shifting growing seasons are key agents of selection.  1354 

 1355 

Second, patterns of maladaptation have been documented in A. thaliana, B. stricta, M. 1356 

cardinalis, and M. guttatus. In each instance, it is populations from historically hotter and drier 1357 

environments that have higher fitness than native populations, and often the contemporary 1358 

conditions in the common garden are more similar to the historical conditions of the foreign 1359 

population than the local population. These patterns occur not only in populations with low 1360 

growth rates, but also within large populations that do not appear to be threatened. Such 1361 

patterns of adaptation lag will inevitably vary between years in association with environmental 1362 

conditions, but appear consistent in species where multiple years have been surveyed (B. 1363 

stricta and M. guttatus).  1364 

 1365 

Third, while plasticity is consistently observed among all focal species, plasticity alone does not 1366 

seem sufficient to allow adjustment to the multitude of factors changing during climate change. 1367 

Plasticity may contribute to species persistence, giving currently threatened populations more 1368 

time to adapt as in I. aggregata. However, there are multiple instances of plasticity being 1369 

maladaptive by producing counter-gradient effects on key ecological traits such as flowering 1370 

time and dormancy. In A. thaliana, typically fast-flowering low elevation accessions flower too 1371 

late for reproductive success in higher elevation populations (Exposito-Alonso et al., 2018b). In 1372 

M. cardinalis, plasticity was lost (canalized) during an extreme drought, a key result that may not 1373 

have been anticipated (Branch et al., 2024b). The nuance associated with each of these results 1374 



 44 

suggests there must be greater emphasis on understanding the mechanisms underlying 1375 

acclimation and evolutionary responses to extreme events.  1376 

 1377 

Importantly, there are populations for each of the focal species that are not threatened or 1378 

maladapted and exhibit reasonably high population growth rates. These populations also may 1379 

contain valuable standing genetic variation for ecologically important traits that could facilitate 1380 

genetic or evolutionary rescue. Theory predicts that genetic variation in traits and fitness should 1381 

represent a population’s potential to adapt to changing climates (Fisher, 1930; Lande, 1979; 1382 

Lande & Arnold, 1983; Falconer & Mackay, 1996; Shaw, 2019). Notably, evolutionary rescue 1383 

has been observed in a subset of M. cardinalis populations following an extreme drought 1384 

(Anstett et al., 2024) and all of the systems have exhibited rapid responses to selection in at 1385 

least some populations. Unfortunately, many of these species, including M. cardinalis, I. 1386 

aggregata, C. xantiana, A. gerardi, B. stricta and A. thaliana are likely dispersal-limited and thus 1387 

potentially adaptive alleles are unlikely to get to the declining populations unless the declining 1388 

population is only a short geographic distance away. These results indicate that more drastic 1389 

management strategies, including assisted gene flow or even assisted migration, may be 1390 

necessary for many species (Aitken & Whitlock, 2013). However, we do note that the above 1391 

species are widespread and have plenty of ecologically-relevant variation – other species may 1392 

not have the same advantage. 1393 

 1394 

Notable Characteristics of Focal Species and Studies 1395 

Model systems are not chosen by accident, but by competent researchers looking for some 1396 

combination of ecological importance, experimental practicality, and ease in answering focal 1397 

questions. Our choice of model systems to include in the perspective is also biased toward 1398 

including collaborators from previously established research networks based in North America. 1399 

Focal species were also chosen because they had some literature on fitness dynamics in a 1400 

population context. Several other species could have been included: Mimulus laciniatus, 1401 

Chamaecrista fasciculata, Echinacea angustifolia, Brassica rapa, Arabidopsis lyrata, Rhinanthus 1402 

minor, Protea sp., or Trifolium repens. However, including these species would not have 1403 

ameliorated most of the biases below. 1404 

 1405 

Our focal species demonstrate several biases that also characterize the literature on organismal 1406 

responses to changing climates (Table 1). Notably, all species besides A. thaliana are native to 1407 
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North America and all species live in temperate seasonal environments. This bias is likely 1408 

caused not only by the gap in research funding between global north and south, but also 1409 

because of how we prioritized a specific type of climate response research. This review focused 1410 

on organismal and evolutionary responses within individual species, which often necessitates 1411 

approaches (e.g., deep sampling from natural populations and common garden or manipulative 1412 

experiments) that impose financial and logistical constraints. A broader worldwide focus has 1413 

been using observations to describe changes in abundance or phenology within plant 1414 

populations or communities. There are substantial overlaps in the conclusions from these 1415 

groups, e.g. clear species-specific lags in phenological shifts to later growing seasons (Cleland 1416 

et al., 2007; CaraDonna et al., 2014). Connecting these fields is an important target for both 1417 

subdisciplines as evaluating responses of individual species is necessary for making 1418 

conservation and management decisions, but community studies provide information on holistic 1419 

responses that drive changes in ecosystems. 1420 

 1421 

The species chosen for this review are generally both widespread and locally abundant. 1422 

Exceptions include C. xantiana, which is locally abundant, but has a relatively-limited distribution 1423 

in south-central California, and A. thaliana, which is locally rare but geographically widespread. 1424 

As with most widespread species, these species may have substantial range-wide levels of 1425 

genetic and phenotypic diversity relative to species with more limited ranges (Enquist et al., 1426 

2019; Boyd et al., 2022). Our focal species, except for A. gerardii and P. virgatum, are also 1427 

found across large elevation spans. This bias is likely because climate change has dramatic 1428 

impacts on species distributed in subalpine and alpine environments and these model species 1429 

reflect prioritizing species within threatened ecosystems. However, we may miss important 1430 

species declines or unique climate responses across non-mountainous ecosystems. Since 1431 

environmental conditions are more uniform across flatter ecosystems, declines of a species 1432 

could impact large areas and could have important ecosystem level consequences, i.e. prairie 1433 

carbon sinks. Our species, aside from A. gerardii, P. virgatum, and arguably M. guttatus, are 1434 

also not considered dominant species in their ecosystems. By focusing on these models rather 1435 

than on the systems most important to ecosystem function, we may miss the species declines 1436 

that influence ecosystem services. 1437 

 1438 

We note that our species do encompass a wide variety of organismal characteristics (Table 1). 1439 

We have variation in life history strategies including obligately annual species (A. thaliana, C. 1440 
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xantiana), species with both annual and perennial forms (M. guttatus), short-lived perennials (B. 1441 

stricta, M. cardinalis, I. aggregata) and long-lived perennial species (A. gerardii & P. virgatum). 1442 

There is variation in reproductive strategy (degree of selfing vs. outcrossing), dormancy and 1443 

seed bank duration, and flowering cues (i.e., photoperiod and vernalization responses). These 1444 

are likely critical phenotypes for predicting climate change responses and the diversity of 1445 

species here indicates there are at least models to develop hypotheses around for non-model 1446 

systems. 1447 

 1448 

Notable Knowledge Gaps  1449 

Knowledge gaps are largely caused by the limitations with the model systems or by the 1450 

limitations or lack of methods available to examine climate change responses. While some 1451 

model systems (i.e., B. stricta and I. aggregata) have excellent long term manipulative 1452 

experiments that demonstrate clear selective pressures and phenotypes likely to be selected in 1453 

future climates, most other systems have not isolated the key agents and targets of selection in 1454 

future climates (Wadgymar et al., 2022). Costly and labor-intensive transplant experiments 1455 

could be supplemented by using herbarium specimens collected across time within a particular 1456 

location or across climate gradients to understand changing population dynamics. Multiple 1457 

systems (M. cardinalis, M. guttatus, C. xantiana) have taken advantage of extreme climate 1458 

events to document responses to selection (box 2), but we have a limited understanding of how 1459 

populations will respond to extreme events of different magnitudes and durations across 1460 

species ranges (Grant et al., 2017). Moreover, successive extreme events could have iterative 1461 

effects on populations, with potential responses either dampened or enhanced by prior events. 1462 

Manipulative experiments and experimental evolution studies could provide insight into future 1463 

species responses. Long-term demographic studies are an additional component and have 1464 

been used effectively within multiple different model systems (M. cardinalis, I. aggragata). 1465 

These may be the only studies that can catch lagged impacts of climates on plant populations -- 1466 

impacts that have received increasing attention (Evers et al., 2021). Additionally, long-term 1467 

demographic datasets that capture extreme climatic events and subsequent population recovery 1468 

are essential for fully testing predictions from evolutionary rescue theory (Anstett et al., 2024). 1469 

However, we note that these experiments can be more challenging in long-lived perennial 1470 

species. 1471 

 1472 
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One cause of lagged effects on populations is the existence of seed banks. Multiple model 1473 

species have documented seed dormancy and seed banks (i.e. M. guttatus, M. cardinalis, C. 1474 

xantiana, B. stricta), but even these studies have limited resolution of variation over space and 1475 

time. The role of seed banks as a buffer to population extirpation during extreme events will 1476 

likely be important – especially for annual species that would need to depend on yearly 1477 

fecundity with limited seed banks (Cohen, 1966). However, seed banks may also act to limit 1478 

evolutionary rescue within populations or create lagged-responses to selection events 1479 

(Templeton & Levin, 1979). Continuous population-level monitoring and time-series of allele 1480 

frequencies with population can provide any idea of the limitations and extent of the seed bank 1481 

(see C. xantiana studies). Likewise, these same studies may be informative for transitions 1482 

between life stages that are difficult to observe, such as early-life survival and establishment. 1483 

 1484 

Biotic selection pressures play clear roles in patterns of adaptation, hybridization, and species 1485 

range limits for several of the above model systems. However, it is less clear how the herbivore 1486 

and pollinator communities will shift with changing climates and the relative extent that abiotic vs 1487 

biotic selection pressures will play in shaping species responses (but see Campbell et al., 1488 

2022b for an example using Ipomopsis). Expanding research from individual model species into 1489 

community and ecosystem dynamics is a clear future direction that may be important to 1490 

managers (Vahsen et al., 2023). Likewise, many common garden experiments (whether 1491 

provenance studies or reciprocal transplants) often remove competition and/or alter biotic 1492 

interactions in order to simplify large and logistically challenging experiments (Hargreaves et al., 1493 

2020). When tested, including species interactions can make a substantial difference in the 1494 

outcomes for a population or for ecosystem services (Hamann et al., 2021a). However, 1495 

including realistic biotic interactions makes field studies more challenging, either by adding more 1496 

work effort to identify focal individuals within a matrix of native plants or by doubling 1497 

experimental designs to add a competition treatment. One way forward is leveraging ecological 1498 

studies including those conducted at LTERs, NEON sites, or field stations to better understand 1499 

changing species interactions and the ecological impacts of focal species declines (Cocciardi et 1500 

al., 2024). 1501 

 1502 

Conclusions and a Path Forward. 1503 

Here we summarize the conclusions from multiple decades of research on climate responses in 1504 

eight prominent herbaceous species. We highlight that there have been population declines or 1505 
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maladaptation likely related to climate change in all species. While this work synthesizes key 1506 

similarities among responses across species, this review is perhaps more insightful of the 1507 

directions we must pursue to develop more comprehensive models of herbaceous species 1508 

responses. Researchers of these focal systems must seek to identify mechanism – highlighting 1509 

key climatic factors underlying declines or maladaptation and working toward more predictive 1510 

models. Efforts within these species are not enough, there are clear biases in the species 1511 

chosen that may hide risks to narrowly-distributed and/or rare species. A clearer focus on 1512 

dominant species within ecosystems will also provide more insight into how responses of 1513 

individual species resonate across communities and ecosystems. 1514 

  1515 
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 1516 
 1517 

Fig. 1 Herbaceous model systems for climate change responses: A. Arabidopsis thaliana, B. 1518 

Boechera stricta, C. Clarkia xantiana, D. Mimulus cardinalis, E. Mimulus guttatus, F. 1519 

Andropogon gerardii, G. Panicum virgatum, H. Ipomopsis aggregata. Inserts are close up 1520 

photos of flowers. Photographer acknowledgements (top left to bottom right): A. Anonymous 1521 

(insert: Jan De Laet); B. Mary Ellen Harte (insert: Adam Schneider); C. Geoff Burleigh (insert: 1522 

Steve Laymon; D. Seema Sheth; E. Nicholas Kooyers (insert: Christophe Bornand); F. Sally & 1523 

Andy Wasowski (insert: Carolyn Fannon); G. Bonnie Harper (insert: R.W Smith); H. Diane 1524 

Campbell. 1525 

  1526 

A. B. C. D.

E. F. G. H.

D.B. D.A.

H.
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 1527 
Box Fig. 1 Common experimental designs for examining climate change responses. A. 1528 

Distribution of four populations across the range of a species. Focal population represented by 1529 

the red star. B. Observational dataset demonstrating declining population growth rates in the 1530 

warmest/driest population. C. Provenance study demonstrating an adaptation lag for the focal 1531 

population. D. Manipulative experiment demonstrating key agent of selection for the focal 1532 

population. E. Resurrection study demonstrating evolution following an extreme event. Light 1533 

green represents the ancestral population while dark green represents the descendent 1534 

population. F. Phenotypic selection experiment that depicts differences in directional selection 1535 

within the green and orange populations. Phenotypic selection experiments represent one kind 1536 

of quantitative genetic experimental design. G. Example of a gene-environment association at a 1537 

single locus from a population genomics experiment. Combining similar effects across the 1538 

genome can allow genomic prediction of germplasm lines most adapted to specific 1539 

environments.  1540 

 1541 

Box 1: Key Experimental Designs for Detecting Climate Change Responses. 1542 

Field experiments are critical for understanding a species response to changing climates. 1543 

However, integrating molecular studies within field and controlled environments has provided 1544 

greater insight and more feasible logistics for addressing conservation challenges. Here we 1545 

summarize several common experimental designs and their utility that reappear for several 1546 

model herbaceous species. 1547 

  1548 
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Observational demographic studies track key vital rates, such as survival, growth, and 1549 

reproduction, across the life cycle of a species. These data can be combined together into 1550 

demographic models and elasticity analyses to determine population growth rates, key life 1551 

stages, and potential impacts of changing climates. Other observational studies may examine 1552 

variation in phenotypes within and between populations and associate phenotypic variation with 1553 

fitness variation. These data are critical for establishing baseline and shifts due to both short- 1554 

and long-term climatic fluctuations. Field common garden studies include reciprocal 1555 

transplant experiments, where populations are transplanted into each other’s home 1556 

environment, as well as provenance studies where populations from across a range of 1557 

environmental conditions are transplanted into one or more sites. These studies are designed to 1558 

detect local adaptation and have been repurposed by the climate community to detect 1559 

maladaptation where populations from historically warmer and drier climates have higher fitness 1560 

than the local population (an ‘adaptation lag’). We note that adaptation lags do not necessarily 1561 

indicate individual populations are threatened – just that populations are not adapting rapidly 1562 

enough to changing conditions and likely have some decrease in population growth rate. 1563 

Manipulative field experiments are often designed within common garden experiments to 1564 

manipulate a limited number of agents of selection that are thought to be associated with 1565 

changing climates (e.g., snowfall removal, ambient heating, water addition, or increased CO2 1566 

concentration). Such experiments are positive confirmation of the fitness consequences of 1567 

individual agents of selection. Resurrection experiments compare phenotypes and fitness 1568 

between ancestors and descendents within a single population typically pre- and post-extreme 1569 

climatic event. Within a common garden, shifts in phenotypes or fitness between generations is 1570 

associated with evolution, transgenerational plasticity, or reemergence of individuals from a 1571 

long-term seed bank. Quantitative genetics experiments examine heritability, additive genetic 1572 

variation and covariance in both phenotypes and fitness within a given population. Phenotypic 1573 

selection analyses of the relationship between phenotypes and fitness are common for both 1574 

model and non-model species. Such experiments provide important predictions for responses to 1575 

selection to changing climates as well as potential limitations to adaptation. Population 1576 

genomic experiments examine patterns of genetic variation within and between populations. 1577 

Neutral marker comparisons among populations allow for assessment of gene flow between 1578 

populations as well as evidence of population contractions. Gene environment associations 1579 

provide evidence of which loci are responsible for climate adaptation and can be used to 1580 

calculate genetic offsets for assessing the most relevant populations for assisted gene flow. 1581 
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Ancient DNA (Museomics) enables assessment of shifts in both population structure and loci 1582 

under selection as climates have changed.  1583 

 1584 

 1585 

 1586 

Box 2 The California drought (2012-2015) 1587 

Extreme events provide exceptional opportunities to examine the resilience and capacity for 1588 

adaptation within natural populations. Three model species (C. xantiana, M. cardinalis and M. 1589 

guttatus) all take advantage of a notable extreme drought affecting western North American 1590 

from 2012-2015. This four-year drought was most severe in central and southern California with 1591 

vegetation indexes dropping more severely in Southern than Northern California (Dong et al., 1592 

2019). Just the 2012-2014 drought period was assessed as a 10,000 year event with the full 1593 

2012-2015 period having an almost incalculable return period (Robeson, 2015). In Southern 1594 

California, the drought persisted through the 2016 water year. This event occurs in the 1595 

background of a longer ‘megadrought’ encompassing the first two decades of the 2000’s. This 1596 

drought is the combination of anthropogenic warming intensifying an already moderate drought 1597 

period (Williams et al., 2020). Conclusions regarding the adaptive potential of the three focal 1598 

species studied during the 2012-15 drought are remarkably similar. Annual species had 1599 

generally reduced population sizes with some populations not establishing during drought years. 1600 

Dormancy is a critical strategy for surviving extreme events, but may hinder adaptive evolution. 1601 

Some southern populations of perennial M. cardinalis went extinct. All species exhibited 1602 

evolution in a minority of populations, but not as widely as expected. Both C. xantiana and M. 1603 

guttatus evolve faster flowering in a minority of populations and M. guttatus also evolves slower 1604 

flowering in a limited number of populations. However, M. cardinalis evolves greater drought 1605 

avoidance range-wide with slower flowering time to flowering and increased carbon assimilation 1606 

under dry conditions. It is clear that spatial variation in evolutionary responses in all species is 1607 

not easily predicted. These studies highlight the importance of collecting long-term data for 1608 

providing the opportunity to study extreme events that may mimic future climatic conditions. 1609 

 1610 

  1611 
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Table 1: Organismal attributes of herbaceous model species 1612 

 1613 

Model 

Species 

Life 

History 

Mating 

System 

Main 

Pollinator 

Genome 

Size 

Chromosome 

Count 

PPD 

Req. 

Vern. 

Req. 

Seed 

bank 

A. thaliana A S Bee 135 Mb 2n = 10 F. LD Variable Yes 

B.stricta P S Bee 190 Mb 2n = 14 Unkn. Yes Yes 
C. xantiana A FO Bee 1.1 Gb 2n = 18 F. LD No Yes 

M. cardinalis P M H.bird 450 Mb 2n = 16 Unkn. No Unkn. 

M. guttatus B FO Bee 430 Mb 2n = 14 O. LD Variable Yes 

A. gerardi P OO Wind 7 Gb 
2n = 6x = 60 

SD No Yes 
2n = 9x = 90 

P. virgatum P OO Wind 1.12 Gb 
2n = 4x = 36 

SD No Yes 
2n = 8x = 72 

I. aggregata P OO H.bird Unkn. 2n = 14 Unkn. Yes Limited 

 1614 

Genome is estimated haploid genome content. Life histories are coded as A (annual), P 1615 

(perennial), or B (both). Mating systems are coded as S (selfing), FO (facultative outcrosser), 1616 

OO (obligate outcrosser), or M (mixed mating system). PPD Req. is the photoperiod 1617 

requirement; O.LD (obligate long day), F.LD (facultative long day) or SD (short day). Vern Req. 1618 

is the presence of a vernalization requirement to flowering.  1619 



 54 

References 1620 

Ågren J, Schemske DW. 2012. Reciprocal transplants demonstrate strong adaptive 1621 

differentiation of the model organism Arabidopsis thaliana in its native range. New Phytologist 1622 

194: 1112–1122. 1623 

Aitken SN, Bemmels JB. 2016. Time to get moving: assisted gene flow of forest trees. 1624 

Evolutionary Applications 9: 271–290. 1625 

Aitken SN, Whitlock MC. 2013. Assisted gene flow to facilitate local adaptation to climate 1626 

change. Annual Review of Ecology, Evolution, and Systematics 44: 367–388. 1627 

Aitken SN, Yeaman S, Holliday JA, Wang T, Curtis-McLane S. 2008. Adaptation, migration or 1628 

extirpation: climate change outcomes for tree populations. Evolutionary Applications 1: 95–111. 1629 

Alberto FJ, Aitken SN, Alía R, González-Martínez SC, Hänninen H, Kremer A, Lefèvre F, 1630 

Lenormand T, Yeaman S, Whetten R, et al. 2013. Potential for evolutionary responses to 1631 

climate change – evidence from tree populations. Global Change Biology 19: 1645–1661. 1632 

Aldridge G. 2005. Variation in frequency of hybrids and spatial structure among Ipomopsis 1633 

(Polemoniaceae) contact sites. New Phytologist 167: 279–288. 1634 

Alizadeh MR, Abatzoglou JT, Adamowski J, Modaresi Rad A, AghaKouchak A, Pausata FSR, 1635 

Sadegh M. 2023. Elevation-dependent intensification of fire danger in the western United 1636 

States. Nature Communications 14: 1773. 1637 

Alonso-Blanco C, Andrade J, Becker C, Bemm F, Bergelson J, Borgwardt KM, Cao J, Chae E, 1638 

Dezwaan TM, Ding W, et al. 2016. 1,135 Genomes Reveal the Global Pattern of Polymorphism 1639 

in Arabidopsis thaliana. Cell 166: 481–491. 1640 

Al-Shehbaz IA, Windham MD. 2010. Boechera. In: Flora of North American North of Mexico. 1641 

New York: Oxford University Press, 348–412. 1642 



 55 

Amano T, Smithers RJ, Sparks TH, Sutherland WJ. 2010. A 250-year index of first flowering 1643 

dates and its response to temperature changes. Proceedings of the Royal Society B: Biological 1644 

Sciences 277: 2451–2457. 1645 

Anderson JT. 2016. Plant fitness in a rapidly changing world. New Phytologist 210: 81–87. 1646 

Anderson JT, Gezon ZJ. 2015. Plasticity in functional traits in the context of climate change: A 1647 

case study of the subalpine forb Boechera stricta (Brassicaceae). Global Change Biology 21: 1648 

1689–1703. 1649 

Anderson JT, Inouye DW, McKinney AM, Colautti RI, Mitchell-Olds T. 2012. Phenotypic 1650 

plasticity and adaptive evolution contribute to advancing flowering phenology in response to 1651 

climate change. Proceedings of the Royal Society B: Biological Sciences 279: 3843–3852. 1652 

Anderson JT, Lee C-R, Mitchell-Olds T. 2011. Life history QTLs and natural selection on 1653 

flowering time in Boechera stricta, a perennial relative of Arabidopsis. Evolution 65: 771–787. 1654 

Anderson JT, Lee C-R, Mitchell-Olds T. 2014. Strong selection genome-wide enhances fitness 1655 

trade-offs across environments and episodes of selection. Evolution 68: 16–31. 1656 

Anderson JT, Lee C-R, Rushworth CA, Colautti RI, Mitchell-Olds T. 2013. Genetic trade-offs and 1657 

conditional neutrality contribute to local adaptation. Molecular Ecology 22: 699–708. 1658 

Anderson JT, Perera N, Chowdhury B, Mitchell-Olds T. 2015. Microgeographic patterns of 1659 

genetic divergence and adaptation across environmental gradients in Boechera stricta 1660 

(Brassicaceae). The American Naturalist 186: S60–S73. 1661 

Anderson JT, Song B. 2020. Plant adaptation to climate change—Where are we? Journal of 1662 

Systematics and Evolution 58: 533–545. 1663 

Anderson JT, Wadgymar SM. 2020. Climate change disrupts local adaptation and favours 1664 

upslope migration. Ecology Letters 23: 181–192. 1665 



 56 

Angert AL. 2006. Demography of central and marginal populations of monkeyflowers (Mimulus 1666 

cardinalis and M. lewisii). Ecology 87: 2014–2025. 1667 

Angert AL, Bayly M, Sheth SN, Paul JR. 2018. Testing range-limit hypotheses using range-wide 1668 

habitat suitability and occupancy for the scarlet monkeyflower ( Erythranthe cardinalis ). The 1669 

American Naturalist 191: E76–E89. 1670 

Angert AL, Sheth SN, Paul JR. 2011. Incorporating population-level variation in thermal 1671 

performance into predictions of geographic range shifts. Integrative and Comparative Biology 1672 

51: 733–750. 1673 

Anstett DN, Anstett J, Sheth SN, Moxley DR, Jahani M, Huang K, Todesco M, Jordan R, Lazaro-1674 

Guevara JM, Rieseberg LH, et al. 2024. Evolutionary rescue during extreme drought. bioRxiv: 1675 

DOI: 10.1101/2024.10.24.619808 1676 

Anstett DN, Branch HA, Angert AL. 2021. Regional differences in rapid evolution during severe 1677 

drought. Evolution Letters 5: 130–142. 1678 

Arceo-Gómez G, Ashman T-L. 2014. Coflowering community context influences female fitness 1679 

and alters the adaptive value of flower longevity in Mimulus guttatus. The American Naturalist 1680 

183: E50–E63. 1681 

Aspinwall MJ, Lowry DB, Taylor SH, Juenger TE, Hawkes CV, Johnson MV, Kiniry JR, Fay PA. 1682 

2013. Genotypic variation in traits linked to climate and aboveground productivity in a 1683 

widespread C4 grass: Evidence for a functional trait syndrome. New Phytologist 199: 966–980. 1684 

Avolio ML, Beaulieu JM, Smith MD. 2013. Genetic diversity of a dominant C4 grass is altered 1685 

with increased precipitation variability. Oecologia 171: 571–581. 1686 

Avolio ML, Chang CC, Smith MD. 2011. Assessing fine-scale genotypic structure of a dominant 1687 

species in native grasslands. The American Midland Naturalist 165: 211–224. 1688 



 57 

Avolio ML, Hoffman AM, Smith MD. 2018. Linking gene regulation, physiology, and plant 1689 

biomass allocation in Andropogon gerardii in response to drought. Plant Ecology 219: 1–15. 1690 

Avolio ML, Koerner SE, La Pierre KJ, Wilcox KR, Wilson GWT, Smith MD, Collins SL. 2014. 1691 

Changes in plant community composition, not diversity, during a decade of nitrogen and 1692 

phosphorus additions drive above-ground productivity in a tallgrass prairie. Journal of Ecology 1693 

102: 1649–1660. 1694 

Avolio ML, Smith MD. 2013a. Mechanisms of selection: Phenotypic differences among 1695 

genotypes explain patterns of selection in a dominant species. Ecology 94: 953–965. 1696 

Avolio ML, Smith MD. 2013b. Intra-specific responses of a dominant C4 grass to altered 1697 

precipitation patterns. Plant Ecology 214: 1377–1389. 1698 

Avolio ML, Smith MD. 2013c. Correlations between genetic and species diversity: effects of 1699 

resource quantity and heterogeneity. Journal of Vegetation Science 24: 1185–1194. 1700 

Bachle S, Griffith DM, Nippert JB. 2018. Intraspecific trait variability in Andropogon gerardii, a 1701 

dominant grass species in the U.S. great plains. Frontiers in Ecology and Evolution 6: 217. 1702 

Bartley TJ, McCann KS, Bieg C, Cazelles K, Granados M, Guzzo MM, MacDougall AS, Tunney 1703 

TD, McMeans BC. 2019. Food web rewiring in a changing world. Nature Ecology & Evolution 3: 1704 

345–354. 1705 

Bates JM, Fidino M, Nowak-Boyd L, Strausberger BM, Schmidt KA, Whelan CJ. 2023. Climate 1706 

change affects bird nesting phenology: Comparing contemporary field and historical museum 1707 

nesting records. Journal of Animal Ecology 92: 263–272. 1708 

Bayly MJ, Angert AL. 2019. Niche models do not predict experimental demography but both 1709 

suggest dispersal limitation across the northern range limit of the scarlet monkeyflower 1710 

(Erythranthe cardinalis). Journal of Biogeography 46: 1316–1328. 1711 



 58 

Beck JB, Schmuths H, Schaal BA. 2008. Native range genetic variation in Arabidopsis thaliana is 1712 

strongly geographically structured and reflects Pleistocene glacial dynamics. Molecular Ecology 1713 

17: 902–915. 1714 

Behrman KD, Kiniry JR, Winchell M, Juenger TE, Keitt TH. 2013. Spatial forecasting of 1715 

switchgrass productivity under current and future climate change scenarios. Ecological 1716 

Applications 23: 73–85. 1717 

Bemmels JB, Anderson JT. 2019. Climate change shifts natural selection and the adaptive 1718 

potential of the perennial forb Boechera stricta in the Rocky Mountains. Evolution 73: 2247–1719 

2262. 1720 

Benning JW, Eckhart VM, Geber MA, Moeller DA. 2019. Biotic interactions contribute to the 1721 

geographic range limit of an annual plant: Herbivory and phenology mediate fitness beyond a 1722 

range margin. The American Naturalist 193: 786–797. 1723 

Benning JW, Faulkner A, Moeller DA. 2023. Rapid evolution during climate change: 1724 

demographic and genetic constraints on adaptation to severe drought. Proceedings of the Royal 1725 

Society B: Biological Sciences 290: 20230336. 1726 

Benning JW, Hufbauer RA, Weiss-Lehman C. 2022. Increasing temporal variance leads to stable 1727 

species range limits. Proceedings of the Royal Society B: Biological Sciences 289: 20220202. 1728 

Benning JW, Moeller DA. 2021. Plant–soil interactions limit lifetime fitness outside a native 1729 

plant’s geographic range margin. Ecology 102: e03254. 1730 

Benson EJ, Hartnett DC. 2006. The role of seed and vegetative reproduction in plant 1731 

recruitment and demography in tallgrass prairie. Plant Ecology 187: 163–178. 1732 

Berdahl JD, Frank AB, Krupinsky JM, Carr PM, Hanson JD, Johnson HA. 2005. Biomass yield, 1733 

phenology, and survival of diverse switchgrass cultivars and experimental strains in western 1734 

North Dakota. Agronomy Journal 97: 549–555. 1735 



 59 

Bodbyl Roels SA, Kelly JK. 2011. Rapid evolution caused by pollinator loss in Mimulus guttatus. 1736 

Evolution 65: 2541–2552. 1737 

Bomblies K, Yant L, Laitinen RA, Kim S-T, Hollister JD, Warthmann N, Fitz J, Weigel D. 2010. 1738 

Local-scale patterns of genetic variability, outcrossing, and spatial structure in natural stands of 1739 

Arabidopsis thaliana (R Mauricio, Ed.). PLoS Genetics 6: e1000890. 1740 

Bontrager M, Muir CD, Mahony C, Gamble DE, Germain RM, Hargreaves AL, Kleynhans EJ, 1741 

Thompson KA, Angert AL. 2020. Climate warming weakens local adaptation. bioRxiv. DOI: 1742 

10.1101/2020.11.01.364349 1743 

Boyd JN, Anderson JT, Brzyski J, Baskauf C, Cruse-Sanders J. 2022. Eco-evolutionary causes and 1744 

consequences of rarity in plants: a meta-analysis. New Phytologist 235: 1272–1286. 1745 

Branch HA. 2023. Climate variability and stress exposure alter evolutionary responses across 1746 

populations of Mimulus cardinalis. 1747 

Branch HA, Anstett DN, Angert AL. 2024a. Phenotypic lags influence rapid evolution 1748 

throughout a drought cycle. Evolution 78: 1067–1077. 1749 

Branch HA, Moxley DR, Angert AL. 2024b. Regional differences in leaf evolution facilitate 1750 

photosynthesis following severe drought. New Phytologist 243: 2457–2469. 1751 

Brandvain Y, Kenney AM, Flagel L, Coop G, Sweigart AL. 2014. Speciation and Introgression 1752 

between Mimulus nasutus and Mimulus guttatus. PLoS Genetics 10: e1004410. 1753 

Brennan AC, Méndez-Vigo B, Haddioui A, Martínez-Zapater JM, Picó FX, Alonso-Blanco C. 1754 

2014. The genetic structure of Arabidopsis thaliana in the south-western Mediterranean range 1755 

reveals a shared history between North Africa and southern Europe. BMC Plant Biology 14: 17. 1756 

Briscoe Runquist RD, Chu E, Iverson JL, Kopp JC, Moeller DA. 2014. Rapid evolution of 1757 

reproductive isolation between incipient outcrossing and selfing Clarkia species: Reproductive 1758 

isolation and mating system evolution. Evolution 68: 2885–2900. 1759 



 60 

Brody AK. 1997. Effects of pollinators, herbivores, and seeds predators on flowering phenology. 1760 

Ecology 78: 1624–1631. 1761 

Brody AK, Price MV, Waser NM. 2007. Life-history consequences of vegetative damage in 1762 

scarlet gilia, a monocarpic plant. Oikos 116: 975–985. 1763 

Brown KE, Kelly JK. 2020. Severe inbreeding depression is predicted by the “rare allele load” in 1764 

Mimulus guttatus. Evolution 74: 587–596. 1765 

Browne L, Wright JW, Fitz-Gibbon S, Gugger PF, Sork VL. 2019. Adaptational lag to 1766 

temperature in valley oak (Quercus lobata) can be mitigated by genome-informed assisted gene 1767 

flow. Proceedings of the National Academy of Sciences 116: 25179–25185. 1768 

Brunken JN, Estes JR. 1975. Cytological and morphological variation in Panicum virgatum L. The 1769 

Southwestern Naturalist 19: 379. 1770 

Büntgen U, Piermattei A, Krusic PJ, Esper J, Sparks T, Crivellaro A. 2022. Plants in the UK flower 1771 

a month earlier under recent warming. Proceedings of the Royal Society B: Biological Sciences 1772 

289: 20212456. 1773 

California EPA. 2018. Indicators of Climate Change in California. Office of Environmental Health 1774 

Hazard Assessment 1775 

Calinger KM, Queenborough S, Curtis PS. 2013. Herbarium specimens reveal the footprint of 1776 

climate change on flowering trends across north-central North America (Y Buckley, Ed.). Ecology 1777 

Letters 16: 1037–1044. 1778 

Campbell DR. 1989. Measurements of selection in a hermaphroditic plant: variation in male 1779 

and female pollination success. Evolution 43: 318–334. 1780 

Campbell DR. 1997. Genetic and environmental variation in life-history traits of a monocarpic 1781 

perennial: A decade-long field experiment. Evolution 51: 373–382. 1782 



 61 

Campbell DR. 2004. Natural selection in Ipomopsis hybrid zones: implications for ecological 1783 

speciation. New Phytologist 161: 83–90. 1784 

Campbell DR. 2019. Early snowmelt projected to cause population decline in a subalpine plant. 1785 

Proceedings of the National Academy of Sciences 116: 12901–12906. 1786 

Campbell DR, Bischoff M, Raguso RA, Briggs HM, Sosenski P. 2022a. Selection of floral traits by 1787 

pollinators and seed predators during sequential life history stages. The American Naturalist 1788 

199: 808–823. 1789 

Campbell DR, Brody AK, Price MV, Waser NM, Aldridge G. 2017. Is plant fitness proportional to 1790 

seed set? An experiment and a spatial model. The American Naturalist 190: 818–827. 1791 

Campbell DR, Faidiga A, Trujillo G. 2018. Clines in traits compared over two decades in a plant 1792 

hybrid zone. Annals of Botany 122: 315–324. 1793 

Campbell DR, Powers JM. 2015. Natural selection on floral morphology can be influenced by 1794 

climate. Proceedings of the Royal Society B: Biological Sciences 282: 20150178. 1795 

Campbell DR, Powers JM, Crowell M. 2024. Pollinator and habitat-mediated selection as 1796 

potential contributors to ecological speciation in two closely related species. Evolution Letters 1797 

8: 311–321. 1798 

Campbell DR, Price MV, Waser NM, Irwin RE, Brody AK. 2022b. Comparative impacts of long-1799 

term trends in snowmelt and species interactions on plant population dynamics. Journal of 1800 

Ecology 110: 1102–1112. 1801 

Campbell DR, Raguso RA, Midzik M, Bischoff M, Broadhead GT. 2022c. Genetic and spatial 1802 

variation in vegetative and floral traits across a hybrid zone. American Journal of Botany 109: 1803 

1780–1793. 1804 

Campbell DR, Waser NM. 1989. Variation in pollen flow within and among populations of 1805 

Ipomopsis aggregata. Evolution 43: 1444–1455. 1806 



 62 

Campbell DR, Waser NM, Aldridge G, Wu CA. 2008. Lifetime fitness in two generations of 1807 

Ipomopsis hybrids. Evolution 62: 2616–2627. 1808 

Campbell DR, Waser NM, Melendez-Ackerman EJ. 1997. Analyzing pollinator-mediated 1809 

selection in a plant hybrid zone: hummingbird visitation patterns on three spatial scales. The 1810 

American Naturalist 149: 295–315. 1811 

Campbell DR, Waser NM, Price MV. 1996. Mechanisms of hummingbird-mediated selection for 1812 

flower width in Ipomopsis aggregata. Ecology 77: 1463–1472. 1813 

Campitelli BE, Kenney AM, Hopkins R, Soule J, Lovell JT, Juenger TE. 2018. Genetic mapping 1814 

reveals an anthocyanin biosynthesis pathway gene potentially influencing evolutionary 1815 

divergence between two subspecies of scarlet gilia (Ipomopsis aggregata). Molecular Biology 1816 

and Evolution 35: 807–822. 1817 

CaraDonna PJ, Iler AM, Inouye DW. 2014. Shifts in flowering phenology reshape a subalpine 1818 

plant community. Proceedings of the National Academy of Sciences 111: 4916–4921. 1819 

Carley LN, Mitchell-Olds T, Morris WF. 2025. Increasing aridity may threaten the maintenance 1820 

of a plant defence polymorphism. Ecology Letters 28: e70039. 1821 

Carley LN, Mojica JP, Wang B, Chen C-Y, Lin Y-P, Prasad KVSK, Chan E, Hsu C-W, Keith R, Nuñez 1822 

CL, et al. 2021. Ecological factors influence balancing selection on leaf chemical profiles of a 1823 

wildflower. Nature Ecology & Evolution 5: 1135–1144. 1824 

Casler MD. 2012. Switchgrass breeding, genetics, and genomics. In: Switchgrass: a valuable 1825 

biomass crop for energy. London: Springer London. 1826 

Casler MD, Smart AJ. 2013. Plant mortality and natural selection may increase biomass yield in 1827 

switchgrass swards. Crop Science 53: 500–506. 1828 



 63 

Casler MD, Vogel KP, Taliaferro CM, Ehlke NJ, Berdahl JD, Brummer EC, Kallenbach RL, West 1829 

CP, Mitchell RB. 2007. Latitudinal and longitudinal adaptation of switchgrass populations. Crop 1830 

Science 47: 2249–2260. 1831 

Casler MD, Vogel KP, Taliaferro CM, Wynia RL. 2004. Latitudinal adaptation of switchgrass 1832 

populations. Crop Science 44: 293–303. 1833 

Chang CC, Smith MD. 2013. Genotypic diversity of a dominant C4 grass across a long-term fire 1834 

frequency gradient. Journal of Plant Ecology 6: 448–458. 1835 

Chang CC, Smith MD. 2014. Direct and indirect relationships between genetic diversity of a 1836 

dominant grass, community diversity and above-ground productivity in tallgrass prairie (A 1837 

Prinzing, Ed.). Journal of Vegetation Science 25: 470–480. 1838 

Charmantier A, Garant D. 2005. Environmental quality and evolutionary potential: lessons from 1839 

wild populations. Proceedings of the Royal Society B: Biological Sciences 272: 1415–1425. 1840 

Chaves FA, Smith MD. 2021. Resources do not limit compensatory response of a tallgrass 1841 

prairie plant community to the loss of a dominant species. Journal of Ecology 109: 3617–3633. 1842 

Cleland E, Chuine I, Menzel A, Mooney H, Schwartz M. 2007. Shifting plant phenology in 1843 

response to global change. Trends in Ecology & Evolution 22: 357–365. 1844 

Cocciardi JM, Hoffman AM, Alvarado-Serrano DF, Anderson J, Blumstein M, Boehm EL, Bolin 1845 

LG, Borokini IT, Bradburd GS, Branch HA, et al. 2024. The value of long-term ecological 1846 

research for evolutionary insights. Nature Ecology & Evolution 8: 1584–1592. 1847 

Cohen D. 1966. Optimizing reproduction in a randomly varying environment. Journal of 1848 

Theoretical Biology 12: 119–129. 1849 

Colicchio J. 2017. Transgenerational effects alter plant defence and resistance in nature. Journal 1850 

of Evolutionary Biology 30: 664–680. 1851 



 64 

Collins SL, Glenn SM, Briggs JM. 2002. Effect of local and regional processes on plant species 1852 

richness in tallgrass prairie. Oikos 99: 571–579. 1853 

Collins SL, Koerner SE, Plaut JA, Okie JG, Brese D, Calabrese LB, Carvajal A, Evansen RJ, 1854 

Nonaka E. 2012. Stability of tallgrass prairie during a 19-year increase in growing season 1855 

precipitation. Functional Ecology 26: 1450–1459. 1856 

Cook BI, Ault TR, Smerdon JE. 2015. Unprecedented 21st century drought risk in the American 1857 

Southwest and Central Plains. Science Advances 1: e1400082. 1858 

Cook BI, Mankin JS, Anchukaitis KJ. 2018. Climate change and drought: From past to future. 1859 

Current Climate Change Reports 4: 164–179. 1860 

Cook BI, Seager R. 2013. The response of the North American Monsoon to increased 1861 

greenhouse gas forcing. Journal of Geophysical Research: Atmospheres 118: 1690–1699. 1862 

Cornelius DR, Johnston CO. 1941. Differences in plant type and reaction to rust among several 1863 

collections of Panicum virgatum L. Agronomy Journal: 115–124. 1864 

Cortese LM, Honig J, Miller C, Bonos SA. 2010. Genetic diversity of twelve switchgrass 1865 

populations using molecular and morphological markers. BioEnergy Research 3: 262–271. 1866 

Costich DE, Friebe B, Sheehan MJ, Casler MD, Buckler ES. 2010. Genome-size variation in 1867 

switchgrass (Panicum virgatum): Flow cytometry and cytology reveal rampant aneuploidy. The 1868 

Plant Genome 3: plantgenome2010.04.0010. 1869 

Coughlan JM, Willis JH. 2019. Dissecting the role of a large chromosomal inversion in life 1870 

history divergence throughout the Mimulus guttatus species complex. Molecular Ecology 28: 1871 

1343–1357. 1872 

Coughlan JM, Wilson Brown M, Willis JH. 2020. Patterns of hybrid seed inviability in the 1873 

Mimulus guttatus sp. complex reveal a potential role of parental conflict in reproductive 1874 

isolation. Current Biology 30: 83-93.e5. 1875 



 65 

Davis MB, Shaw RG. 2001. Range shifts and adaptive responses to quaternary climate change. 1876 

Science 292: 673–679. 1877 

De Lafontaine G, Napier JD, Petit RJ, Hu FS. 2018. Invoking adaptation to decipher the genetic 1878 

legacy of past climate change. Ecology 99: 1530–1546. 1879 

Decker JP. 1959. Some effects of temperature and carbon dioxide concentration on 1880 

photosynthesis of Mimulus. Plant Physiology 34: 103–106. 1881 

DeLeo VL, Menge DNL, Hanks EM, Juenger TE, Lasky JR. 2020. Effects of two centuries of global 1882 

environmental variation on phenology and physiology of Arabidopsis thaliana. Global Change 1883 

Biology 26: 523–538. 1884 

DeMarche ML, Kay KM, Angert AL. 2016. The scale of local adaptation in Mimulus guttatus : 1885 

comparing life history races, ecotypes, and populations. New Phytologist 211: 345–356. 1886 

Denney DA, Patel P, Anderson JT. 2024. Elevated [CO 2] and temperature augment gas 1887 

exchange and shift the fitness landscape in a montane forb. New Phytologist 243: 58–71. 1888 

Des Marais DL, Auchincloss LC, Sukamtoh E, McKay JK, Logan T, Richards JH, Juenger TE. 2014. 1889 

Variation in MPK12 affects water use efficiency in Arabidopsis and reveals a pleiotropic link 1890 

between guard cell size and ABA response. Proceedings of the National Academy of Sciences 1891 

111: 2836–2841. 1892 

Dettinger MD, Alpert H, Battles JJ, Kusel J, Safford H, Fougeres D, Knight C, Miller L, Sawyer S. 1893 

2018. Sierra Nevada summary report. California’s Fourth Climate Change Assessment. 1894 

Dettinger MD, Ralph FM, Das T, Neiman PJ, Cayan DR. 2011. Atmospheric rivers, floods and 1895 

the water resources of California. Water 3: 445–478. 1896 

Diamond SE, Frame AM, Martin RA, Buckley LB. 2011. Species’ traits predict phenological 1897 

responses to climate change in butterflies. Ecology 92: 1005–1012. 1898 



 66 

Dickman EE, Pennington LK, Franks SJ, Sexton JP. 2019. Evidence for adaptive responses to 1899 

historic drought across a native plant species range. Evolutionary Applications 12: 1569–1582. 1900 

Dietrich JD, Smith MD. 2016. The effect of timing of growing season drought on flowering of a 1901 

dominant C4 grass. Oecologia 181: 391–399. 1902 

Ding B, Patterson EL, Holalu SV, Li J, Johnson GA, Stanley LE, Greenlee AB, Peng F, Bradshaw 1903 

HD, Blinov ML, et al. 2020. Two MYB Proteins in a self-organizing activator-inhibitor system 1904 

produce spotted pigmentation patterns. Current Biology 30: 802-814.e8. 1905 

Dittberner H, Korte A, Mettler-Altmann T, Weber APM, Monroe G, De Meaux J. 2018. Natural 1906 

variation in stomata size contributes to the local adaptation of water-use efficiency in 1907 

Arabidopsis thaliana. Molecular Ecology 27: 4052–4065. 1908 

Dittmar EL, Oakley CG, Ågren J, Schemske DW. 2014. Flowering time QTL in natural 1909 

populations of Arabidopsis thaliana and implications for their adaptive value. Molecular Ecology 1910 

23: 4291–4303. 1911 

Dong C, MacDonald GM, Willis K, Gillespie TW, Okin GS, Williams AP. 2019. Vegetation 1912 

responses to 2012–2016 drought in Northern and Southern California. Geophysical Research 1913 

Letters 46: 3810–3821. 1914 

Donohue K. 2002. Germination timing influences natural selection on life-history characters in 1915 

Arabidopsis thaliana. Ecology 83: 1006–1016. 1916 

Duncan S, Holm S, Questa J, Irwin J, Grant A, Dean C. 2015. Seasonal shift in timing of 1917 

vernalization as an adaptation to extreme winter. eLife 4: e06620. 1918 

Durvasula A, Fulgione A, Gutaker RM, Alacakaptan SI, Flood PJ, Neto C, Tsuchimatsu T, 1919 

Burbano HA, Picó FX, Alonso-Blanco C, et al. 2017. African genomes illuminate the early history 1920 

and transition to selfing in Arabidopsis thaliana. Proceedings of the National Academy of 1921 

Sciences 114: 5213–5218. 1922 



 67 

Dyderski MK, Paź S, Frelich LE, Jagodziński AM. 2018. How much does climate change threaten 1923 

European forest tree species distributions? Global Change Biology 24: 1150–1163. 1924 

Eckhart VM, Geber MA. 1999. Character variation and geographic distribution of Clarkia 1925 

xantiana a. Gray (Onagraceae): Flowers and phenology distinguish two subspecies. Madroño 1926 

46: 117–125. 1927 

Eckhart VM, Geber MA, McGuire CM. 2004. Experimental studies of adaptation in Clarkia 1928 

xantiana. I. Sources of trait variation across a subspecies border. Evolution 58: 59–70. 1929 

Eckhart VM, Geber MA, Morris WF, Fabio ES, Tiffin P, Moeller DA. 2011. The geography of 1930 

demography: Long-term demographic studies and species distribution models reveal a species 1931 

border limited by adaptation. The American Naturalist 178: S26–S43. 1932 

Eckhart VM, Singh I, Louthan AM, Keledjian AJ, Chu A, Moeller DA, Geber MA. 2010. Plant-soil 1933 

water relations and species border of Clarkia xantiana ssp. xantiana (Onagraceae). 1934 

International Journal of Plant Sciences 171: 749–760. 1935 

Enquist BJ, Feng X, Boyle B, Maitner B, Newman EA, Jørgensen PM, Roehrdanz PR, Thiers BM, 1936 

Burger JR, Corlett RT, et al. 2019. The commonness of rarity: Global and future distribution of 1937 

rarity across land plants. Science Advances 5: eaaz0414. 1938 

Evers SM, Knight TM, Inouye DW, Miller TEX, Salguero-Gómez R, Iler AM, Compagnoni A. 1939 

2021. Lagged and dormant season climate better predict plant vital rates than climate during 1940 

the growing season. Global Change Biology 27: 1927–1941. 1941 

Exposito-Alonso M. 2023. Understanding local plant extinctions before it is too late: bridging 1942 

evolutionary genomics with global ecology. New Phytologist 237: 2005–2011. 1943 

Exposito-Alonso M, Becker C, Schuenemann VJ, Reiter E, Setzer C, Slovak R, Brachi B, 1944 

Hagmann J, Grimm DG, Chen J, et al. 2018a. The rate and potential relevance of new mutations 1945 

in a colonizing plant lineage. PLOS Genetics 14: e1007155. 1946 



 68 

Exposito-Alonso M, Brennan AC, Alonso-Blanco C, Picó FX. 2018b. Spatio-temporal variation in 1947 

fitness responses to contrasting environments in Arabidopsis thaliana. Evolution 72: 1570–1948 

1586. 1949 

Exposito-Alonso M, Burbano HA, Bossdorf O, Nielsen R, Weigel D. 2019. Natural selection on 1950 

the Arabidopsis thaliana genome in present and future climates. Nature 573: 126–129. 1951 

Exposito-Alonso M, Vasseur F, Ding W, Wang G, Burbano HA, Weigel D. 2017. Genomic basis 1952 

and evolutionary potential for extreme drought adaptation in Arabidopsis thaliana. Nature 1953 

Ecology & Evolution 2: 352–358. 1954 

Fadrique B, Báez S, Duque Á, Malizia A, Blundo C, Carilla J, Osinaga-Acosta O, Malizia L, 1955 

Silman M, Farfán-Ríos W, et al. 2018. Widespread but heterogeneous responses of Andean 1956 

forests to climate change. Nature 564: 207–212. 1957 

Falconer DS, Mackay TFC. 1996. Quantatitive Genetics. Edinburgh, U.K.: Pearson. 1958 

Fei S, Desprez JM, Potter KM, Jo I, Knott JA, Oswalt CM. 2017. Divergence of species responses 1959 

to climate change. Science Advances 3: e1603055. 1960 

Felsenstein J. 1976. The theoretical population genetics of variable selection and migration. 1961 

Annual Review of Genetics 10: 253–280. 1962 

Ferris KG, Sexton JP, Willis JH. 2014. Speciation on a local geographic scale: the evolution of a 1963 

rare rock outcrop specialist in Mimulus. Philosophical Transactions of the Royal Society B: 1964 

Biological Sciences 369: 20140001. 1965 

Fisher RA. 1930. The Genetical Theory of Natural Selection: A Complete Variorum Edition. 1966 

Oxford University Press. 1967 

Fishman L, Willis JH. 2001. Evidence for Dobzhansky-Muller Incompatibilities contributing to 1968 

the sterility of hybrids between Mimulus guttatus and M. nasutus. Evolution 55: 1932–1942. 1969 



 69 

Fournier-Level A, Korte A, Cooper MD, Nordborg M, Schmitt J, Wilczek AM. 2011. A map of 1970 

local adaptation in Arabidopsis thaliana. Science 334: 86–89. 1971 

Fraga NS. 2018. Erythranthe cardinalis, in Jepson Flora Project. 1972 

François O, Blum MGB, Jakobsson M, Rosenberg NA. 2008. Demographic history of European 1973 

populations of Arabidopsis thaliana. PLoS Genetics 4: e1000075. 1974 

Franks SJ, Sim S, Weis AE. 2007. Rapid evolution of flowering time by an annual plant in 1975 

response to a climate fluctuation. Proceedings of the National Academy of Sciences of the 1976 

United States of America 104: 1278–1282. 1977 

Franks SJ, Weber JJ, Aitken SN. 2014. Evolutionary and plastic responses to climate change in 1978 

terrestrial plant populations. Evolutionary Applications 7: 123–139. 1979 

Freeman RS, Brody AK, Neefus CD. 2003. Flowering phenology and compensation for herbivory 1980 

in Ipomopsis aggregata. Oecologia 136: 394–401. 1981 

Friedman J, Middleton TE, Rubin MJ. 2019. Environmental heterogeneity generates 1982 

intrapopulation variation in life-history traits in an annual plant. New Phytologist 224: 1171–1983 

1183. 1984 

Friedman J, Twyford AD, Willis JH, Blackman BK. 2015. The extent and genetic basis of 1985 

phenotypic divergence in life history traits in Mimulus guttatus. Molecular Ecology 24: 111–122. 1986 

Friedman J, Willis JH. 2013. Major QTLs for critical photoperiod and vernalization underlie 1987 

extensive variation in flowering in the Mimulus guttatus species complex. New Phytologist 199: 1988 

571–83. 1989 

Fulgione A, Neto C, Elfarargi AF, Tergemina E, Ansari S, Göktay M, Dinis H, Döring N, Flood PJ, 1990 

Rodriguez-Pacheco S, et al. 2022. Parallel reduction in flowering time from de novo mutations 1991 

enable evolutionary rescue in colonizing lineages. Nature Communications 13: 1461. 1992 



 70 

Fyfe JC, Derksen C, Mudryk L, Flato GM, Santer BD, Swart NC, Molotch NP, Zhang X, Wan H, 1993 

Arora VK, et al. 2017. Large near-term projected snowpack loss over the western United States. 1994 

Nature Communications 8: 14996. 1995 

Galliart M, Bello N, Knapp M, Poland J, St Amand P, Baer S, Maricle B, Smith AB, Johnson L. 1996 

2019. Local adaptation, genetic divergence, and experimental selection in a foundation grass 1997 

across the US Great Plains’ climate gradient. Global Change Biology 25: 850–868. 1998 

Galliart M, Sabates S, Tetreault H, DeLaCruz A, Bryant J, Alsdurf J, Knapp M, Bello NM, Baer 1999 

SG, Maricle BR, et al. 2020. Adaptive genetic potential and plasticity of trait variation in the 2000 

foundation prairie grass Andropogon gerardii across the US Great Plains’ climate gradient: 2001 

Implications for climate change and restoration. Evolutionary Applications 13: 2333–2356. 2002 

Gamba D, Lorts CM, Haile A, Sahay S, Lopez L, Xia T, Takou M, Kulesza E, Elango D, Kerby J, et 2003 

al. 2024. The genomics and physiology of abiotic stressors associated with global elevational 2004 

gradients in Arabidopsis thaliana. New Phytologist 244: 2062–2077. 2005 

Geber MA, Eckhart VM. 2005. Experimental studies of adaptation in Clarkia xantiana: ii. Fitness 2006 

variation across a subspecies border. Evolution 59: 521–531. 2007 

Gienapp P, Teplitsky C, Alho JS, Mills JA, MerilÄ J. 2008. Climate change and evolution: 2008 

disentangling environmental and genetic responses. Molecular Ecology 17: 167–178. 2009 

Gorrie SE. 2002. The ecology of Andropogon gerardii in the Baldhead Hills, Manitoba. 2010 

Gould B, Moeller DA, Eckhart VM, Tiffin P, Fabio E, Geber MA. 2014. Local adaptation and 2011 

range boundary formation in response to complex environmental gradients across the 2012 

geographical range of Clarkia xantiana ssp . xantiana. Journal of Ecology 102: 95–107. 2013 

Grant V. 1949. Pollination systems as isolating mechanisms in angiosperms. Evolution 3: 82. 2014 



 71 

Grant PR, Grant BR, Huey RB, Johnson MTJ, Knoll AH, Schmitt J. 2017. Evolution caused by 2015 

extreme events. Philosophical Transactions of the Royal Society B: Biological Sciences 372: 2016 

20160146. 2017 

Grant V, Wilken DH. 1986. Taxonomy of the Ipomopsis aggregata group (Polemoniaceae). 2018 

Botanical Gazette 147: 359–371. 2019 

Gray MM, St. Amand P, Bello NM, Galliart MB, Knapp M, Garrett KA, Morgan TJ, Baer SG, 2020 

Maricle BR, Akhunov ED, et al. 2014. Ecotypes of an ecologically dominant prairie grass 2021 

(Andropogon gerardii) exhibit genetic divergence across the U.S. Midwest grasslands’ 2022 

environmental gradient. Molecular Ecology 23: 6011–6028. 2023 

Hall MC, Willis JH. 2006. Divergent selection on flowering time contributes to local adaptation 2024 

in Mimulus guttatus. Evolution 60: 2466–2477. 2025 

Hamann E, Blevins C, Franks SJ, Jameel MI, Anderson JT. 2021a. Climate change alters plant–2026 

herbivore interactions. New Phytologist 229: 1894–1910. 2027 

Hamann E, Wadgymar SM, Anderson JT. 2021b. Costs of reproduction under experimental 2028 

climate change across elevations in the perennial forb Boechera stricta. Proceedings of the 2029 

Royal Society B: Biological Sciences 288: rspb.2020.3134, 20203134. 2030 

Hamann E, Weis AE, Franks SJ. 2018. Two decades of evolutionary changes in Brassica rapa in 2031 

response to fluctuations in precipitation and severe drought. Evolution 72: 2682–2696. 2032 

Hamrick JL, Godt MJW. 1997. Allozyme diversity in cultivated crops. Crop Science 37: 26–30. 2033 

Hancock AM, Brachi B, Faure N, Horton MW, Jarymowycz LB, Sperone FG, Toomajian C, Roux 2034 

F, Bergelson J. 2011. Adaptation to climate across the Arabidopsis thaliana genome. Science 2035 

334: 83–86. 2036 

Hargreaves AL, Germain RM, Bontrager M, Persi J, Angert AL. 2020. Local adaptation to biotic 2037 

interactions: A meta-analysis across latitudes. The American Naturalist 195: 395–411. 2038 



 72 

Hartnett DC, Bazzaz FA. 1985. The genet and ramet population dynamics of Solidago 2039 

canadensis in an abandoned field. The Journal of Ecology 73: 407. 2040 

Heckman RW, Pereira CG, Aspinwall MJ, Juenger TE. 2024. Physiological responses of C4 2041 

perennial bioenergy grasses to climate change: Causes, consequences, and constraints. Annual 2042 

Review of Plant Biology 75: 737–769. 2043 

Hedrick PW. 1986. Genetic polymorphism in heterogeneous environments: A decade later. 2044 

Annual Review of Ecology and Systematics 17: 535–566. 2045 

Hendrick MF, Finseth FR, Mathiasson ME, Palmer KA, Broder EM, Breigenzer P, Fishman L. 2046 

2016. The genetics of extreme microgeographic adaptation: An integrated approach identifies a 2047 

major gene underlying leaf trichome divergence in Yellowstone Mimulus guttatus. Molecular 2048 

Ecology 25: 5647–5662. 2049 

Hewitt G. 1996. Some genetic consequences of ice ages, and their role in divergence and 2050 

speciation. Biological Journal of the Linnean Society 58: 247–276. 2051 

Hiesey WM, Nobs MA, Björkman O, Clausen J. 1971. Biosystematics, genetics, and 2052 

physiological ecology of the Erythranthe section of Mimulus. Washington, D. C: Carnegie Inst. of 2053 

Washington. 2054 

Ho WWH, Weigel D. 2014. Structural Features Determining Flower-Promoting Activity of 2055 

Arabidopsis FLOWERING LOCUS T. The Plant Cell 26: 552–564. 2056 

Hoffman AM, Smith MD. 2021. Nonlinear drought plasticity reveals intraspecific diversity in a 2057 

dominant grass species (L Yahdjian, Ed.). Functional Ecology 35: 463–474. 2058 

Holeski LM. 2007. Within and between generation phenotypic plasticity in trichome density of 2059 

Mimulus guttatus. Journal of Evolutionary Biology 20: 2092–2100. 2060 



 73 

Holeski LM, Keefover-Ring K, Bowers MD, Harnenz ZT, Lindroth RL. 2013. Patterns of 2061 

phytochemical variation in Mimulus guttatus (yellow monkeyflower). Journal of Chemical 2062 

Ecology 39: 525–536. 2063 

Hoover DL, Knapp AK, Smith MD. 2014a. Contrasting sensitivities of two dominant C4 grasses 2064 

to heat waves and drought. Plant Ecology 215: 721–731. 2065 

Hoover DL, Knapp AK, Smith MD. 2014b. Resistance and resilience of a grassland ecosystem to 2066 

climate extremes. Ecology 95: 2646–2656. 2067 

Hope HJ, McElroy A. 1990. Low-temperature tolerance of switchgrass (Panicum virgatum l.). 2068 

Canadian Journal of Plant Science 70: 1091–1096. 2069 

Hopkins AA, Taliaferro CM, Murphy CD, Christian D. 1996. Chromosome number and nuclear 2070 

DNA content of several switchgrass populations. Crop Science 36: 1192–1195. 2071 

Hopkins AA, Vogel KP, Moore KJ, Johnson KD, Carlson IT. 1995a. Genotype effects and 2072 

genotype by environment interactions for traits of elite switchgrass populations. Crop Science 2073 

35: 125–132. 2074 

Hopkins AA, Vogel KP, Moore KJ, Johnson KD, Carlson IT. 1995b. Genotypic variability and 2075 

genotype × environment interactions among switchgrass accessions from the midwestern USA. 2076 

Crop Science 35: 565–571. 2077 

Horton MW, Hancock AM, Huang YS, Toomajian C, Atwell S, Auton A, Muliyati NW, Platt A, 2078 

Sperone FG, Vilhjálmsson BJ, et al. 2012. Genome-wide patterns of genetic variation in 2079 

worldwide Arabidopsis thaliana accessions from the RegMap panel. Nature Genetics 44: 212–2080 

216. 2081 

Iler AM, Compagnoni A, Inouye DW, Williams JL, CaraDonna PJ, Anderson A, Miller TEX. 2019. 2082 

Reproductive losses due to climate change-induced earlier flowering are not the primary threat 2083 

to plant population viability in a perennial herb. Journal of Ecology 107: 1931–1943. 2084 



 74 

Inouye DW. 2008. Effects of climate change on phenology, frost damage, and floral abundance 2085 

on montane wildflowers. Ecology 89: 353–362. 2086 

IPCC 2023, Calvin K, Dasgupta D, Krinner G, Mukherji A, Thorne PW, Trisos C, Romero J, 2087 

Aldunce P, Barrett K, Blanco G, et al. 2023. Climate Change 2023: Synthesis Report. 2088 

Contribution of Working Groups I, II and III to the Sixth Assessment Report of the 2089 

Intergovernmental Panel on Climate Change. Geneva, Switzerland: Intergovernmental Panel on 2090 

Climate Change (IPCC). 2091 

Ivey CT, Habecker NM, Bergmann JP, Ewald J, Frayer ME, Coughlan JM. 2023. Weak 2092 

reproductive isolation and extensive gene flow between Mimulus glaucescens and M. guttatus 2093 

in northern California. Evolution 77: 1245–1261. 2094 

Jakoby O, Lischke H, Wermelinger B. 2019. Climate change alters elevational phenology 2095 

patterns of the European spruce bark beetle (Ips typographus). Global Change Biology 25: 2096 

4048–4063. 2097 

Jameel MI, Duncan L, Mooney K, Anderson JT. 2024. Herbivory and water availability interact 2098 

to shape the adaptive landscape in the perennial forb, Boechera stricta. Evolution: qpae186. 2099 

Johnson LC, Olsen JT, Tetreault H, DeLaCruz A, Bryant J, Morgan TJ, Knapp M, Bello NM, Baer 2100 

SG, Maricle BR. 2015. Intraspecific variation of a dominant grass and local adaptation in 2101 

reciprocal garden communities along a US Great Plains’ precipitation gradient: implications for 2102 

grassland restoration with climate change. Evolutionary Applications 8: 705–723. 2103 

Juenger T, Bergelson J. 1998. Pairwise versus diffuse natural selection and the multiple 2104 

herbivores of scarlet gilia, Ipomopsis aggregata. Evolution 52: 1583–1592. 2105 

Juenger T, Bergelson J. 2000. Factors limiting rosette recruitment in scarlet gilia, Ipomopsis 2106 

aggregata: seed and disturbance limitation. Oecologia 123: 358–363. 2107 

Kawecki TJ, Ebert D. 2004. Conceptual issues in local adaptation. Ecology Letters 7: 1225–1241. 2108 



 75 

Keeler KH. 1992. Local polyploid variation in the native prairie grass Andropogon gerardii. 2109 

American Journal of Botany 79: 1229–1232. 2110 

Keeler KH. 2004. Impact of intraspecific polyploidy in Andropogon gerardii (Poaceae) 2111 

populations. The American Midland Naturalist 152: 63–74. 2112 

Keeler KH, Kwankin B, Barnes PW, Galbraith DW. 1987. Polyploid polymorphism in 2113 

Andropogon gerardii. Genome 29: 374–379. 2114 

Keeler KH, Williams CF, Vescio LS. 2002. Clone size of Andropogon gerardii Vitman (Big 2115 

Bluestem) at Konza Prairie, Kansas. The American Midland Naturalist 147: 295–304. 2116 

Keith RA, Mitchell-Olds T. 2019. Antagonistic selection and pleiotropy constrain the evolution 2117 

of plant chemical defenses. Evolution 73: 947–960. 2118 

Kelly JK. 2022. The genomic scale of fluctuating selection in a natural plant population. 2119 

Evolution Letters 6: 506–521. 2120 

Kelly AE, Goulden ML. 2008. Rapid shifts in plant distribution with recent climate change. 2121 

Proceedings of the National Academy of Sciences 105: 11823–11826. 2122 

Kim S, Plagnol V, Hu TT, Toomajian C, Clark RM, Ossowski S, Ecker JR, Weigel D, Nordborg M. 2123 

2007. Recombination and linkage disequilibrium in Arabidopsis thaliana. Nature Genetics 39: 2124 

1151–1155. 2125 

Kirkpatrick M, Barton NH. 1997. Evolution of a species’ range. The American Naturalist 150: 1–2126 

23. 2127 

Knapp AK, Hamerlynck EP, Owensby CE. 1993. Photosynthetic and water relations responses to 2128 

elevated CO2 in the C4 grass Andropogon gerardii. International Journal of Plant Sciences 154: 2129 

459–466. 2130 

Koenig D, Weigel D. 2015. Beyond the thale: Comparative genomics and genetics of 2131 

Arabidopsis relatives. Nature Reviews Genetics 16: 285–298. 2132 



 76 

Kooke R, Johannes F, Wardenaar R, Becker F, Etcheverry M, Colot V, Vreugdenhil D, 2133 

Keurentjes JJB. 2015. Epigenetic basis of morphological variation and phenotypic plasticity in 2134 

Arabidopsis thaliana. The Plant Cell 27: 337–348. 2135 

Kooyers NJ. 2015. The evolution of drought escape and avoidance in natural herbaceous 2136 

populations. Plant Science 234: 155–162. 2137 

Kooyers NJ, Blackman BK, Holeski LM. 2017. Optimal defense theory explains deviations from 2138 

latitudinal herbivory defense hypothesis. Ecology 98: 1036–1048. 2139 

Kooyers NJ, Colicchio JM, Greenlee AB, Patterson E, Handloser NT, Blackman BK. 2019. 2140 

Lagging adaptation to climate supersedes local adaptation to herbivory in an annual 2141 

monkeyflower. American Naturalist 194: 541–557. 2142 

Kooyers NJ, Genung MA, Innes SG, Turcu AK, Hinrichs DM, LeBlanc BJ, Patterson CM. 2025. 2143 

Heatwaves decrease fitness and alter maternal provisioning in natural populations of Mimulus 2144 

guttatus. In Review. 2145 

Kooyers NJ, Greenlee AB, Colicchio JM, Oh M, Blackman BK. 2015. Replicate altitudinal clines 2146 

reveal that evolutionary flexibility underlies adaptation to drought stress in annual Mimulus 2147 

guttatus. New Phytologist 206: 152–165. 2148 

Kooyers NJ, Morioka KA, Colicchio JM, Clark KS, Donofrio A, Estill SK, Pascualy CR, Anderson 2149 

IC, Hagler M, Cho C, et al. 2021. Population responses to a historic drought across the range of 2150 

the common monkeyflower (Mimulus guttatus). American Journal of Botany 108: 284–296. 2151 

Kramer DL, Maricle KL, Hilt CJ, Martin NM, Urban AD, Smart CM, Baer SG, Johnson LC, Maricle 2152 

BR. 2018. Drought tolerance in ecotypes of big bluestem (Andropogon gerardii) relates to 2153 

above-ground surface area: Results from a common garden experiment. Flora 246–247: 52–60. 2154 

Krushelnycky PD, Loope LL, Giambelluca TW, Starr F, Starr K, Drake DR, Taylor AD, Robichaux 2155 

RH. 2013. Climate-associated population declines reverse recovery and threaten future of an 2156 

iconic high-elevation plant. Global Change Biology 19: 911–922. 2157 



 77 

Lande R. 1979. Quantitative genetic analysis of multivariate evolution, applied to brain:body 2158 

size allometry. Evolution 33: 402–416. 2159 

Lande R, Arnold SJ. 1983. The measurement of selection on correlated characters. Evolution 37: 2160 

1210. 2161 

Langlet O. 1971. Two hundred years genecology. Taxon 20: 653–721. 2162 

LaRue T, Lindner H, Srinivas A, Exposito-Alonso M, Lobet G, Dinneny JR. 2022. Uncovering 2163 

natural variation in root system architecture and growth dynamics using a robotics-assisted 2164 

phenomics platform. eLife 11: e76968. 2165 

Lasky JR, Des Marais DL, McKAY JK, Richards JH, Juenger TE, Keitt TH. 2012. Characterizing 2166 

genomic variation of Arabidopsis thaliana: The roles of geography and climate. Molecular 2167 

Ecology 21: 5512–5529. 2168 

Lee C-R, Mitchell-Olds T. 2011. Quantifying effects of environmental and geographical factors 2169 

on patterns of genetic differentiation. Molecular Ecology 20: 4631–4642. 2170 

Lee C-R, Mitchell-Olds T. 2012. Environmental adaptation contributes to gene polymorphism 2171 

across the Arabidopsis thaliana genome. Molecular Biology and Evolution 29: 3721–3728. 2172 

Lee C, Mitchell-Olds T. 2013. Complex trait divergence contributes to environmental niche 2173 

differentiation in ecological speciation of  Boechera stricta. Molecular Ecology 22: 2204–2217. 2174 

Levene H. 1953. Genetic equilibrium when more than one ecological niche is available. The 2175 

American Naturalist 87: 331–333. 2176 

Leventhal L, Ruffley M, Exposito-Alonso M. 2025. Planting genomes in the wild: Arabidopsis 2177 

from genetics history to the ecology and evolutionary genomics era. Annual Review of Plant 2178 

Biology. 2179 

Lewis H, Lewis ME. 1955. The genus Clarkia. University of California Publications in Botany: 2180 

241–392. 2181 



 78 

Lin Y-P, Mitchell-Olds T, Lee C-R. 2021. The ecological, genetic and genomic architecture of 2182 

local adaptation and population differentiation in Boechera stricta. Proceedings of the Royal 2183 

Society B: Biological Sciences 288: rspb.2020.2472, 20202472. 2184 

Lovell JT, MacQueen AH, Mamidi S, Bonnette J, Jenkins J, Napier JD, Sreedasyam A, Healey A, 2185 

Session A, Shu S, et al. 2021. Genomic mechanisms of climate adaptation in polyploid 2186 

bioenergy switchgrass. Nature 590: 438–444. 2187 

Lowry DB, Behrman KD, Grabowski P, Morris GP, Kiniry JR, Juenger TE. 2014. Adaptations 2188 

between ecotypes and along environmental gradients in Panicum virgatum. The American 2189 

Naturalist 183: 682–692. 2190 

Lowry DB, Lovell JT, Zhang L, Bonnette J, Fay PA, Mitchell RB, Lloyd-Reilley J, Boe AR, Wu Y, 2191 

Rouquette FM, et al. 2019. QTL × environment interactions underlie adaptive divergence in 2192 

switchgrass across a large latitudinal gradient. Proceedings of the National Academy of Sciences 2193 

116: 12933–12941. 2194 

Lowry DB, Willis JH. 2010. A widespread chromosomal inversion polymorphism contributes to a 2195 

major life-history transition, local adaptation, and reproductive isolation. Plos Biol 8: e1000500. 2196 

Lu F, Lipka AE, Glaubitz J, Elshire R, Cherney JH, Casler MD, Buckler ES, Costich DE. 2013. 2197 

Switchgrass genomic diversity, ploidy, and evolution: Novel insights from a network-based SNP 2198 

discovery protocol. PLoS Genetics 9: e1003215. 2199 

Lundemo S, Falahati-Anbaran M, Stenøien HK. 2009. Seed banks cause elevated generation 2200 

times and effective population sizes of Arabidopsis thaliana in northern Europe. Molecular 2201 

Ecology 18: 2798–2811. 2202 

MacTavish R, Anderson JT. 2020. Resource availability alters fitness trade-offs: implications for 2203 

evolution in stressful environments. American Journal of Botany 107: 308–318. 2204 

MacTavish R, Anderson JT. 2022. Water and nutrient availability exert selection on 2205 

reproductive phenology. American Journal of Botany 109: 1702–1716. 2206 



 79 

Maloney ED, Camargo SJ, Chang E, Colle B, Fu R, Geil KL, Hu Q, Jiang X, Johnson N, Karnauskas 2207 

KB, et al. 2014. North American climate in CMIP5 experiments: Part III: Assessment of twenty-2208 

first-century projections. Journal of Climate 27: 2230–2270. 2209 

Martínez-Reyna JM, Vogel KP. 2002. Incompatibility systems in switchgrass. Crop Science 42: 2210 

1800–1805. 2211 

McAllister C, Blaine R, Kron P, Bennett B, Garrett H, Kidson J, Matzenbacher B, Glotzbach A, 2212 

Miller AJ. 2015. Environmental correlates of cytotype distribution in Andropogon gerardii 2213 

(Poaceae). American Journal of Botany 102: 92–102. 2214 

McAllister CA, Miller AJ. 2016. Single nucleotide polymorphism discovery via genotyping by 2215 

sequencing to assess population genetic structure and recurrent polyploidization in 2216 

Andropogon gerardii. American Journal of Botany 103: 1314–1325. 2217 

McDonald LM, Scharnagl A, Turcu AK, Patterson CM, Kooyers NJ. 2023. Demographic 2218 

consequences of an extreme heat wave are mitigated by spatial heterogeneity in an annual 2219 

monkeyflower. Ecology and Evolution 13: e10397. 2220 

McMillan C. 1956. Nature of the plant community. I. Uniform garden and light period studies of 2221 

five grass taxa in Nebraska. Ecology 37: 330–340. 2222 

McMillan C. 1959. The role of ecotypic variation in the distribution of the central grassland of 2223 

North America. Ecological Monographs 29: 285–308. 2224 

McMillan C. 1964. Ecotypic differentiation within four North American prairie grasses. I. 2225 

Morphological variation within transplanted community fractions. American Journal of Botany 2226 

51: 1119–1128. 2227 

McMillan C. 1965a. Ecotypic differentiation within four North American prairie grasses. Ii. 2228 

Behavioral variation within transplanted community fractions. American Journal of Botany 52: 2229 

55–65. 2230 



 80 

McMillan C. 1965b. Grassland community fractions from central North America under 2231 

simulated climates. American Journal of Botany 52: 109–116. 2232 

McMillan C. 1967. Phenological variation within seven transplanted grassland community 2233 

fractions from Texas and New Mexico. Ecology 48: 807–813. 2234 

McMillan C. 1969a. Survival patterns in four prairie grasses transplanted to central Texas. 2235 

American Journal of Botany 56: 108–115. 2236 

McMillan C. 1969b. Ecotypes and ecosystem function. BioScience 19: 131–134. 2237 

Méndez-Vigo B, Picó FX, Ramiro M, Martínez-Zapater JM, Alonso-Blanco C. 2011. Altitudinal 2238 

and Climatic Adaptation Is Mediated by Flowering Traits and FRI , FLC , and PHYC Genes in 2239 

Arabidopsis. Plant Physiology 157: 1942–1955. 2240 

Mendola ML, Baer SG, Johnson LC, Maricle BR. 2015. The role of ecotypic variation and the 2241 

environment on biomass and nitrogen in a dominant prairie grass. Ecology 96: 2433–2445. 2242 

Meyer E, Aspinwall MJ, Lowry DB, Palacio-Mejía J, Logan TL, Fay PA, Juenger TE. 2014. 2243 

Integrating transcriptional, metabolomic, and physiological responses to drought stress and 2244 

recovery in switchgrass (Panicum virgatum L.). BMC Genomics 15: 527. 2245 

Mitchell RJ. 1993. Adaptive significance of ipomopsis aggregata nectar production: observation 2246 

and experiment in the field. Evolution 47: 25–35. 2247 

Moeller DA. 2006. Geographic structure of pollinator communities, reproductive assurance, 2248 

and the evolution of self-pollination. Ecology 87: 1510–1522. 2249 

Moeller DA, Geber MA, Eckhart VM, Tiffin P. 2012. Reduced pollinator service and elevated 2250 

pollen limitation at the geographic range limit of an annual plant. Ecology 93: 1036–1048. 2251 

Mojica JP, Lee YW, Willis JH, Kelly JK. 2012. Spatially and temporally varying selection on 2252 

intrapopulation quantitative trait loci for a life history trade-off in Mimulus guttatus. Molecular 2253 

Ecology 21: 3718–3728. 2254 



 81 

Mojica JP, Mullen J, Lovell JT, Monroe JG, Paul JR, Oakley CG, McKay JK. 2016. Genetics of 2255 

water use physiology in locally adapted Arabidopsis thaliana. Plant Science 251: 12–22. 2256 

Monnahan PJ, Colicchio J, Fishman L, Macdonald SJ, Kelly JK. 2021. Predicting evolutionary 2257 

change at the DNA level in a natural Mimulus population. PLOS Genetics 17: e1008945. 2258 

Monnahan PJ, Kelly JK. 2017. The genomic architecture of flowering time varies across space 2259 

and time in Mimulus guttatus. Genetics 206: 1621–1635. 2260 

Montesinos A, Tonsor SJ, Alonso-Blanco C, Picó FX. 2009. Demographic and genetic patterns of 2261 

variation among populations of Arabidopsis thaliana from contrasting native environments. 2262 

PLoS ONE 4: e7213. 2263 

Moore DM, Lewis H. 1965. The evolution of self-pollination in Clarkia xantiana. Evolution 19: 2264 

104. 2265 

Morris GP, Grabowski PP, Borevitz JO. 2011. Genomic diversity in switchgrass (Panicum 2266 

virgatum): from the continental scale to a dune landscape. Molecular Ecology 20: 4938–4952. 2267 

Morris WF, Pfister CA, Tuljapurkar S, Haridas CV, Boggs CL, Boyce MS, Bruna EM, Church DR, 2268 

Coulson T, Doak DF, et al. 2008. Longevity can buffer plant and animal populations against 2269 

changing climate variability. Ecology 89: 19–25. 2270 

Moser LE, Vogel KP. 1995. Switchgrass, big bluestem, and indiangrass. In: In: Robert F. Barnes, 2271 

Darrell A. Miller, and C. Jerry Nelson (eds.). Forages. Ames, IA: Iowa State Univ. Press., 409–420. 2272 

Mote PW, Li S, Lettenmaier DP, Xiao M, Engel R. 2018. Dramatic declines in snowpack in the 2273 

western US. npj Climate and Atmospheric Science 1: 2. 2274 

Muir CD, Angert AL. 2017. Grow with the flow: a latitudinal cline in physiology is associated 2275 

with more variable precipitation in Erythranthe cardinalis. Journal of Evolutionary Biology 30: 2276 

2189–2203. 2277 



 82 

Muir CD, Van Den Elzen CL, Angert AL. 2022. Selection on early survival does not explain 2278 

germination rate clines in Mimulus cardinalis. American Journal of Botany 109: 1811–1821. 2279 

Napier JD, Grabowski PP, Lovell JT, Bonnette J, Mamidi S, Gomez-Hughes MJ, VanWallendael 2280 

A, Weng X, Handley LH, Kim MK, et al. 2022. A generalist–specialist trade-off between 2281 

switchgrass cytotypes impacts climate adaptation and geographic range. Proceedings of the 2282 

National Academy of Sciences 119: e2118879119. 2283 

Narasimhamoorthy B, Saha MC, Swaller T, Bouton JH. 2008. Genetic diversity in switchgrass 2284 

collections assessed by EST-SSR markers. BioEnergy Research 1: 136. 2285 

Navarro J, Powers JM, Paul A, Campbell DR. 2022. Phenotypic plasticity and selection on leaf 2286 

traits in response to snowmelt timing and summer precipitation. New Phytologist 234: 1477–2287 

1490. 2288 

Nelson TC, Monnahan PJ, McIntosh MK, Anderson K, MacArthur-Waltz E, Finseth FR, Kelly JK, 2289 

Fishman L. 2018. Extreme copy number variation at a tRNA ligase gene affecting phenology and 2290 

fitness in yellow monkeyflowers. Molecular Ecology 28: 1460–1475. 2291 

Nielson EL. 1947. Polyploidy and winter survival in Panicum virgatum L. Journal of American 2292 

Society of Agronomy 39: 822–827. 2293 

Nordborg M, Hu TT, Ishino Y, Jhaveri J, Toomajian C, Zheng H, Bakker E, Calabrese P, 2294 

Gladstone J, Goyal R, et al. 2005. The pattern of polymorphism in Arabidopsis thaliana. PLoS 2295 

Biology 3: e196. 2296 

Norrmann GA, Keeler KH. 2003. Cytotypes of Andropogon gerardii Vitman (Poaceae): Fertility 2297 

and reproduction of aneuploids. Botanical Journal of the Linnean Society 141: 95–103. 2298 

Norrmann GA, Quarín CL, Keeler KH. 1997. Evolutionary implications of meiotic chromosome 2299 

behavior, reproductive biology, and hybridization in 6X and 9X cytotypes of Andropogon 2300 

gerardii (Poaceae). American Journal of Botany 84: 201–207. 2301 



 83 

Oakley CG, Schemske DW, McKay JK, Ågren J. 2023. Ecological genetics of local adaptation in 2302 

Arabidopsis: An 8-year field experiment. Molecular Ecology 32: 4570–4583. 2303 

Olsen JT, Caudle KL, Johnson LC, Baer SG, Maricle BR. 2013. Environmental and genetic 2304 

variation in leaf anatomy among populations of Andropogon gerardii (Poaceae) along a 2305 

precipitation gradient. American Journal of Botany 100: 1957–1968. 2306 

Oneal E, Willis JH, Franks RG. 2016. Disruption of endosperm development is a major cause of 2307 

hybrid seed inviability between Mimulus guttatus and Mimulus nudatus. New Phytologist 210: 2308 

1107–1120. 2309 

Ossowski S, Schneeberger K, Lucas-Lledó JI, Warthmann N, Clark RM, Shaw RG, Weigel D, 2310 

Lynch M. 2010. The rate and molecular spectrum of spontaneous mutations in Arabidopsis 2311 

thaliana. Science 327: 92–94. 2312 

Ott JP, Hartnett DC. 2011. Bud production and dynamics of flowering and vegetative tillers in 2313 

Andropogon gerardii (Poaceae): the role of developmental constraints. American Journal of 2314 

Botany 98: 1293–1298. 2315 

Ott JP, Hartnett DC. 2012. Contrasting bud bank dynamics of two co-occurring grasses in 2316 

tallgrass prairie: Implications for grassland dynamics. Plant Ecology 213: 1437–1448. 2317 

Palik DJ, Snow AA, Stottlemyer AL, Miriti MN, Heaton EA. 2016. Relative performance of non-2318 

local cultivars and local, wild populations of switchgrass (Panicum virgatum) in competition 2319 

experiments). PLOS ONE 11: e0154444. 2320 

Parmesan C. 2006. Ecological and evolutionary responses to recent climate change. Annual 2321 

Review of Ecology, Evolution, and Systematics 37: 637–669. 2322 

Pascale S, Lucarini V, Feng X, Porporato A, Ul Hasson S. 2016. Projected changes of rainfall 2323 

seasonality and dry spells in a high greenhouse gas emissions scenario. Climate Dynamics 46: 2324 

1331–1350. 2325 



 84 

Paul JR, Sheth SN, Angert AL. 2011. Quantifying the impact of gene flow on phenotype-2326 

environment mismatch: a demonstration with the scarlet monkeyflower Mimulus cardinalis. 2327 

The American Naturalist 178: S62–S79. 2328 

Pennington LK, Slatyer RA, Ruiz-Ramos DV, Veloz SD, Sexton JP. 2021. How is adaptive 2329 

potential distributed within species ranges? Evolution 75: 2152–2166. 2330 

Peterson ML, Kay KM, Angert AL. 2016. The scale of local adaptation in Mimulus guttatus : 2331 

Comparing life history races, ecotypes, and populations. New Phytologist 211: 345–356. 2332 

Pettengill JB, Moeller DA. 2012a. Tempo and mode of mating system evolution between 2333 

incipient Clarkia species: Temporal dynamics of mating system evolution. Evolution 66: 1210–2334 

1225. 2335 

Pettengill JB, Moeller DA. 2012b. Phylogeography of speciation: allopatric divergence and 2336 

secondary contact between outcrossing and selfing Clarkia. Molecular Ecology 21: 4578–4592. 2337 

Picó FX. 2012. Demographic fate of Arabidopsis thaliana cohorts of autumn- and spring-2338 

germinated plants along an altitudinal gradient. Journal of Ecology 100: 1009–1018. 2339 

Pigliucci M. 2002. Ecology and Evolutionary Biology of Arabidopsis. The Arabidopsis Book 1: 2340 

e0003. 2341 

Platt A, Horton M, Huang YS, Li Y, Anastasio AE, Mulyati NW, Ågren J, Bossdorf O, Byers D, 2342 

Donohue K, et al. 2010. The scale of population structure in Arabidopsis thaliana. PLoS Genetics 2343 

6: e1000843. 2344 

Polechová J, Barton NH. 2015. Limits to adaptation along environmental gradients. Proceedings 2345 

of the National Academy of Sciences 112: 6401–6406. 2346 

Porter CL. 1966. An analysis of variation between upland and lowland switchgrass, Panicum 2347 

virgatum l., in central Oklahoma. Ecology 47: 980–992. 2348 



 85 

Porter JM, Johnson LA, Wilken D. 2010. Phylogenetic systematics of Ipomopsis 2349 

(Polemoniaceae): relationships and divergence times estimated from chloroplast and nuclear 2350 

DNA sequences. Systematic Botany 35: 181–200. 2351 

Powers JM, Briggs HM, Campbell DR. 2025. Natural selection on floral volatiles and other traits 2352 

can change with snowmelt timing and summer precipitation. New Phytologist 245: 332–346. 2353 

Powers JM, Briggs HM, Dickson RG, Li X, Campbell DR. 2022. Earlier snow melt and reduced 2354 

summer precipitation alter floral traits important to pollination. Global Change Biology 28: 323–2355 

339. 2356 

Pöyry J, Leinonen R, Söderman G, Nieminen M, Heikkinen RK, Carter TR. 2011. Climate-2357 

induced increase of moth multivoltinism in boreal regions: Climate-induced increase in moth 2358 

multivoltinism. Global Ecology and Biogeography 20: 289–298. 2359 

Prasad KV, Song B-H, Olson-Manning C, Lee C-R, Schranz ME, Windsor AJ, Clauss MJ, 2360 

Manzaneda AJ, Naqvi I, Reichelt M, et al. 2012. A gain-of-function polymorphism controlling 2361 

complex traits and fitness in nature. Science 337: 1081–1083. 2362 

Preston JC, Wooliver R, Driscoll H, Coughlin A, Sheth SN. 2022. Spatial variation in high 2363 

temperature-regulated gene expression predicts evolution of plasticity with climate change in 2364 

the scarlet monkeyflower. Molecular Ecology 31: 1254–1268. 2365 

Price MV, Campbell DR, Waser NM, Brody AK. 2008. Bridging the generation gap in plants: 2366 

pollination, parental fecundity, and offspring demography. Ecology 89: 1596–1604. 2367 

Price MV, Waser NM, Irwin RE, Campbell DR, Brody AK. 2005. Temporal and spatial variation 2368 

in pollination of a montane herb: A seven-year study. Ecology 86: 2106–2116. 2369 

Puzey JR, Willis JH, Kelly JK. 2017. Population structure and local selection yield high genomic 2370 

variation in Mimulus guttatus. Molecular Ecology 26: 519–535. 2371 



 86 

Quinn JA. 1969. Variability among high plains populations of Panicum virgatum. Bulletin of the 2372 

Torrey Botanical Club 96: 20. 2373 

Rangwala I, Barsugli J, Cozzetto K, Neff J, Prairie J. 2012. Mid-21st century projections in 2374 

temperature extremes in the southern Colorado Rocky Mountains from regional climate 2375 

models. Climate Dynamics 39: 1823–1840. 2376 

Rebetez M, Dobbertin M. 2004. Climate change may already threaten Scots pine stands in the 2377 

Swiss Alps. Theoretical and Applied Climatology 79: 1–9. 2378 

Reed PB, Bridgham SD, Pfeifer-Meister LE, DeMarche ML, Johnson BR, Roy BA, Bailes GT, 2379 

Nelson AA, Morris WF, Doak DF. 2021. Climate warming threatens the persistence of a 2380 

community of disturbance-adapted native annual plants. Ecology 102: e03464. 2381 

Robeson SM. 2015. Revisiting the recent California drought as an extreme value. Geophysical 2382 

Research Letters 42: 6771–6779. 2383 

Robinson EA, Ryan GD, Newman JA. 2012. A meta-analytical review of the effects of elevated 2384 

CO 2 on plant–arthropod interactions highlights the importance of interacting environmental 2385 

and biological variables. New Phytologist 194: 321–336. 2386 

Rotter MC. 2020. An annotated checklist of the herbivores and seed predators of Mimulus 2387 

guttatus. Journal of Natural History 54: 2675–2685. 2388 

Rushworth CA, Song B-H, Lee C-R, Mitchell-Olds T. 2011. Boechera, a model system for 2389 

ecological genomics. Molecular Ecology 20: 4843–4857. 2390 

Rushworth CA, Wagner MR, Mitchell-Olds T, Anderson JT. 2022. The Boechera model system 2391 

for evolutionary ecology. American Journal of Botany 109: 1939–1961. 2392 

Salehin M, Li B, Tang M, Katz E, Song L, Ecker JR, Kliebenstein DJ, Estelle M. 2019. Auxin-2393 

sensitive Aux/IAA proteins mediate drought tolerance in Arabidopsis by regulating glucosinolate 2394 

levels. Nature Communications 10: 4021. 2395 



 87 

Samis KE, Murren CJ, Bossdorf O, Donohue K, Fenster CB, Malmberg RL, Purugganan MD, 2396 

Stinchcombe JR. 2012. Longitudinal trends in climate drive flowering time clines in North 2397 

American Arabidopsis thaliana. Ecology and Evolution 2: 1162–1180. 2398 

Savolainen O, Pyhäjärvi T, Knürr T. 2007. Gene flow and local adaptation in trees. Annual 2399 

Review of Ecology, Evolution, and Systematics 38: 595–619. 2400 

Scharnagl A, Genung MA, Holeski LM, Kooyers NJ. 2023. Life history and chemical defense 2401 

interact to drive patterns of local adaptation in an annual monkeyflower. Evolution 77: 370–2402 

383. 2403 

Schemske DW, Bradshaw HD. 1999. Pollinator preference and the evolution of floral traits in 2404 

monkeyflowers (Mimulus). Proceedings of the National Academy of Sciences 96: 11910–11915. 2405 

Seager R. 2007. The turn of the century North American drought: Global context, dynamics, and 2406 

past analogs. Journal of Climate 20: 5527–5552. 2407 

Seager R, Ting M, Li C, Naik N, Cook B, Nakamura J, Liu H. 2013. Projections of declining 2408 

surface-water availability for the southwestern United States. Nature Climate Change 3: 482–2409 

486. 2410 

Selby JP, Willis JH. 2018. Major QTL controls adaptation to serpentine soils in Mimulus 2411 

guttatus. Molecular Ecology 27: 5073–5087. 2412 

Seth A, Giannini A, Rojas M, Rauscher SA, Bordoni S, Singh D, Camargo SJ. 2019. Monsoon 2413 

responses to climate changes—connecting past, present and future. Current Climate Change 2414 

Reports 5: 63–79. 2415 

Sharbel TF, Haubold B, Mitchell-Olds T. 2000. Genetic isolation by distance in Arabidopsis 2416 

thaliana : biogeography and postglacial colonization of Europe. Molecular Ecology 9: 2109–2417 

2118. 2418 



 88 

Shaw RG. 2019. From the past to the future: considering the value and limits of evolutionary 2419 

prediction. The American Naturalist 193: 1–10. 2420 

Shaw RG, Etterson JR. 2012. Rapid climate change and the rate of adaptation: insight from 2421 

experimental quantitative genetics. New Phytologist 195: 752–765. 2422 

Sheth SN, Angert AL. 2016. Artificial selection reveals high genetic variation in phenology at the 2423 

trailing edge of a species range. The American Naturalist 187: 182–193. 2424 

Sheth SN, Angert AL. 2018. Demographic compensation does not rescue populations at a 2425 

trailing range edge. Proceedings of the National Academy of Sciences 115: 2413–2418. 2426 

Sianta SA, Moeller DA, Brandvain Y. 2024. The extent of introgression between incipient 2427 

Clarkia species is determined by temporal environmental variation and mating system. 2428 

Proceedings of the National Academy of Sciences 121: e2316008121. 2429 

Siegmund G-F, Moeller DA, Eckhart VM, Geber MA. 2023. Bet hedging is not sufficient to 2430 

explain germination patterns of a winter annual plant. The American Naturalist 202: 767–784. 2431 

Smith AB, Alsdurf J, Knapp M, Baer SG, Johnson LC. 2017. Phenotypic distribution models 2432 

corroborate species distribution models: A shift in the role and prevalence of a dominant prairie 2433 

grass in response to climate change. Global Change Biology 23: 4365–4375. 2434 

Smith MD, Knapp AK. 2003. Dominant species maintain ecosystem function with non-random 2435 

species loss. Ecology Letters 6: 509–517. 2436 

Smith MD, La Pierre KJ, Collins SL, Knapp AK, Gross KL, Barrett JE, Frey SD, Gough L, Miller RJ, 2437 

Morris JT, et al. 2015. Global environmental change and the nature of aboveground net 2438 

primary productivity responses: insights from long-term experiments. Oecologia 177: 935–947. 2439 

Song B, Clauss MJ, Pepper A, Mitchell-Olds T. 2006. Geographic patterns of microsatellite 2440 

variation in Boechera stricta , a close relative of Arabidopsis. Molecular Ecology 15: 357–369. 2441 



 89 

Sork VL, Aitken SN, Dyer RJ, Eckert AJ, Legendre P, Neale DB. 2013. Putting the landscape into 2442 

the genomics of trees: approaches for understanding local adaptation and population 2443 

responses to changing climate. Tree Genetics & Genomes 9: 901–911. 2444 

Stinchcombe JR, Dorn LA, Schmitt J. 2004. Flowering time plasticity in Arabidopsis thaliana: a 2445 

reanalysis of Westerman & Lawrence (1970). Journal of Evolutionary Biology 17: 197–207. 2446 

Sweigart AL, Fishman L, Willis JH. 2006. A simple genetic incompatibility causes hybrid male 2447 

sterility in Mimulus. Genetics 172: 2465–79. 2448 

Talbert LE, Timothy DH, Burns JC, Rawlings JO, Moll RH. 1983. Estimates of genetic parameters 2449 

in switchgrass. Crop Science 23: 725–728. 2450 

Talsma CJ, Bennett KE, Vesselinov VV. 2022. Characterizing drought behavior in the Colorado 2451 

river basin using unsupervised machine learning. Earth and Space Science 9: e2021EA002086. 2452 

Templeton AR, Levin DA. 1979. Evolutionary consequences of seed pools. The American 2453 

Naturalist 114: 232–249. 2454 

Thompson K. 1987. Seeds and seed banks. New Phytologist 106: 23–34. 2455 

Thompson J, Charpentier A, Bouguet G, Charmasson F, Roset S, Buatois B, Vernet P, Gouyon 2456 

P-H. 2013. Evolution of a genetic polymorphism with climate change in a Mediterranean 2457 

landscape. Proceedings of the National Academy of Sciences 110: 2893–2897. 2458 

Tilhou NW, Bonnette J, Boe AR, Fay PA, Fritschi FB, Mitchell RB, Rouquette FM, Wu Y, Jastrow 2459 

JD, Ricketts M, et al. 2024. Genomic prediction of regional-scale performance in switchgrass ( 2460 

Panicum virgatum ) by accounting for genotype-by-environment variation and yield surrogate 2461 

traits (J Holland, Ed.). G3: Genes, Genomes, Genetics 14: jkae159. 2462 

Toledo B, Marcer A, Méndez-Vigo B, Alonso-Blanco C, Picó FX. 2020. An ecological history of 2463 

the relict genetic lineage of Arabidopsis thaliana. Environmental and Experimental Botany 170: 2464 

103800. 2465 



 90 

Tompkins RD, Trapnell DW, Hamrick JL, Stringer WC. 2012. Genetic Variation within and 2466 

among Remnant Big Bluestem ( Andropogon gerardii , Poaceae) Populations in the Carolinas. 2467 

Southeastern Naturalist 11: 455–468. 2468 

Triplett JK, Wang Y, Zhong J, Kellogg EA. 2012. Five nuclear loci resolve the polyploid history of 2469 

switchgrass (Panicum virgatum l.) and relatives. PLoS ONE 7: e38702. 2470 

Troth A, Puzey JR, Kim RS, Willis JH, Kelly JK. 2018. Selective trade-offs maintain alleles 2471 

underpinning complex trait variation in plants. Science 361: 475–478. 2472 

Twyford AD, Streisfeld MA, Lowry DB, Friedman J. 2015. Genomic studies on the nature of 2473 

species: adaptation and speciation in Mimulus. Molecular Ecology 24: 2601–2609. 2474 

Twyford AD, Wong ELY, Friedman J. 2020. Multi-level patterns of genetic structure and 2475 

isolation by distance in the widespread plant Mimulus guttatus. Heredity 125: 227–239. 2476 

Vahsen ML, Blum MJ, Megonigal JP, Emrich SJ, Holmquist JR, Stiller B, Todd-Brown KEO, 2477 

McLachlan JS. 2023. Rapid plant trait evolution can alter coastal wetland resilience to sea level 2478 

rise. Science 379: 393–398. 2479 

Vallejo-Marín M, Friedman J, Twyford AD, Lepais O, Ickert-Bond SM, Streisfeld MA, Yant L, 2480 

van Kleunen M, Rotter MC, Puzey JR. 2021. Population genomic and historical analysis suggests 2481 

a global invasion by bridgehead processes in Mimulus guttatus. Communications Biology 4: 327. 2482 

Vergara IH, Geber MA, Moeller DA, Eckhart VM. 2024. Population histories of variable 2483 

reproductive success and low winter precipitation correlate with risk-averse seed germination 2484 

in a mediterranean-climate winter annual. American Journal of Botany 111: e16412. 2485 

Vickery RK. 1964. Barriers to gene exchange between members of the  Mimulus guttatus 2486 

complex (Scrophulariaceae). Evolution 18: 52–69. 2487 

Vickery RK. 1978. Case studies in the evolution of species complexes in Mimulus. Evolutionary 2488 

Biology 11: 405–507. 2489 



 91 

Vidigal DS, Marques ACSS, Willems LAJ, Buijs G, Méndez-Vigo B, Hilhorst HWM, Bentsink L, 2490 

Picó FX, Alonso-Blanco C. 2016. Altitudinal and climatic associations of seed dormancy and 2491 

flowering traits evidence adaptation of annual life cycle timing in Arabidopsis thaliana. Plant, 2492 

Cell & Environment 39: 1737–1748. 2493 

Vtipil EE, Sheth SN. 2020. A resurrection study reveals limited evolution of phenology in 2494 

response to recent climate change across the geographic range of the scarlet monkeyflower. 2495 

Ecology and Evolution 10: 14165–14177. 2496 

Wadgymar SM, DeMarche ML, Josephs EB, Sheth SN, Anderson JT. 2022. Local adaptation: 2497 

Causal agents of selection and adaptive trait divergence. Annual Review of Ecology, Evolution, 2498 

and Systematics 53: 87–111. 2499 

Wadgymar SM, Ogilvie JE, Inouye DW, Weis AE, Anderson JT. 2018. Phenological responses to 2500 

multiple environmental drivers under climate change: insights from a long-term observational 2501 

study and a manipulative field experiment. New Phytologist 218: 517–529. 2502 

Wagner MR, Lundberg DS, Coleman-Derr D, Tringe SG, Dangl JL, Mitchell-Olds T. 2014. Natural 2503 

soil microbes alter flowering phenology and the intensity of selection on flowering time in a 2504 

wild Arabidopsis relative. Ecology Letters 17: 717–726. 2505 

Wagner MR, Lundberg DS, Del Rio TG, Tringe SG, Dangl JL, Mitchell-Olds T. 2016. Host 2506 

genotype and age shape the leaf and root microbiomes of a wild perennial plant. Nature 2507 

Communications 7: 12151. 2508 

Wang B, Mojica JP, Perera N, Lee C-R, Lovell JT, Sharma A, Adam C, Lipzen A, Barry K, Rokhsar 2509 

DS, et al. 2019. Ancient polymorphisms contribute to genome-wide variation by long-term 2510 

balancing selection and divergent sorting in Boechera stricta. Genome Biology 20: 126. 2511 

Waser NM, Campbell DR, Price MV, Brody AK. 2010. Density-dependent demographic 2512 

responses of a semelparous plant to natural variation in seed rain. Oikos 119: 1929–1935. 2513 

Weaver J. 1954. North American Prairie. Lincoln, Nebraska: Johnsen Publishing Company. 2514 



 92 

Whiting JR, Booker TR, Rougeux C, Lind BM, Singh P, Lu M, Huang K, Whitlock MC, Aitken SN, 2515 

Andrew RL, et al. 2024. The genetic architecture of repeated local adaptation to climate in 2516 

distantly related plants. Nature Ecology & Evolution. 2517 

Wilczek AM, Cooper MD, Korves TM, Schmitt J. 2014. Lagging adaptation to warming climate 2518 

in Arabidopsis thaliana. Proceedings of the National Academy of Sciences 111: 7906–7913. 2519 

Williams AP, Cook BI, Smerdon JE. 2022. Rapid intensification of the emerging southwestern 2520 

North American megadrought in 2020–2021. Nature Climate Change 12: 232–234. 2521 

Williams AP, Cook ER, Smerdon JE, Cook BI, Abatzoglou JT, Bolles K, Baek SH, Badger AM, 2522 

Livneh B. 2020. Large contribution from anthropogenic warming to an emerging North 2523 

American megadrought. Science 368: 314–318. 2524 

Wooliver R, Tittes SB, Sheth SN. 2020. A resurrection study reveals limited evolution of thermal 2525 

performance in response to recent climate change across the geographic range of the scarlet 2526 

monkeyflower. Evolution 74: 1699–1710. 2527 

Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F, Cavender-Bares J, Chapin T, 2528 

Cornelissen JH, Diemer M. 2004. The worldwide leaf economics spectrum. Nature 428: 821. 2529 

Wu CA, Campbell DR. 2007. Leaf physiology reflects environmental differences and cytoplasmic 2530 

background in Ipomopsis (Polemoniaceae) hybrids. American Journal of Botany 94: 1804–1812. 2531 

Wu CA, Lowry DB, Cooley AM, Wright KM, Lee YW, Willis JH. 2008. Mimulus is an emerging 2532 

model system for the integration of ecological and genomic studies. Heredity 100: 220–230. 2533 

Wu C, Powers JM, Hopp DZ, Campbell DR. 2023. Effects of experimental warming on floral 2534 

scent, display and rewards in two subalpine herbs. Annals of Botany: mcad195. 2535 

Yim C, Bellis ES, DeLeo VL, Gamba D, Muscarella R, Lasky JR. 2024. Climate biogeography of 2536 

Arabidopsis thaliana: Linking distribution models and individual variation. Journal of 2537 

Biogeography 51: 560–574. 2538 



 93 

Yuan Y. 2019. Monkeyflowers (Mimulus): new model for plant developmental genetics and evo-2539 

devo. New Phytologist 222: 694–700. 2540 

Zhai D, Zhang L-Y, Li L-Z, Xu Z-G, Liu X-L, Shang G-D, Zhao B, Gao J, Wang F-X, Wang J-W. 2024. 2541 

Reciprocal conversion between annual and polycarpic perennial flowering behavior in the 2542 

Brassicaceae. Cell 187: 3319-3337.e18. 2543 

Zhang Y, Zalapa JE, Jakubowski AR, Price DL, Acharya A, Wei Y, Brummer EC, Kaeppler SM, 2544 

Casler MD. 2011a. Post-glacial evolution of Panicum virgatum: centers of diversity and gene 2545 

pools revealed by SSR markers and cpDNA sequences. Genetica 139: 933–948. 2546 

Zhang Y, Zalapa J, Jakubowski AR, Price DL, Acharya A, Wei Y, Brummer EC, Kaeppler SM, 2547 

Casler MD. 2011b. Natural hybrids and gene flow between upland and lowland switchgrass. 2548 

Crop Science 51: 2626–2641. 2549 

 2550 


