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ABSTRACT 

LINKING GENETIC VARIATION IN PLANT FUNCTIONAL TRAITS TO SOURCE 

CLIMATE IN KEY NATIVE SOUTHWEST RESTORATION SPECIES 

HANNAH LEE 

Identifying intraspecific variation in plant functional traits in relation to source climate is 

the first step towards understanding local adaptation, an ecological concept that can be used to 

guide modern-day restoration decisions such as seed sourcing. Forbs are a historically 

understudied functional group of plants in this area. We implemented a common garden study to 

examine intraspecific variation in a series of plant traits across a group of Southwestern native 

forb species that are commonly used in restoration. The common garden was planted with 10 

species, each species sourced from 8 populations collected from varying climatic locations. Plant 

functional traits related to performance in terms of growth, leaf characteristics, and reproductive 

output were measured over the 2020 growing season. We found that source climate predicted 

intraspecific variation in plant functional traits in some species and traits, but the degree and 

direction of the trait-climate relationship varied by species and by trait. Height showed patterns 

of climate adaptation across six of the nine species. In contrast, leaf N, specific leaf area, leaf dry 

matter content, and seed mass each showed climate adaptiveness for only a small subset of the 

species we examined. These results show that genetic variation of traits is related to climate in 

these species, which has implications for guiding species selection in restoration. 
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Introduction 

Anthropogenic activity, such as wildfires, resource extraction, plant invasions, and loss of 

biodiversity, in addition to climate change threaten vast landscapes in the Intermountain West 

and can render local plant communities less well-adapted to local conditions than before (Iverson 

& Prasad, 2002; Jones & Monaco, 2009). The increasing rate of ecological degradation in this 

region ensures a future demand for restoration and reliance on native plant species, which have 

the potential to maintain biodiversity and maintain critical ecosystem functions (Hobbs & Norton 

1996; Dobson, Bradshaw, & Baker 1997; Bower, St. Clair, & Erickson 2014; Baughman et al., 

2019; Jones 2019). However, many challenges exist in the selection of native plant materials that 

will produce the best outcomes for ecological restoration. Understanding patterns of local 

adaptation in native plant species can help illuminate that picture.  

The concept of local adaptation underlies one strategy for selecting seed material for use 

in restoration, where local or regional seed sources are prioritized (Keller et al. 2000; McKay et 

al. 2005; Johnson et al. 2010; Bucharova et al., 2017). This ‘local is best’ strategy is based on the 

observation that plant species from different populations and regions of origin show genetic and 

phenotypic variation (Turreson 1922; Clausen, Keck, & Hiesey 1948; Antonovics & Bradshaw 

1968; Langlet 1971), and this differentiation often appears to reflect adaptation to local 

environmental conditions such as soil, climate, or biotic interactions (Linhart & Grant 1996; 

Hufford & Mazer 2003; Macel et al. 2007; Raabova, Munzbergova, & Fischer 2007). As a result, 

local populations can be more fit in their home environment than foreign populations, and these 

populations are considered locally adapted (Linhart & Grant 1996; Joshi et al. 2001; Kawecki & 

Hebert 2004). Many studies have demonstrated widespread patterns of local adaptation (Leimu 

& Fischer 2008; Hereford 2009; Hufford & Mazer 2003; Rice & Knapp 2008; Kramer, Larkin, 
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& Fant, 2015; Odour, Leimu & van Kleunen 2016; Baughman 2019). A review conducted by 

Leimu and Fischer (2008) found that local plants outperformed nonlocal ones in 71% of 35 

published experiments, and Hereford (2009) found evidence of local adaptation in 65%-71% of 

studies. A recent review by Baughman et al. (2019) collectively assessed local adaptation studies 

of plants native to the Great Basin region and found evidence of local adaptation in 70% of those 

studies with even greater prevalence (90%) in studies that reported reproductive output. 

Given these demonstrated patterns, it is understandable that the ‘local is best’ position is 

widely advocated in the restoration community, on the premise that local seed will deliver 

superior restoration outcomes compared to nonlocal seed and reduce the risk of restoration 

failure due to maladaptation to local conditions (Lesica & Allendorf 1999; McKay et al. 2005; 

Kramer and Havens 2009). Locally adapted seeds are proposed to have better establishment 

success and growth (Mortlock 2000) and lower the potential for genetic swamping of adjacent 

populations through maladaptive genes and outbreeding depression (Lesica & Allendorf 1999; 

Potts et al. 2003; Hufford & Mazer 2003; Rogers & Montalvo 2004; Gustafson et al. 2005; 

McKay et al. 2005). Using seeds from different origins could also have cascading effects on the 

surrounding ecosystem (Keller, Kollmann & Edwards 1999). Evidence suggests that local seed 

can be important in maintaining a range of biotic interactions (Linhart & Grant 1996; Jones, 

Hayes, & Hamilton 2001; Cunningham et al. 2005). Nonlocal populations may differ in their 

phenology (Prendeville et al. 2013; Quilot-Turion et al. 2013) which could influence plant-

pollinator interactions, seed herbivores, and the predators of those organisms (Elzinga et al. 

2007; Benedek et al. 2015).   

However, the ‘local is best’ paradigm is not universal across species and has been 

opposed for use by some in the restoration community (Broadhurst et al. 2008; Crowe & Parker 
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2008; Hoffman & Sgro 2011; Sgro, Lowe & Hoffman 2011; Jones 2013a, b). Not all populations 

show evidence of local adaptation, and there is some evidence of maladaptation of local 

genotypes to local conditions (Fenster & Galloway 2000; Leimu & Fischer 2008; Bischoff & 

Muller-Scharer 2010; Hancock et al. 2012). Local seeds have the potential to be inbred, 

weakening the genetic diversity within populations and leaving them unable to adapt to climate 

change (Broadhurst et al. 2008; Crowe & Parker 2008; Havens et al. 2015). Furthermore, species 

that perform robustly across many different habitat types (i.e., are not locally adapted) may be 

considered particularly good candidates for restoration. Since seed from a variety of sources may 

be used in restoration projects, species may be included in projects spanning a wide geographic 

range, and the species may be expected to perform well over time in changing or heterogeneous 

environments. 

The question remains whether commonly used restoration species show patterns of local 

adaptation with resulting implications for restoration.  While this question has been examined for 

grasses typically used in restoration (Jones 2019), it is relatively unexamined for forb species. 

Patterns of local adaptation can be examined in common garden experiments, which directly 

compare the performance of populations with different source origins in the same test 

environment (Johnson et al. 2012; St Clair et al. 2005, 2013; Bucharova 2016). Using a common 

garden approach is a way to link intraspecific variation of populations to their source 

environment by quantifying genetically based phenotypic differences among multiple 

populations (Campbell 1986; Rehfeldt 1994; St. Clair et al. 2005; Johnson et al. 2010) and 

analyzing environmental factors as the potential selective agent driving local adaptation (Linhart 

& Grant 1996; Kawecki and Ebert 2004; Miller et al 2011). These experiments typically assess 

only one or few species at once (Bucharova et al. 2016), and most efforts have focused on 
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species with high economic or restoration value such as timber and common grass species 

(Kramer et al. 2015). For most of the native forb species commonly used in restoration in the 

Southwest, we have little to no empirical data that describes their potential local adaptation  

 Plant functional traits can be used as a framework to characterize patterns of local 

adaptation across climate gradients. Plant functional traits are distinctive strategies that manifest 

as adaptations to local habitats and environmental conditions (Westoby 1998; Wright 2004; 

Reich 2014), and the relationship between climate and some traits is well established (Wright et 

al. 2014). Functional traits are related to important plant processes such as establishment, 

survival, and fitness (Reich et al. 2003), and have been used to predict a wide variety of 

ecosystem functions (Reich 2012). Determining the environmental scale of potentially adaptive 

traits can guide restoration practices to promote genetic diversity and healthy ecosystem function 

over large geographic areas (Johnson et al. 2014). The worldwide leaf economic spectrum (LES) 

describes the relationship between environment and leaf traits, as well as the trade-offs between 

leaf structure and function (Wright et al. 2004). Specific leaf area (SLA), leaf dry matter content 

(LDMC), and leaf nitrogen content (leaf N) are some of the inter-correlated leaf traits on the LES 

that represent a fast-slow continuum between growth rate and resource conservation across 

species (Wright et al. 2004), with slow resource-processing species expected in more stressful 

conditions (Diaz et al. 2004; Wright et al. 2004). SLA and leaf N are indicators of relative 

growth rate, photosynthetic capacity, and competitive ability (Reich et al. 1997; Westoby 1998; 

Westoby et al. 2002), while LDMC is linked to the ability of plants to acquire resources (Wilson, 

Thompson, & Hodgon 1999; Yang et al. 2018). LDMC is an indicator for resource use strategy 

and is strongly correlated with nutrient availability and relative growth rate (Wilson, Thompson, 

& Hodgson 1999; Weiher et al. 1999; Garnier et al. 2004). At the ecosystem level, SLA and leaf 
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N may be linked to key ecosystem processes such as primary productivity and nutrient cycling 

(Reich et al. 1992; Cornelissen et al. 1999; Reichstein et al. 2014). Beyond leaf-based traits, 

plant height is an important trait that is a major determinant of a species’ ability to compete for 

light and is strongly correlated to life span and seed production (Falster & Westoby 2005; Moles 

et al. 2009). Seed mass is another key functional trait that represents a species’ ability to compete 

and cope with environmental stress and is an indicator of longevity, dispersal ability, and 

successful establishment (Leishman & Westoby 1998; Moles & Westoby 2004; Moles et al. 

2005). These functional traits can be assessed in common gardens where variation in traits in 

relation to climate can be determined. Identifying consistent and strong trait-environment 

relationships can help identify the strength and nature of local adaptation within species and has 

practical applications for establishing seed transfer zones (Bower et al. 2014). Despite a vast 

body of research on functional traits, we have no overview of how trait patterns vary as a 

function of climate across forbs commonly used in restoration in the Southwest.   

The objective of this study was to examine the variation in functional traits for potential 

evidence of local adaptation to climate in key restoration species in the US Southwest. We used a 

common garden approach with ten common native forb species that were sourced from a range 

of climates across the southwestern US, the first such study to examine these species. We 

examined the following question: to what extent is the intraspecific trait variation in these 

common restoration species a function of source population climate? Our goal was to describe 

patterns across multiple key Southwest restoration species simultaneously, and to explore the 

implications of those patterns for trait-environment relationships, local adaptation, and the 

development of seed source guidelines for native Southwestern restoration forb species.  
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Methods 

Experimental design and study site 

Ten common perennial forb species native to the Intermountain West were selected for 

the study based on their abundance, variety of flowering phenologies and morphologies, and 

appeal to restoration professionals (Table 1). Seeds were collected in 2018 from at least eight 

locations for each species across a broad range of environments and elevations in the Southwest 

(AZ, NM, NV, CO, UT, CA) (Table 1 and Fig 1). The seeds were germinated and grown using 

3.8cm diameter x 10cm depth, 120 ml peat pellet plugs (Stuewe and Sons) in a greenhouse 

beginning in January 2019. In spring 2019, seedlings were hardened outside for two weeks, 

before out-planting into the common garden setting in May. After growing to flowering in the 

garden, it was discovered that Gaillardia populations 3 and 6 were the incorrect Gaillardia 

species (G. pulchella instead of G. pinnatifida) and so those populations were not included in 

analysis. Linum lewisii’s higher mortality in the garden, along with an earlier spring phenology 

that was not appropriately captured in data collection, led to fewer samples being collected for 

the species overall. Therefore, only five populations of Linum were analyzed for leaf trait data, 

and plant performance (growth) data was not collected for any populations of Linum.  

 The common garden is in the Tonto National Forest, Sierra Ancha Experimental 

Research Station, which is located at 5,200 feet elevation in oak woodland and chaparral (Table 

1 and Fig 1). Prior to garden setup, the site was cleared of all standing vegetation with chainsaws 

and brush cutters, with all biomass removed from the site. The experiment was set up as a fully 

Randomized Complete Block Design, with six blocks established across the site. Each block 

contained 80 1.3m x 1.6m plots that were planted with all eight populations of each of the 10 

species (for a total N = 480 plots in the garden). Each plot was planted with six individual plants; 
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the six individuals within a plot were treated as observational replicates in order to produce one 

average observation for each plot.  

Performance and trait measurements  

Plant height and cover data were collected in all plots in three blocks in June, August, and 

September 2020. Total percent cover within a plot was visually estimated using an 82x50 cm 

quadrat, making sure to only include the six original plants and exclude any new seedling 

recruits in the measure. In addition to cover, maximum height (cm) of each individual plant in 

the plot was recorded. The maximum heights of individuals were averaged to produce an average 

height for each plot. Percent cover was multiplied by average height as an estimate of plot-level 

aboveground biomass.  

 Leaf samples were collected in June 2020 from at least three blocks for each species and 

population with a minimum of 13 total leaf samples collected for each species. Within each leaf 

sample, 15 or 30 leaves were harvested from the plot with more leaves harvested for species with 

smaller and thinner leaves. Leaves were clipped from the south-facing side of every individual in 

the plot. Damaged or senesced leaves were avoided. Leaf samples were immediately sealed into 

plastic bags with damp paper towels and maintained in the dark at 5 °C for a maximum of three 

days before analysis. 

 Fresh leaf samples were weighed to the nearest milligram. All samples were then dried in 

an oven at 60 °C for 48 hours and weighed again. Plot averages for fresh mass and dry mass 

were calculated by dividing the total weight by the number of leaves in the sample. Leaf area 

was calculated using scanned images of fresh leaf samples in the program ImageJ 1.53a 

(Schneider, Rasband, & Eliceiri 2012). Images were converted to 8-bit resolution, and color 

settings were established using the automatic threshold setting. For each sample, average specific 
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leaf area (SLA) (mm2/mg) was calculated by dividing the plot average leaf area by the average 

dry mass per sample. LDMC (mg/g) was calculated for each sample as the ratio of leaf dry mass 

to fresh mass.  

The same leaf samples that were used to determine SLA were analyzed for mass-based 

leaf N (%). Samples were ground to a fine powder at 20 Hz for 30 seconds using a ball-mill 

grinder (model MM200, Retsch; Haan, Germany). The ground samples were then dried again at 

60 °C for 48 hours. Samples were weighed out to 3 mg ± 0.125 mg and packed into tin capsules. 

The CPSIL lab at Northern Arizona University analyzed these samples for C and N 

concentration using a Thermo-Electron Delta V Advantage IRMS configured through a Finnigan 

CONFLO III for automated continuous-flow analysis %N using a Carlo Erba NC2100 elemental 

analyzer (CE Elantech, Lakewood, New Jersey, USA). 

 Not all species and populations were represented in seed mass data due to a lack of 

seeding plots during Summer and Fall 2020. For the five species with most populations 

represented in seed collections, samples were processed from four populations represented by the 

low and high end of their elevation distribution to capture the most environmental difference in 

subsequent analysis. Seeds were collected from any plots with seeding plants across the garden 

throughout the summer and fall of 2020. When possible, 20 seed heads were collected from 

across all individuals in the plot. Seeds were then oven-dried at 60 degrees C for 48 hours. To 

calculate seed mass (mg), a subset was first taken from the entire sample and cleaned of any 

large chaff. From this subset, 100 seeds were counted out, keeping the pappus attached to the 

seed for species with that floral part. Those 100 seeds were weighed in milligrams, and average 

seed mass was calculated by dividing the total weight by 100.  

Climate Analysis 
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For each source population and the garden site, 19 climatic variables were extracted from 

the WorldClim database version 2 (Fick and Hijmans, 2017) for the 30-year average between 

1970-2000 (Table 2).  These variables were calculated from monthly temperature and rainfall 

values and include annual trends such as mean annual temperature and precipitation. Additional 

derived variables include seasonality and extreme environmental factors, such as precipitation of 

the driest month and minimum temperature of the coldest month. We then used principal 

component analysis (PCA) with the R function prcomp (Core Team 2020) to reduce the 

dimensionality of the climate variables. We included all 80 provenances (10 species with 8 

populations from each species) together in a single PCA so that the resulting dimensions capture 

broad Southwestern climatic patterns, reflecting the conditions across which these species occur 

and representing the general environmental variability encountered by Southwestern forbs. For 

subsequent modeling, we used the first three principal components derived from the PCA, which 

together accounted for 80% of the total variability in climate data (Table 2). The climatic 

location of the garden in terms of each PC was calculated by using the same PCA above to 

obtain garden loadings for PC1, PC2, and PC3. Those three loadings were plotted as vertical 

lines on graphs to represent the climatic location of the garden to visualize how species 

responded relative to the garden location.  

Statistical Analysis 

Because plant performance was measured across the growing season, we first used a 

mixed effects model for all species across all three measurement time points (June, August, 

September) for plant performance data (cover, height, biomass) to determine which time point 

best captured peak phenology of growth. Pairwise contrasts were computed for estimated 

marginal means of species performance between months using the emmeans software package in 
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R (R Core Team 2020; Lenth 2020). June was shown to have the highest response in cover, 

height, and biomass across all species, and therefore, was the time point used in subsequent 

analyses. Leaf samples came from two collections made in early June and were analyzed for 

SLA, LDMC, and leaf N. Linum was only examined for plant traits as performance data was not 

collected due to its peak phenology not being captured in data collection (i.e., it was already 

senesced by early June). Seed mass was analyzed for five species: Dieteria, Gaillardia, 

Heliomeris, Heterotheca, and Senecio. Four populations for each species that represented the low 

and high ends of their elevational distribution were analyzed. Normality of response variables 

were evaluated for each species separately using Shapiro-Wilk’s tests. We improved normality 

and reduced heteroscedasticity of the data by log-transforming response variables for species 

where appropriate.   

 We then examined the role of source climate in predicting plant performance and traits. 

For this analysis, plant performance metrics and traits were examined as a function of the first 

three climate PCs, with PC1, 2, and 3 as fixed effects and block as a random effect in each 

GLMM. Separate models were run for each species. A model-building approach was used to 

determine if the addition of PC3 improved the predictive power of the climate variables beyond 

PC1 and PC2. Model comparison was achieved using p-values generated from a likelihood-ratio 

test to determine if the addition of PC3 was significant with a cutoff at p=0.05. Within the 

preferred model, statistical significance of each PC fixed effect was calculated using an F-test 

with Satterthwaite-approximated degrees of freedom in the R package lmerTest (Kuznetsova, 

Brockhoff, & Christensen 2017). Statistically significant PCs within the chosen model were 

noted for every species and response metric along with marginal and conditional R2 values of the 

chosen model (Table 3). 
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Results 

Climate PCA 

 Climatic variables across all 80 provenances could be effectively summarized by the first 

three PCs in the PCA, which all together explained 80% of the climatic variation between 

provenances (Table 2 for PCA loadings). The first principal component axis (PC1) was strongly 

associated with elevation, temperature, and precipitation variables; a low PC1 score correlated 

with lower elevations, lower precipitation, and higher temperatures. Therefore, a low PC1 score 

reflected a hot and arid environment and a high PC1 score reflected a cooler and wetter 

environment. The second principal component axis (PC2) was strongly associated with latitude, 

seasonality, and precipitation extremes, suggesting a climate space that reflects monsoonal 

precipitation patterns. A high PC2 score represented lower latitudes, less seasonal temperature 

variation, warmer winters, higher seasonal precipitation variation, and higher precipitation 

during the wettest months, suggesting environments that undergo a more pronounced monsoon 

season. Therefore, a low PC2 represents a more northern latitudinal environment with weaker 

monsoonal precipitation patterns, and a high PC2 score represents more southern latitudes that 

undergo a stronger monsoonal season. The third principal component axis (PC3) was strongly 

associated with longitude, precipitation in the coldest month, and temperature range: a low PC3 

value reflected environments with warmer and drier winters and a high PC3 value reflected 

environments with cooler and wetter winters. The garden environment has high scores for all 3 

PC axes indicating it is wetter and cooler in terms of PC1, experiences a heavy monsoon season 

and is on the southern end of latitudinal range for PC2, and experiences a wetter and cooler 

winter in terms of PC3.   

Cover 
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PC1 significantly predicted variation in plant cover for Asclepias (p=0.02), Heliomeris 

(p=0.01), and Senecio (p=0.008) but with varying slope directions (Fig 2). The negative slopes of 

plant cover for Senecio and Asclepias indicated that hotter, drier populations had higher percent 

cover at this garden site compared to cooler, wetter populations. In contrast, the positive plant 

cover slope of Heliomeris indicated the opposite, with cooler, wetter provenances having higher 

percent cover. Percent cover was positively correlated with PC2 for Dieteria (p=0.07), 

Gaillardia (p=0.05), and Gutierrezia (p=0.009), with populations from more southern, 

monsoonal locations having higher percent cover compared to populations from more northern 

locations with less monsoonal precipitation pattern. For Heterotheca, PC3 was significantly and 

negatively correlated with percent cover (p=0.007) indicating that provenances with colder and 

wetter winters had lower percent cover compared to those populations from locations with 

warmer and drier winters. For the other species (Brickellia, Ericameria), PC axes did not predict 

variation in cover.  

Height 

 For height, PC1 was a significant predictor in many species: Ericameria (p=0.005), 

Gaillardia (p=0.0002), Gutierrezia (p=0.07), Heterotheca (p=0.002), and Senecio (p=0.02) (Fig 

3). The negative PC1 slope across all these species suggested that provenances similar to the 

garden (cooler and wetter) generally grew smaller than those moved from hotter and drier 

climates. PC2 was additionally significant for Gaillardia (p=0.04), Gutierrezia (p=0.0005), and 

Heterotheca(p=0.01). PC2 was the only significant predictor for Dieteria (p=0.009). PC2 slopes 

were positive indicating that populations with similar latitude and monsoonal patterns as the 

garden had taller heights than climatically distant provenances. PC3 was only significant in 

explaining height for Heterotheca (p=0.002) with a negative slope indicating provenances with 
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cooler and wetter winters had shorter heights. The remaining species did not show a significant 

relationship between provenance climate and height: Asclepias, Brickellia, and Heliomeris.  

Biomass 

PC1 negatively predicted biomass for five species, where hotter and drier provenances 

produced less biomass than cooler and wetter distant climates in Asclepias (p=0.06), Ericameria 

(p=0.07), Gaillardia (p=0.01), Heterotheca (p=0.04), and Senecio (p=0.01) (Fig 4). PC2 

positively predicted biomass for Dieteria (p=0.09), Gaillardia (p=0.02), Gutierrezia (p=0.003), 

Heterotheca (p=0.04), and Senecio (p=0.08), suggesting that monsoonal provenances tended to 

have larger biomass. PC3 was, once again, only significant for Heterotheca (p=0.002) where 

provenances with colder and wetter winters produced less biomass than distant provenances. For 

the other species (Brickellia, Heliomeris), biomass was not predicted by provenance climate.  

SLA 

Leaf traits were less consistently predicted by climate PC variables. PC1 positively 

predicted SLA for Dieteria (p=0.02), Gutierrezia (p=1.27e-6), and Heterotheca (p=0.01), where 

populations with cooler and wetter source climates tended to have higher SLA (Fig 5). PC2 was 

an additional significant effect for Dieteria (p=0.01) with a negative slope suggesting that 

provenances from more northern latitudes with less monsoonal precipitation produced leaves 

with higher SLA. PC3 was a positive significant predictor for Asclepias (p=0.05), indicating that 

populations with cooler and wetter winters produced higher SLA. The remaining species did not 

show a significant relationship between SLA and PC axes: Brickellia, Ericameria, Gaillardia, 

Heliomeris, Linum, and Senecio. 

LDMC 



14 

 

LDMC was significantly predicted by provenance climate for three species (Fig 6). PC1 

was significant positive predictor of LDMC for Brickelia (p=0.02) and Linum (p=0.04), 

indicating cooler and wetter provenances had higher LDMC values (Fig 5). PC2 negatively 

predicted LDMC for Asclepias (p=0.03) and Brickelia (p=0.04), indicating more monsoonal 

provenances produced leaves with lower LDMC content. For all other species (Dieteria, 

Ericameria, Gaillardia, Gutierrezia, Heliomeris, Heterotheca, Senecio), PCs did not 

significantly predict variation in LDMC.   

Leaf N 

 Only three species showed significant relationships between PC predictors and leaf N 

(Fig 7). PC1 was a significant predictor for leaf N in Ericameria (p=0.06) where cooler and 

wetter populations had higher leaf N. PC2 weakly negatively predicted Leaf N for Heliomeris 

(p=0.10) and Heterotheca (p=0.07), indicating that more monsoonal and southern latitude 

provenances had lower Leaf N content. Additionally, PC3 significantly positively predicted Leaf 

N in Heterotheca (p=0.04) suggesting that provenances with cooler and wetter winters had 

higher Leaf N content. Leaf N for the remaining species was not significantly predicted by 

provenance climate: Asclepias, Brickellia, Dieteria, Gaillardia, Gutierrezia, Linum, and Senecio.  

Seed mass 

Four out of the five species analyzed for seed weight showed a significant relationship to 

PC climate axes (Fig 8). PC1 was a significant predictor for seed weight in Dieteria (p=0.03) and 

Heterotheca (p=0.003) but with differing slopes. Dieteria had a positive PC1 slope indicating 

that wetter and cooler populations had higher seed mass, while Heterotheca’s negative slope 

suggests that hotter and drier populations had higher seed mass. PC2 significantly predicted seed 
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mass in Heliomeris (p=0.03) and Heterotheca (p=0.001) with opposite slopes. More monsoonal 

populations of Heliomeris had lower seed mass while more monsoonal populations of 

Heterotheca had higher seed mass. PC3 significantly predicted seed mass in Dieteria (p=0.004), 

Heterotheca (p=0.001), and Senecio (p=0.051). Heterotheca and Senecio both have negative PC3 

slopes suggesting that populations with drier and warmer winters had higher seed mass, whereas 

Dieteria’s positive slope suggests that cooler and wetter provenances had higher seed mass. For 

Gaillardia, seed mass was not predicted by PCs.  
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Discussion 

Assessing how plant functional traits vary across climate sources in a common garden is 

useful in determining whether the trait may be of adaptive importance (Johnson 2004) and has 

implications for restoration such as informing seed sourcing guidelines (Hufford & Mazer 2003). 

In this assessment of a broad group of forbs and shrubs commonly used in restoration, we found 

that for most performance and leaf-based traits, plants from more xeric conditions were found 

along the “slow” end of the leaf economic spectrum (low SLA and leaf N) but had higher 

performance (more biomass and taller) than plants from wetter and cooler locales. There were 

exceptions, however, suggesting that the directional selection on traits can vary by species and 

by trait, and this variability may be influenced by diverse biotic and abiotic factors that structure 

intraspecific variation uniquely for a single species.  

Height 

Plant height is one of the most fundamental functional plant traits (Westoby 1998) and 

plays a central role in a plant’s ecological strategy. It has been linked to important life-history 

strategies such as ability to capture light and seed production (Falster and Westoby 2005; Moles 

& Leishman 2008; Moles et al. 2009), and it is related to critical ecosystem components such as 

animal diversity and carbon storage capacity (MacArthur 1964; Recher 1969).  

Out of all performance and trait metrics we measured, plant height was the most strongly 

responsive to provenance climate across all species, which suggests that height may be under 

stronger environmental control than any of the other traits studied here (Moles 2009; Albert et al. 

2010; Vila-Cabrera; Martinez-Vilalta; and Retana 2015). Six of the nine species analyzed for 

performance showed significant intraspecific variation in height predicted by one or more PCs 

(Dieteria, Ericameria, Gaillardia, Gutierrezia, Heterotheca, and Senecio). This is consistent 
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with literature that points to height as a trait adapted to climatic gradients (Moles et al. 2009).  

However, our results show that provenances from hotter and drier climates had taller heights 

than populations from cooler and wetter provenances for five of the six species, with Dieteria 

being the exception (Fig 3). This result contrasts with other studies that have shown both 

increasing plant height with increasing annual precipitation (Moles et al. 2009) and decreasing 

plant heights with low moisture availability and high temperatures (Moles et al. 2009; Madani et 

al. 2017). Our unexpected results could be explained by the fact that one of the primary drivers 

of climate in the first principal component was elevation – that is, cooler and wetter populations 

in terms of PC1 also came from higher elevations. Increasing elevation has been associated with 

environmental factors such as reduction in mean temperature, shorter growing season, and 

decrease in nutrient availability (Billings 1974; Korner 2003), shaping plants to respond to these 

selective pressures by allocating more biomass to underground and reproductive structures but 

reducing their overall size (Korner and Renhardt 1987; Fabbro and Korner 2004). Although 

speculative because this study was not designed to detect phenotypic plasticity, another possible 

explanation for these unexpected results could be that the populations from xeric conditions may 

have been released from the more extreme environmental constrictions that define their source 

climates and responded to an environment with higher soil moisture availability (Sultan and 

Bazzaz 1993; Alpert and Simms 2002; Eckhart et al. 2004; Matesanz and Valladres 2014).  

The positive relationship between PC2 and height suggests that provenances with a 

stronger monsoonal precipitation pattern from lower latitudes, an environment similar to the 

garden, were taller (Fig 3). This could be potential evidence of local adaptation. In dryland 

ecosystems, precipitation has been shown to be an important driver of ecosystem function and 

phenology (Beatley 1974; Abd E-Ghani 1997; Penuelas et al 2004) and is the dominant limiting 
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factor that influences species’ composition and productivity (MacMahon & Wagner 1985; 

McClaran & Van Devender 1995). In particular, seasonality of precipitation in the form of 

summer monsoonal rains has been shown to be a strong predictor of phenological, physiological, 

and functional trait variation in dryland vegetation communities (Ehlreinger et al. 1991; 

Comstock and Ehlringer 1992; Crimmins et al. 2011; Baughman 2019). In the southwestern 

USA, monsoon season follows a hot and arid early summer period, during which there is often a 

decrease in flowering activity (Crimmins et al. 2011). Plants will then rapidly respond to the 

initiation of the onset of monsoon rainfall (Crimmins et al. 2011). The results of this study offer 

up possible evidence of local adaptation in these Southwestern forb species to monsoonal 

precipitation patterns for height. This result is consistent with at least one study examining global 

drylands that found precipitation seasonality to be the main climatic driver of maximum plant 

height (Bagousse-Pinguet et al. 2017).  

However, there have been an increasing number of studies showing that winter 

precipitation is the primary driver of plant productivity across North American warm deserts 

(Reynolds et al. 2014), especially for woody plant species (Snyder et al. 2004). This might 

explain why the same relationship between height and precipitation seasonality did not hold for 

Ericameria, the species that falls most neatly into the shrub category out of all species in this 

study. Provenances of Ericameria from more northern latitudes with less monsoonal 

precipitation patterns had taller heights. Previous studies in Great Basin and Colorado Plateau 

sites have indicated that adult E. nauseosa plants do not uptake summer precipitation (Donovan 

and Ehleringer 1994; Gebauer et al. 2002) and rely more on cold season rain for growth. 

Ericameria, and the other woody species in these studies, are predominantly found outside or 

peripheral to the North American Monsoon System’s zone of influence (Schwinning et al. 2004), 
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suggesting that Ericameria populations may not be linked to monsoonal weather patterns as a 

function of its widespread geographic range and that response to precipitation seasonality can 

differ among different plant functional types (Reynolds 2004).   

It is also possible that the unexpected result of more xeric populations (indicated by both 

PC1 and PC2) growing taller could be due to the local climatic conditions of the garden during 

the time frame of this study. The climate variables of the garden used in the analysis were 

extracted from the WorldClim (Fick and Hijmans, 2017) that are based on 30-year averages. 

Historically, the garden generally lies on the cooler and moister end of the climatic gradient 

compared to the source climates of the study species. However, the garden site experienced more 

drought-like conditions during the years 2019 and 2020, which encompasses the first two 

growing seasons for the experiment and when data was collected for this study. The more xeric 

conditions experienced by the plants could then be underlying the unexpected pattern seen in 

performance: hotter and drier populations performed better than cooler and wetter populations 

because they were better adapted to the actual xeric conditions experienced in the garden.  

SLA 

Specific leaf area plays an important role in determining plant productivity (Madani et al. 

2017) and has been identified as one of the key traits on the leaf economic spectrum (LES) 

(Wright et al. 2004). The LES has been widely adopted as a global indicator of plants’ trade-offs 

between growth rate and resource conservation (Reich et al. 1997; Wright et al. 2004) and runs 

from species with quick returns on investments of nutrients and dry mass on one end (high SLA), 

to species with a slower potential rate of return in terms of carbon assimilation on the other (low 

SLA) (Wright et al. 2005). For those species in this study that showed intraspecific variation in 

SLA (Asclepias, Dieteria, Gutierrezia, and Heterotheca), the differentiation among populations 
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in relation to climate gradients suggests that climatic factors are acting as a selective force on this 

key leaf trait.  PC1, which represents how hot and dry provenances are, was the most significant 

predictor for SLA (Fig 5). The significant positive slope for three species (Dieteria, Gutierrezia, 

and Heterotheca) meant that populations from hotter and drier climates had leaves with lower 

SLA which is consistent with the broad convergent patterns found across species and biomes 

(Wright et al. 2004). Species in warmer and drier regions, where water rather than photosynthetic 

capacity may limit growth, tend to have leaves with low SLA values (smaller and thicker) as an 

adaptation to reduce water loss and costs of leaf replacement (Maron et al. 2007). In addition, 

PC2 was a significant predictor for SLA for Dieteria, where more northern latitudes with less 

monsoonal precipitation patterns had leaves with higher SLA (Fig 5). This positive association 

between latitude and SLA has commonly been documented in previous studies, reflecting 

potential adaptation to latitudinal changes in temperature, precipitation, and light availability 

(Poorter et al. 2009; Frenne et al. 2013; Gong & Gao 2019). Overall, the pattern of variation we 

observed in SLA by source climate was substantiated by previous studies examining modulation 

of SLA by climate. Interestingly, however, only three of the ten species showed a strong 

association between SLA and climate (p<0.05). The somewhat weak association between SLA 

and source climate across all species seems to be in line with other studies that find climate alone 

does not explain variation in SLA. Rather, climate in conjunction with other biotic and abiotic 

factors such as soil fertility (Poorter and De Jong 1999; Garnier et al. 2004) more strongly 

predicts variation in SLA across species (Poorter and De Jong 1999; Garnier et al. 2004).  

LDMC 

Leaf dry-matter content (LDMC) is the ratio of leaf dry mass to fresh mass and is 

considered a robust trait (Roche, Diaz-Burlinson & Gachet 2004). LDMC is used as an indicator 
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for resource use strategy and has been shown to be strongly correlated with carbon assimilation, 

nutrient availability, and relative growth rate (Wilson, Thompson, & Hodgson 1999; Weiher et 

al. 1999; Garnier et al. 2004). It tends to scale with 1/SLA and is also found on the leaf economic 

spectrum, although the two traits may not capture the same exact functions (Cornelissen et al. 

2003; Diaz et al. 2004). High LDMC and low SLA are related to high investment in structural 

tissues as a conservative resource-use strategy in dry and stressful environments, whereas low 

LDMC and high SLA are related to rapid foliar turnover and higher growth rates and are linked 

to high-fertility environments (Wright et al. 2004). LDMC is usually negatively correlated with 

relative growth rate (Weiher et al. 1999).     

Only three species showed significant intraspecific variation for LDMC relative to 

climate (Fig 6). Cooler and wetter provenances of Brickellia and Linum had higher LDMC 

values, and more northern latitudinal and less monsoonal populations of Brickellia and Asclepias 

had higher values of LDMC, with the remaining species showing no significant pattern of 

variation in LDMC with climate. This finding is not consistent with expectations and previous 

studies that have shown LDMC to increase with hotter and arid climates (Meng et al. 2015), 

which is a key adaptation that allows leaves to maintain hydration at low water potentials that 

manifest under drought conditions (Bartlett et al. 2012). However, there are other studies that 

have also shown similar unexpected results in LDMC decreasing with higher temperatures 

(Albert et al. 2010; Meng et al. 2015; Gong et al. 2020). The positive relationship between 

LDMC and latitude corroborates the findings of Zhang et al. (2019) and Gong et al. (2020) that 

examine plant trait variation along a latitudinal gradient in China and show significant increase 

in LDMC with increasing latitude. However, in our collection sites the southern latitudes 

generally represented more arid and environmentally stressed environments, while the northern 
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latitudes represented cooler and less water-limited sites. In contrast, the latitudinal gradient used 

in Gong et al. (2020) encompassed sites in Northeastern China at higher latitudes, where the 

more northern latitude sites represented higher environmental stress.  

Another possible explanation for the unexpected relationship between LDMC and climate 

in Asclepias, Brickellia, and Linum could be that these species are displaying phenotypic 

plasticity in regard to this plant functional trait. In other words, the apparent absence of local 

advantage may not be due to a lack of relatively good performance in its indigenous habitat, but 

more so the ecotype from an unfavorable environment performing well in more favorable 

environments (Volis 2009). In this case, Asclepias, Brickellia, and Linum populations from more 

xeric conditions perhaps demonstrated phenotypic plasticity by decreasing the need to uptake 

water and nutrients when moved to a wetter and cooler garden, compared to the more local 

populations. The overall lack of a significant response of LDMC to climate across species in this 

study is consistent with previous research that showed intraspecific variation in LDMC occurring 

at a finer spatial scale, such as with soil heterogeneity or biotic factors like competition, rather 

than between different locations along strong abiotic gradients (Albert et al. 2010; Jung et al. 

2013; Kichenin et al. 2013).  

Leaf N 

Leaf nitrogen (leaf N) plays a crucial role in ecosystem function (Chapin et al. 2002; 

Sterner and Elser 2002) and is linked to plant productivity and litter decomposition (Field and 

Mooney 1986; Vitousek 2004; LeBauer and Treseder 2008). Nitrogen is a key element for a 

variety of metabolic functions in plants and tightly linked to their photosynthetic capacity 

(Cornelissen et al. 2003). It has commonly been studied along environmental gradients, but there 

remains to be a clear consensus in the literature on how leaf N varies in relation to broad climatic 
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gradients (Rich and Oleksyn 2004). Similarly, in this study, there was no strong signal of leaf N 

differentiation to provenance climates for most of the species (Fig 7). Only Ericameria, 

Heliomeris, and Heterotheca showed a response (p<0.09) (Table 3). This lack of a strong 

relationship between leaf N and climate across species in this study is consistent with previous 

research showing climate only having a modest effect on leaf N when compared to other leaf 

traits, such as SLA (Wright et al. 2005b; Reich et al. 2007). For example, He et al. (2014) 

examined different life forms of desert flora along an aridity gradient in a temperate desert of 

China and did not find a strong relationship between leaf N and climate (MAT or MAP) but did 

ascribe variations in leaf nutrients to soil P levels. A global quantification of the relationship 

between leaf traits, climate, and soil nutrient fertility by Ordonez et al. (2009) found that leaf N 

was more tightly linked to soil nutrient status than climate. Other studies have shown great 

variation in leaf N over small environmental ranges, suggesting leaf N might be highly variable 

in relationship to multiple environmental factors, such as soil, above-ground biomass, and stand 

density (Chen et al. 2011; Kichenin et al. 2013; Vila-Cabrera, Martinez-Vailalta, & Retana 2015; 

Boonman et al. 2020). In desert plants, especially, relationships between leaf N and mean annual 

climate parameters can be obscured since leaf N can fluctuate greatly in time because of seasonal 

climate variation found in desert ecosystems (He et al. 2014).  

Despite studies that indicate climate alone may play a less prominent role in mediating 

leaf N compared to other factors or combinations of factors, there have nonetheless been global 

and regional studies that relate broad climatic factors to variations in leaf N. On a global scale, 

leaf N has been shown to decrease with increasing MAT and equatorial latitudes and plateau or 

decrease at the highest latitudes with coldest temperatures (Reich and Oleksyn 2004). Regional 

studies have similarly shown Leaf N to increase in cooler temperatures, such as alpine 
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herbaceous plant species having increased leaf N in colder habitats (Chapin & Oechel 1983; 

Korner 1999). The same pattern has held in studies examining leaf N variation at the 

intraspecific level, with populations from colder habitats often having greater leaf N than 

populations from warmer sites (Chapin & Oechel 1983; Reich, Oleksyn, & Tjoelker 1996; 

Oleksyn et al. 1998; Oleksyn et al. 2002; Albert et al. 2010).  

Our results, though the relationships are not very strong, support these conclusions. 

Higher leaf N concentrations were found in cooler and wetter provenances of Ericameria (PC1), 

higher latitudinal and less monsoonal provenances of Heliomeris and Heterotheca (PC2), and 

provenances with cooler and wetter winters for Heterotheca (PC3) (Fig 7). Leaf N is often linked 

with other leaf traits on the LES, so it is expected that acquisitive traits such as thinner leaves 

(high SLA), coordinated with high N concentrations, would be adapted to cooler and wetter 

conditions (Wright et al. 2004). Further, leaf N might decline with warmer temperatures because 

there is a decline in N demand to achieve a given level of photosynthetic activity as temperature 

increases (Reich and Oleksyn 2004). 

Seed mass 

Seed mass influences many different life-history stages in plants and is a reasonable 

indicator of plant longevity, dispersal ability, and successful establishment (Leishman & 

Westoby 1998). Seed mass is another key functional trait for coping with environmental stress as 

it links plant regeneration, vegetative growth, and survival (Harel et al. 2011). Studies have 

shown that smaller seeded species have high annual seed output, but shorter life spans and low 

rates of survival in the early stages of establishment (Moles & Westoby 2004; Moles et al. 2004). 

Larger seeds have several advantages over small-seeded species in resource-limited 

environments (Wright & Westoby 1999), such as better establishment when in competition with 
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neighbors (Leishman & Westoby 1994; Burke & Grime 1996) and higher seedling survival rates 

(Westoby et al. 2002), especially under dry conditions (Baker 1972). 

 In this study, Dieteria, Heterotheca, Heliomeris, and Senecio showed significant 

intraspecific variation in seed mass in relation to provenance climate, but with varying slope 

directions for all three PCs (Fig 8). Southern Heterotheca populations from hotter and drier sites 

that experience heavier monsoons had higher seed mass than cooler and wetter provenances from 

more northern latitudes, which is an expected response based on ecological theory that predicts 

seed mass to increase with increasing climatic aridity (Cohen 1966; Baker 1972; Venable & 

Brown 1988) and from within-species studies reporting a tendency for larger seeds in drier 

habitats (Schimpf 1977; Sorenson and Miles 1978; Stromberg and Pattern 1990). Larger reserves 

found in larger seeds can act as a mechanism of drought resistance by buffering against poor 

environmental conditions and facilitate rapid seedling root growth in nutrient poor or low soil 

moisture conditions (Leishman & Westoby 1994). Therefore, large-seeded species are often 

more common in stressful and arid environments where resources are limited or used up rapidly 

(Wright & Westoby 1999; Eriksson, Friis, & Lofgren 2000).  

However, the evidence for an association between large seeds and arid conditions is 

limited, and there are studies that show the opposite trend with seed mass decreasing with aridity 

and the highest seed mass found in mesic sites (Yu et al. 2007; Volis 2009; Harel et al. 2011). On 

a global scale, Madani et al. (2018) found seed mass to be most responsive to annual 

precipitation and the mean temperature of the warmest annual quarter. They found that seed 

mass increased with mean temperature of the warmest quarter except for regions with very warm 

summer temperatures that exceeded ~77 °F (Madani et al. 2018), which characterizes many areas 

of this study region and contradicts our findings for Heterotheca. Their study also showed seed 
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mass to increase from low to moderate precipitation levels but decrease under higher rainfall 

amounts (Madani et al. 2018). Our findings with the other species support this opposite trend: 

cooler and wetter provenances of Dieteria, alongside more northern latitudinal and less 

monsoonal populations of Heliomeris had higher seed masses (Fig 8) 

 The lack of a significant relationship between seed mass and climate for most of the 

species, and the varying directions of seed mass to climate among the species that did respond, 

seem to be in line with the mostly limited and contrasting results seen in the body of literature 

concerning seed mass in relation to climate gradients as outlined above. The association between 

large seeds and dry or low-nutrient soils is marginal (Leishman et al. 2000), and multiple studies 

have found no evidence for any relationship between seed size and moisture (Mazer 1989; 

Telenius and Torstensson 1991; Long and Jones 1996). The lack of a uniform direction in 

intraspecific trait response to climate in this study might also be due to our constraint in time and 

inability to process samples for all populations of a species. Only half the populations within 

each species were analyzed for seed mass, along with a small number of samples for each 

population (n=2-3). The small sample sizes affect the statistical power to detect significant trends 

within species.  

Species trends and implications for restoration 

Overall, this study revealed several broad patterns of directional selection of climate on 

performance and leaf-based traits. Additionally, there are general trends on a species-level that 

emerged. Across all species, PC1 and PC2 were relatively strong and consistent predictors for 

traits compared to PC3 (see Table 3) suggesting that temperature, precipitation, precipitation 

seasonality, and latitude are important climatic factors that drive trait differentiation and are 

potentially driving adaptation for Southwestern forbs and shrubs.  



27 

 

PC3, which represents cool and wet vs warm and dry winters, was the strongest 

consistent predictor for only Heterotheca. This member of the Asteraceae family also had the 

strongest response to source climate with the highest number of significant trait-environment 

responses with the exception of LDMC. The strong signal of PC3 driving trait differentiation for 

Heterotheca could be due to its northern range extending to Ontario and British Columbia with 

hard and heavy winters; these may be seasonal factors that structure the intraspecific variation of 

that species. However, there was an opposite pattern than expected with PC3 in Heterotheca, 

where in general, populations with hotter and drier winters had higher performance and seed 

mass, with the exception of leaf N that showed the opposite trend. This pattern could be 

explained by the unusually xeric conditions the plants experienced in the garden during 2019 and 

2020, favoring the survival and growth of xeric populations that are more adapted to similar 

drought conditions.  

Gaillardia showed a very strong response of source climate to all performance metrics, 

especially with respect to PC1, but no response for the leaf-based or seed traits in relation to 

source climate. The discrepancy in the response between performance and leaf-based traits 

shows that the directional selection of climate can significantly vary between traits within a 

single species. It may also suggest that source climate plays a larger role in mediating growth 

and performance in Gaillardia than in leaf-based or reproductive characteristics. In general, xeric 

populations that are more representative of Southwestern habitats (low PC1 and high PC2 

values) had higher performance in terms of more cover, taller heights, and more biomass. Similar 

to Heterotheca, this pattern in Gaillardia could be due to the unusually dry and hot conditions 

the garden experienced during the 2020 growing season, leading to higher performance in those 

populations than the ones adapted to cooler and wetter conditions.  The range of Gaillardia is 
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restricted to the Southwest more than the other study species, perhaps making it strongly adapted 

to xeric conditions and performing best in those environments.  

 Linum and Brickellia are the two species that responded the least to climate with only one 

significant trait-climate relationship each. This may suggest a potential absence of local 

adaptation; however, our inferences are restricted by small sample size due to high mortality and 

lack of growth during the study for both species. Because of the poor establishment success 

observed for these species in this study across all populations, they might not be desirable 

species for restoration.  

The degree to which these study species demonstrated trait differentiation in relation to 

source climate, indicating potential patterns of local adaptation, have implications for restoration 

in guiding land managers to choose species and seed sources. Heterotheca appears to be a 

species for which source climate considerations could be important because it responded strongly 

to climate for most of its traits. Since Gaillardia showed patterns of being strongly adapted to 

xeric conditions, it could be a good candidate to use for restoration in areas highly prone to 

drought, making sure to keep restoration efforts within the bounds of the Southwestern region for 

best results. On the other hand, the generally invariant species in this study could potentially 

make good candidates for restoration, as well. Ericameria and Heliomeris were two of the few 

species that did not show a strong response to climate across both performance and traits (see 

Table 3). Their large distributional ranges can suggest either local adaptation (to a wide range of 

habitats) or perhaps greater plasticity. They could also be locally adapted to other site factors 

than climate (Albert et al. 2010; Baythavong & Stanton 2010). Since their performance and 

functional traits are not tightly linked to the nature of their source climate, it possibly gives them 

more flexibility to be used as a broad restoration species without great consideration given to 
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climate matching of the restoration site. The varying degrees of trait adaptation to climate 

between the species highlights an important question in restoration that needs to be addressed. 

That is, what makes a good restoration species?  Those that are highly invariant and show a lack 

of intraspecific variation to climate so could be planted anywhere? Or would species that display 

a strong relationship to climate and have a climate optimum, but therefore need to be carefully 

matched to restoration sites make better restoration species? Further research on the direction 

and strength of local adaptation in these restoration species using reciprocal transplant 

experiments, and how the strength of local adaptation might be a function of a species’ 

distribution, would be a valuable next step forward in identifying the most successful candidates 

for restoration.   
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Tables 

Table 1. Provenance source information for all study species listed in alphabetic order and 

common garden characteristics. Source information includes population number, state it was 

collected in, elevation (ft), latitude, and longitude coordinates. Plant species family and growth 

habit also included. The common garden characteristics include the state, elevation, and 

coordinates.   

 

 

Species 

Popula

-tion 
State Elevation (ft) Lat Long Family 

Growth 

Habit 

Asclepias subverticillata 1 UT 4000 37.19014 -113.00063 Apocynaceae Herb 

 2 AZ 4070 34.86674 -112.02775   

 3 AZ 4700 36.95954 -112.5265   

 4 AZ 6300 34.748509 -111.58511   

 5 UT 6394 37.3052222 -109.92684   

 6 NM 6588 35.02218 -107.8843   

 7 NM 7633 37.11974 -106.92919   

 8 NM 7877 33.97408 -108.74477   

Brickellia californica 1 NV 5080 39.76918 -117.64541 Asteraceae Shrub 

 2 AZ 5350 35.12423 -113.9146   

 3 AZ 6268 34.62135 -110.78569   

 4 NM 6480 35.30933 -106.44077   

 5 AZ 6500 36.84668 -112.26205   

 6 AZ 7021 35.278233 -111.5709   

 7 NM 7485 35.98914 -106.89172   

Dieteria canescens 1 NM 4545 33.78794 -106.9023 Asteraceae Herb 

 2 AZ 4800 34.77291 -112.39646   

 3 AZ 5427 34.59477 -112.59676   

 4 AZ 6288 35.84328 -112.1284   

 5 UT 6491 37.33976 -113.10418   

 6 AZ 7021 35.278233 -111.5709   

 7 CA 7585 38.70129 -119.57571   

 8 NM 7828 34.13701 -108.48034   

Ericameria nauseosa 1 UT 3200 37.20298 -113.2868 Asteraceae Shrub 

 2 AZ 5000 35.1237 -113.81356   

 3 UT 5000 37.0824 -112.526   

 4 AZ 5810 34.51921 -109.45245   

 5 UT 6518 37.06025 -110.82835   

 6 AZ 6836 36.05566 -112.14027   

 7 NM 6854 36.23738 -107.7064   

 8 CA 7768 37.81094 -119.05495   

Gaillardia pinnatifida 1 AZ 4000 34.88863 -112.19872 Asteraceae Herb 

 2 AZ 5000 34.6474 -112.64901   

 4 AZ 6200 35.255588 -111.41337   

 5 NM 7236 33.90422 -108.85642   

 7 NM 7272 33.86221 -108.9427   

 8 NM 7828 34.13701 -108.48034   

Gutierrezia sarothrae 1 NM 4890 33.65226 -107.13302 Asteraceae Shrub 

 2 UT 5000 37.0824 -112.526   

 3 NV 5176 37.845389 -114.41297   

 4 AZ 5810 34.51921 -109.45245   

 5 AZ 5826 34.4044 -111.56045   
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 6 UT 7010 39.71233 -109.14017   

 7 NM 7610 35.73046 -106.41006   

 8 NM 8200 35.22703 -106.40516   

Heliomeris multiflora 1 AZ 4858 33.79124 -110.97331 Asteraceae Herb/subshrub 

 2 AZ 5200 34.59114 -112.40883   

 3 AZ 6200 34.7498 -111.586   

 4 AZ 6805 35.08484 -111.66523   

 5 AZ 6900 36.77071 -111.67475   

 6 AZ 7474 35.96216 -111.96364   

 7 NM 8055 35.7701 -106.4218   

 8 UT 9000 37.48908 -113.02736   

Heterotheca villosa 1 AZ 3935 33.7353 -110.95724 Asteraceae Herb/subshrub 

 2 UT 4495 38.71726 -109.73217   

 3 NM 5700 36.82293 -107.6583   

 4 AZ 6474 34.53493 -110.71845   

 5 CO 7119 37.46508 -108.51809   

 6 AZ 7200 36.73139 -112.17505   

 7 AZ 7474 35.96216 -111.96364   

 8 NM 8580 36.61353 -106.10476   

Linum lewisii 1 AZ 3709 34.25077 -112.02775 Linaceae Herb/subshrub 

 2 NV 6062 38.11611 -114.611   

 3 NV 6493 37.75537 -114.21088   

 4 UT 6500 37.52618 -113.556   

 5 AZ 7368 35.26448 -111.70449   

Senecio flaccidus 1 AZ 4000 34.88863 -112.19872 Asteraceae Herb/subshrub 

 2 CO 4850 37.31922 -109.05486   

 3 AZ 4898 34.96811 -110.64557   

 4 AZ 5000 35.1237 -113.81356   

 5 AZ 5415 35.58042 -111.50392   

 6 AZ 6043 35.63189 -112.11888   

 7 AZ 6760 36.04961 -112.14927   

 8 NM 7200 33.9332 -107.41468   
Garden  AZ 5125 33.797894 -110.97098   
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Table 2. PCA loadings of the first 3 principal components generated from 22 climate and 

geography variables for all species’ provenances. Cumulative and individual proportions of 

variance for each axis is shown. Bioclimatic variables were extracted from the WorldClim 

database.  

 

 

 

 

 

 

 

Variable PCA 1 PCA 2 PCA 3

Elevation 0.2874 -0.1196 -0.0624

longitude 0.0833 0.0276 -0.4463

latitude -0.0447 -0.3743 0.1609

Annual Mean Temperature -0.2883 0.1849 0.0236

Mean Diurnal Range (Mean of monthly (max temp-min temp)) 0.0159 0.1892 -0.3337

Isothermality (MDiR/Trange)x100 0.1092 0.3323 -0.0899

Temperature Seasonality (standard deviation of Mean Monthly temp x100) -0.1969 -0.2734 -0.1959

Max Temperature of Warmest Month -0.3188 0.0695 -0.0308

Min Temperature of Coldest Month -0.2305 0.2201 0.2343

Temperature Annual Range (MaxTWM-MinTCM) -0.1415 -0.1965 -0.3570

Mean Temperature of Wettest Quarter -0.0800 0.2381 -0.2110

Mean Temperature of Driest Quarter -0.1720 0.1537 0.2305

Mean Temperature of Warmest Quarter -0.3121 0.0965 -0.0156

Mean Temperature of Coldest Quarter -0.2335 0.2747 0.1172

Annual Precipitation 0.2556 0.1200 0.2182

Precipitation of Wettest Month 0.2548 0.2590 0.0130

Precipitation of Driest Month 0.2596 -0.1451 -0.0710

Precipitation Seasonality (Coefficient of Variation) 0.0638 0.3089 -0.2077

Precipitation of Wettest Quarter 0.2672 0.2330 0.0175

Precipitation of Driest Quarter 0.2444 -0.1720 0.0869

Precipitation of Warmest Quarter 0.2383 0.2146 -0.1429

Precipitation of Coldest Quarter 0.1485 0.0694 0.4398

Proportion of variance 0.3985 0.2571 0.1497

Cumulative proportion of variance (over all 22 PC axes) 0.3899 0.6556 0.8053
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Table 3. Results of the preferred model for all response variables and species. The preferred 

mixed model is listed (PC1 + PC2 or PC1 + PC2 + PC3) with random effect of block along with 

the p-value for the fixed effects (individual PC components) in the chosen model. The marginal 

R2, which explain how much variation the fixed effects explain, and the conditional R2, which 

explain how much variation the fixed effects plus random effect explain, are listed for the chosen 

model.  

Cover 
  Model Variable p-value Marginal R2 Conditional R2 

Asclepias PC1 + PC2 + (1|Block)   0.3048 0.3048 

  PC1 0.0156   

  PC2 0.3282   
Brickellia None     
Dieteria PC1 + PC2 + (1|Block)   0.1192 0.2825 

  PC1 0.5286   

  PC2 0.0658   
Ericameria None     
Gaillardia PC1 + PC2 + (1|Block)   0.2694 0.2694 

  PC1 0.1889   

  PC2 0.04869   
Gutierrezia PC1 + PC2 + (1|Block)   0.2741 0.2741 

  PC1 0.7002   

  PC2 0.0094   
Heliomeris PC1 + PC2 + (1|Block)   0.2717 0.2717 

  PC1 0.0147   

  PC2 0.4833   
Heterotheca PC1 + PC2 + PC3 + (1|Block)   0.3123 0.3123 

  PC1 0.7612   

  PC2 0.1467   

  PC3 0.0073   
Senecio PC1 + PC2 + (1|Block)   0.2788 0.2788 

  PC1 0.008   

  PC2 0.3478   

Average Height 

 Model Variable p-value Marginal R2 Conditional R2 

Asclepias None     
Brickellia None     
Dieteria PC1 + PC2 + (1|Block)   0.3094 0.3094 

  PC1 0.8457   

  PC2 0.0087   
Ericameria PC1 + PC2 + (1|Block)   0.3785 0.4361 

  PC1 0.0047   

  PC2 0.0541   
Gaillardia PC1 + PC2 + (1|Block)   0.6324 0.6324 

  PC1 0.000151   

  PC2 0.044   
Gutierrezia PC1 + PC2 + (1|Block)   0.5014 0.5014 
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  PC1 0.0717   

  PC2 0.000462   
Heliomeris None     

Heterotheca PC1 + PC2 + PC3 + (1|Block)   0.5885 0.5885 

  PC1 0.0016   

  PC2 0.01106   

  PC3 0.00214   
Senecio PC1 + PC2 + (1|Block)   0.2368 0.2368 

  PC1 0.0268   

  PC2 0.1413   

Above-ground Biomass 

 Model Variable p-value Marginal R2 Conditional R2 

Asclepias PC1 + PC2 + (1|Block)   0.2705 0.2705 

  PC1 0.0557   

  PC2 0.1189   
Brickellia None     
Dieteria PC1 + PC2 + (1|Block)   0.1353 0.1353 

  PC1 0.9381   

  PC2 0.0887   
Ericameria PC1 + PC2 + (1|Block)   0.1261 0.3015 

  PC1 0.0743   

  PC2 0.5599   
Gaillardia PC1 + PC2 + (1|Block)   0.4594 0.4594 

  PC1 0.0105   

  PC2 0.0223   
Gutierrezia PC1 + PC2 + (1|Block)   0.3387 0.3387 

  PC1 0.8765   

  PC2 0.00328   
Heliomeris None     

Heterotheca PC1 + PC2 + PC3 + (1|Block)   0.506 0.5077 

  PC1 0.0381   

  PC2 0.0404   

  PC3 0.0015   
Senecio PC1 + PC2 + (1|Block)   0.3014 0.3014 

  PC1 0.01106   

  PC2 0.07994   

Average SLA 

 Model Variable p-value Marginal R2 Conditional R2 

Asclepias PC1 + PC2 + PC3 + (1|Block)   0.1745 0.1745 

  PC1 0.4805   

  PC2 0.8019   

  PC3 0.0536   
Brickellia None     
Dieteria PC1 + PC2 + (1|Block)   0.4248 0.4248 

  PC1 0.0163   

  PC2 0.0131   
Ericameria None     
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Gaillardia None     
Gutierrezia PC1 + PC2 + (1|Block)   0.5566 0.5566 

  PC1 1.27E-06   

  PC2 0.818   
Heliomeris None     

Heterotheca PC1 + PC2 + (1|Block)   0.2138 0.2138 

  PC1 0.0102   

  PC2 0.4363   
Linum None     

Senecio None     

LDMC 

 Model Variable p-value Marginal R2 Conditional R2 

Asclepias PC1 + PC2 + (1|Block)   0.2051 0.3203 

  PC1 0.1667   

  PC2 0.0318   
Brickellia PC1 + PC2 + (1|Block)   0.1826 0.3809 

  PC1 0.0236   

  PC2 0.0387   
Dieteria None     

Ericameria None     
Gaillardia None     

Gutierrezia None     
Heliomeris None     

Heterotheca None     
Linum PC1 + PC2 + (1|Block)   0.2684 0.7721 

  PC1 0.0423   

  PC2 0.7459   
Senecio None     

Leaf N 

 Model Variable p-value Marginal R2 Conditional R2 

Asclepias None     
Brickellia None     
Dieteria None     

Ericameria PC1 + PC2 + (1|Block)   0.1443 0.2004 

  PC1 0.06   

  PC2 0.734   
Gaillardia None     

Gutierrezia None     
Heliomeris PC1 + PC2 + (1|Block)   0.1205 0.2517 

  PC1 0.6523   

  PC2 0.0988   
Heterotheca PC1 + PC2 + PC3 + (1|Block)   0.1926 0.2422 

  PC1 0.7262   

  PC2 0.0717   

  PC3 0.0427   
Linum None     

Senecio None     
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Seed Mass 

 Model Variable p-value Multiple R2 Adjusted R2 

Asclepias Not analyzed     
Brickellia Not analyzed     
Dieteria PC1 + PC2 + PC3   0.7669 0.6795 

  PC1 0.0327   

  PC2 0.9686   

  PC3 0.00355   
Ericameria Not analyzed     
Gaillardia None     

Gutierrezia Not analyzed     
Heliomeris PC1 + PC2   0.5872 0.4496 

  PC1 0.8158   

  PC2 0.0318   
Heterotheca PC1 + PC2 + PC3   0.7626 0.6736 

  PC1 0.00263   

  PC2 0.00141   

  PC3 0.00122   
Senecio PC1 + PC2 + PC3   0.6279 0.4419 

  PC1 0.1436   

  PC2 0.4728   

  PC3 0.0507   
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Figures 

Fig 1. Location of source populations for species throughout the Southwest with collection sites 

in Utah, Colorado, New Mexico, Nevada, Arizona, and California. Source populations are 

marked by triangles with different colors representing different species. Common garden 

location is marked by the black star, which is located at the Sierra Ancha Experimental Forest in 

the Tonto National Forest. Figure created by Tatia Bauer. 
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Fig 2. Percent cover as a function of provenance climate as described by PC1, PC2, and PC3 for 

nine species (Linum was not analyzed for performance metrics). Regression lines depict 

predictions of variation in cover by each individual PC (PC1= green, PC2= orange, PC3= 

purple). The three vertical dotted lines indicate the PC loadings that represent the climatic 

location of the common garden for each PC axis (PC1= green, PC2= orange, PC3= purple). 

Asterisks indicate statistically significant PCs that predict variation in cover from the chosen 

model. Note that axes scales are different for each species. 
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Fig 3. Height as a function of provenance climate as described by PC1, PC2, and PC3 for nine 

species (Linum was not analyzed for performance metrics). Regression lines depict predictions of 

variation in height by each individual PC (PC1= green, PC2= orange, PC3= purple). The three 

vertical dotted lines indicate the PC loadings that represent the climatic location of the common 

garden for each PC axis (PC1= green, PC2= orange, PC3= purple). Asterisks indicate 

statistically significant PCs that predict variation in height from the chosen model. Note that axes 

scales are different for each species. 
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Fig 4. Above-ground biomass (cover x height) as a function of provenance climate as described 

by PC1, PC2, and PC3 for nine species (Linum was not analyzed for performance metrics). 

Regression lines depict predictions of variation in biomass by each individual PC (PC1= green, 

PC2= orange, PC3= purple). The three vertical dotted lines indicate the PC loadings that 

represent the climatic location of the common garden for each PC axis (PC1= green, PC2= 

orange, PC3= purple). Asterisks indicate statistically significant PCs that predict variation in 

biomass from the chosen model. Note that axes scales are different for each species. 
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Fig 5. Specific leaf area (SLA) as a function of provenance climate as described by PC1, PC2, 

and PC3 for all ten species. Regression lines depict predictions of variation in SLA by each 

individual PC (PC1= green, PC2= orange, PC3= purple). The three vertical dotted lines indicate 

the PC loadings that represent the climatic location of the common garden for each PC axis 

(PC1= green, PC2= orange, PC3= purple). Asterisks indicate statistically significant PCs that 

predict variation in SLA from the chosen model. Note that axes scales are different for each 

species. 
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Fig 6. Leaf dry matter content (LDMC) as a function of provenance climate as described by PC1, 

PC2, and PC3 for all ten species. Regression lines depict predictions of variation in LDMC by 

each individual PC (PC1= green, PC2= orange, PC3= purple). The three vertical dotted lines 

indicate the PC loadings that represent the climatic location of the common garden for each PC 

axis (PC1= green, PC2= orange, PC3= purple). Asterisks indicate statistically significant PCs 

that predict variation in LDMC from the chosen model. Note that axes scales are different for 

each species. 
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Fig 7. Leaf N as a function of provenance climate as described by PC1, PC2, and PC3 for all ten 

species. Regression lines depict predictions of variation in leaf N by each individual PC (PC1= 

green, PC2= orange, PC3= purple). The three vertical dotted lines indicate the PC loadings that 

represent the climatic location of the common garden for each PC axis (PC1= green, PC2= 

orange, PC3= purple). Asterisks indicate statistically significant PCs that predict variation in leaf 

N from the chosen model. Note that axes scales are different for each species. 
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Fig 8. Seed mass as a function of provenance climate as described by PC1, PC2, and PC3 for 

five species. Regression lines depict predictions of variation in see mass by each individual PC 

(PC1= green, PC2= orange, PC3= purple). The three vertical dotted lines indicate the PC 

loadings that represent the climatic location of the common garden for each PC axis (PC1= 

green, PC2= orange, PC3= purple). Asterisks indicate statistically significant PCs that predict 

variation in seed mass from the chosen model. Note that axes scales are different for each 

species. 

 

 

 

 

 


