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Abstract  

The grass family Poaceae is one of the most successful plant families on Earth. Poaceae 

is comprised of over 11,500 species, making it the fifth-largest plant family in current existence. 

It is also one of the most dominant – grasslands and savannas are found on every continent 

except Antarctica and cover over a quarter of the planet’s terrestrial surface, impacting 

biogeochemical cycles on a global scale. Finally, grasses play fundamental roles in the 

development of human civilizations (forage, fiber, and fuels), ecosystem regulation of the water 

cycle, and regulation of biodiversity within plant and animal communities. 

Given the global significance of grass species, it is important to understand the 

mechanisms of success within this plant family. Plant traits are typically used as ecological tools 

for assessing species adaptations to varying environments. Species that have a range of traits 

(morphological and physiological) are more likely to persist in environments that have complex 

spatial and temporal variability. Trait diversity has facilitated the great success of grasses. How 

can the traits of this vastly diverse group of plants be used to make predictions of grassland 

change in the future? In Chapter 2, I explored three methods of organizing grass species to better 

understand how trait diversity varies among photosynthetic pathway (C3 or C4), life history 

(annual or perennial), or evolutionary history. I accomplished this task by measuring 11 

structural and physiological traits of 75 naturally-occurring species of grass on the Konza Prairie 

Biological Station (northeastern Kansas, USA). My results show that the traits of grasses are best 

represented by their evolutionary history. Photosynthetic pathway only revealed significant 

differences among physiological traits while structural traits varied by life history. Evolutionary 

history, on the other hand, was found to significantly explain differences found in both structural 



  

and physiological traits when species were grouped by either Tribe or C4 lineage. These findings 

indicate that models utilizing photosynthetic pathway to group grasses, a commonly used 

practice, likely minimize the existing variability and oversimplify landscape predictions of 

grassland change.  

In Chapter 3, I examined how grass traits may vary temporally and spatially using two 

Panicoid species, Dichanthelium oligosanthes subsp. scribnerianum (C3) and Panicum virgatum 

(C4). To assess temporal variability, I measured leaf stomatal and isotopic/elemental composition 

traits from specimens dating back to 1887 at the Kansas State University Herbarium (KSC) and 

the McGregor Herbarium at the University of Kansas (KANU). To assess spatial variability, I 

measured a suite of traits from eight different grasslands across the Great Plains of North 

America representing six unique ecoregions. While differences in traits were found across space 

and time for both species, my results show that Δ13C has been increasing in Dichanthelium 

oligosanthes and decreasing in Panicum virgatum over time, illustrating differential responses to 

water stress for these species. Results from both chapters demonstrate that there is substantial 

inter- and intraspecific trait variation in Poaceae. My research suggests that incorporating aspects 

of evolutionary history, as well as spatial and temporal trait variability, better characterizes the 

natural variability in grass traits in the Great Plains and allows greater mechanistic insight into 

how these species respond to climate variability. 
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Chapter 1 - Introduction 

Over the past 55-60 million years, the grass family Poaceae became one of the world’s 

most diverse and dominant plant families (Strömberg, 2011). Currently, there are over 11,500 

described species spread across 768 genera and 52 tribes (Soreng et al., 2017). Grasses cover 

over one-quarter of the earth’s terrestrial surface (Asner et al., 2004) and sequester around 0.5 Pg 

C per year (Scurlock & Hall, 1998). Grasslands have been of great importance to humanity ever 

since savannas provided the landscape template upon which humans evolved (Bobe & 

Behrensmeyer, 2004). Furthermore, grasses have helped form the foundation of human 

civilization; humans depend on grasses for food both through direct consumption and indirectly 

via grazing livestock. Throughout history, humans have domesticated several wild grass species 

for use as crops, such as wheat, maize, rice, and sugarcane (Glémin & Bataillon, 2009). In the 

modern age, over two billion megatonnes of cereal are produced annually, providing a staple 

food source for most of the human population (Tilman et al., 2002). Despite the critical 

contributions of grasslands towards the benefit of humans, they are currently one of the world's 

most endangered ecosystems (Henwood, 2010).  

             Grasslands are characterized and maintained through disturbances; they are a product of 

interactions among fire, herbivory, and climate (Blair et al., 2014). However, throughout the 

Anthropocene, humans have greatly modified each of these drivers such that the future of 

grassland ecosystems is uncertain. These human activities include fire suppression, extirpation of 

native megafauna herbivores, and increased greenhouse gas emissions into the atmosphere, 

causing climate change. While fire suppression and the removal of megafauna can be combatted 

at the local level, the effects of climate change cannot. Symptoms of climate change, such as 

increased drought, more frequent extreme precipitation events, and generally warmer 
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temperatures will affect grassy ecosystems globally (Gibson & Newman, 2019). Therefore, it is 

necessary to understand how grasslands will respond to various climate scenarios. This requires a 

knowledge of how grasses and grasslands have changed under past conditions as well as creating 

models to predict how grasslands may change in the future.   

             In this thesis, I describe how traits of grass species vary across space, time, and lineage 

in an effort to better understand the trait diversity of our grasslands. In Chapter 2, I explore three 

methods of organizing grass species to better understand how trait diversity varies among 

photosynthetic pathway (C3 or C4), life history (annual or perennial), or evolutionary history. In 

Chapter 3, I examine how traits of two Panicoid species, Dichanthelium oligosanthes subsp. 

scribnerianum (C3) and Panicum virgatum (C4) vary across spatial and temporal scales.  

Plant traits are commonly used as predictors of plant performance in certain 

environmental conditions (Violle et al., 2007). Over the past couple decades, the use of plant 

traits to make predictions about species or groups of species has risen to prominence in the field 

of ecology (Laughlin, 2014). What started out as using simple leaf traits to uncover patterns in 

plant life histories and species distributions, such as in Wright et al., (2004), is now a large part 

of the field where entire databases are dedicated to hosting massive amounts of information on 

plant traits, such as the TRY database (Kattge et al., 2011). For any given species, the values of 

its traits are subject to change, as plants can perform differently under varying environmental 

conditions or as time passes (Violle et al., 2007). Traits may vary intraspecifically across spatial 

scales due to differences in environmental conditions across a species’ range or across temporal 

scales due to environmental change (Violle et al., 2007); this intraspecific variation may be due 

to phenotypic plasticity (Sultan, 2000; Violle et al., 2012). The traits of each species of plant are 

products of its evolutionary history, in part due to the traits its ancestors evolved to combat 
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certain stressors in the environment (Valladares et al., 2007). Thus, entire lineages of plants may 

have species with very similar traits because these traits originated from a common ancestor 

adapted to a specific biome (Crisp et al., 2009).  

While plant traits may be useful as proxies of plant performance, they are also highly 

valuable measurements that can be used to predict how a species will fare in new or altered 

environments and are especially important in assessing how species will respond to climate 

change. Many ecosystem models incorporate plant traits into their analyses to determine how not 

just one species will perform under novel climactic scenarios, but whole ecosystems. To make 

these models feasible, the species in an ecosystem are grouped into several categories based 

upon some common factor, commonly a species’ function in an environment (Verheijen et al., 

2013). These functional types are incredibly useful because it becomes impossible to account for 

species-specific differences in structure and function when creating large-scale models of 

ecosystem function (Woodward & Cramer, 1996). 

            A variety of plant functional groups can be created for ecosystem models depending on 

the system. In grasslands, it is common to have separate functional groups for woody species, 

grasses and grass-like species (such as sedges), and forbs. However, because grasses are 

extremely biodiverse and do not all share the same traits, grasses have been further organized 

into their own functional groups to better represent their functional diversity. One of the most 

common methods of placing grasses into functional groups is grouping species into plant 

functional types (PFTs) based on whether they perform either C3 or C4 photosynthesis (Griffith 

et al., 2020). However, PFTs based on photosynthetic pathways overlook large amounts of trait 

variation within Poaceae, especially within the C4 PFT, as C4 photosynthesis has evolved 

independently many times (Grass Phylogeny Working Group II, 2012). Instead, organizing 
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grasses by their evolutionary lineage may better represent grass trait diversity by capturing more 

ecologically meaningful differences than PFTs (Griffith et al., 2020; Anderegg et al., 2022). 

            In North America, there are three lineages of grasses that dominate the landscape: the 

tribe Andropogoneae (C4) and the subfamilies Chloridoideae (C4) and Pooideae (C3). These three 

lineages have evolved to occupy different climate spaces. The Pooideae are cold-climate 

specialists, having evolved traits to deal with freezing and other side effects of cold temperatures 

(Edwards & Smith, 2010; Schubert et al., 2019). Both the Pooideae and Chloridoideae live in dry 

climates, though droughts are not as pronounced in Pooideae-dominated areas (Edwards & 

Smith, 2010; Lehmann et al., 2019). The Andropogoneae and Chloridoideae are warm-climate 

specialists, with the Chloridoideae living in hotter, drier environments and the Andropogoneae 

inhabiting more mesic sites (Lehmann et al., 2019). Geographically, the Pooideae dominate the 

northwest Midwest, the Andropogoneae dominate the eastern Midwest, and the Chloridoideae 

dominate the south and southwestern Midwest.  

In some regions, these three lineages of grasses can co-dominate the landscape due to 

temporal differences in environmental conditions, such as mean annual temperature (Still et al., 

2003). Kansas is one of these places, occurring at the crossover point where neither C3 nor C4 

species have the physiological advantage (Ehleringer & Björkman, 1977), creating a range of 

overlap among the dominant grass lineages (Lehmann et al., 2019). Here, cool-season grasses, 

such as members of the Pooideae lineage, take advantage of cooler temperatures by growing in 

the spring to early summer. As summer progresses, the warm-season grasses (a mix of 

Andropogoneae and Chloridoideae) become the dominant grasses on the landscape. 
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The research in this thesis was conducted at the Konza Prairie Biological Station near 

Manhattan, Kansas, a place where all three dominant lineages of grasses co-occur and are found 

abundantly (Taylor et al., unpublished). The second chapter of this thesis highlights the amazing 

diversity of grasses occurring in this region. In this chapter, I measure structural and 

physiological traits of 75 species of naturally-occurring grasses to determine the best method of 

capturing the large amount of functional diversity of grasses in grassland ecosystem models. I 

accomplish this by testing whether traits significantly differed among species grouped by 

photosynthetic pathway (C3 or C4), life history (annual or perennial), or evolutionary lineage 

(tribe or C4 lineage). The second chapter aims to improve how grassland ecosystem modeling is 

conducted and improve our understanding of how grasslands will respond to future 

environmental conditions. In the third chapter of this thesis, I utilize the impressive collections of 

the herbaria at both Kansas State University (KSC) and the University of Kansas (KANU) to 

investigate temporal changes in grass traits. This chapter describes how the traits of two species 

of grasses, Dichanthelium oligosanthes and Panicum virgatum have been changing over the past 

140 years in response to anthropogenic CO2 emissions. Coupled with this analysis of temporal 

trends in traits, I also investigate how traits of these species vary spatially by collecting traits of 

Dichanthelium oligosanthes and Panicum virgatum at 8 grassland ecosystems across the Great 

Plains of the United States. Combined, these chapters provide an increased understanding of the 

incredible diversity of traits found in Poaceae and how these traits can be used to predict what 

will happen to our grasslands in the future. 
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Chapter 2 - Evolutionary lineage, not plant functional type, explains 

the most trait variation among 75 coexisting grass species 

 Introduction 

Over the past 55-60 million years, the grass family Poaceae has become one of the 

world’s most diverse and dominant plant families. Currently, there are over 11,500 described 

species spread across 768 genera and 52 tribes (Soreng et al., 2017), with grasslands and 

savannas covering over one-quarter of the earth’s terrestrial surface (Asner et al., 2004) and 

sequestering around 0.5 Pg C per year (Scurlock & Hall, 1998). The global-scale emergence of 

grass-inhabited biomes and the more local-scale grass lineages that came to populate these early 

biomes led to lineage-specific environmental selection, and clear examples of both divergent and 

convergent evolution within the Poaceae. For example, the Pooideae lineage evolved to be cold-

climate specialists (Edwards & Smith, 2010), and the warm-climate Chloridoideae species are 

divergent from the warm-climate Andropogoneae species; Chloridoideae species are arid-land 

specialists and Andropogoneae species tend to inhabit more mesic sites (Lehmann et al., 2019). 

One of the clearest examples of convergent evolution in the grasses— and one of the most 

critical aspects of Poaceae success globally— has been the evolution of the C4 pathway. Despite 

accounting for only ~1% of all species of plants and less than half of all grass species (Osborne 

et al., 2014; Christenhusz & Byng, 2016), C4 grasses cover around 19 million km2, accounting 

for nearly a quarter of total terrestrial gross productivity (Still et al., 2003).  

In Poaceae, the C4 pathway has evolved independently more than 20 times over a ~30 

million year period (Grass Phylogeny Working Group II, 2012). C4 evolution is thought to 

always be selected for by high temperature, but the primacy of additional selective agents 

changed through time: water limitation in the mid-Oligocene, lower CO2 concentrations and 
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increased aridity in the mid-to-late Miocene (Ehleringer et al., 1997; Sage et al., 2018; Zhou et 

al., 2018). So even within this oft-cited example of convergent evolution, C4 physiology within 

the grasses should not be viewed as a single functional type because of the previous divergences 

and changing selective agents through time. Such a consideration extends even more broadly to 

the whole of the Poaceae, where millions of years of physiological and structural diversity has 

been selected for, and preserved, within separate taxonomic lineages.  

Due to the inherent physiological differences between the C3 and C4 photosynthetic 

pathways, C4 grasses are normally lumped into one plant functional type (PFT) in 

macroecological analyses (Griffith et al., 2020). These highly abstracted PFTs are also typically 

used to represent grass functional biodiversity in most Land Surface Models (LSMs), which 

include a comprehensive array of physical, biological, and chemical processes that simulate 

biosphere processes and are crucial for climate-related decision making and policy. PFTs are 

popular for capturing first-order ecosystem properties because it becomes nearly impossible to 

account for species-specific structure and function when creating large-scale models of 

ecosystem function (Woodward & Cramer, 1996). While PFTs may simplify the modeling 

process, important aspects of C4 diversity may be overlooked, such as potential functional 

differences within PFTs due to the independent origins of C4 grass species (Edwards et al., 2007; 

Edwards et al., 2010; Liu et al., 2012). This is problematic, as differences in traits and growth 

responses of C4 grasses have been linked to their lineages rather than photosynthetic pathway 

(Kellogg et al., 1999; Taylor et al., 2010).  

One prominent idea to improve PFTs is to categorize grasses into lineage-based 

functional types (LFTs), where grasses are grouped based on their phylogenetic relatedness to 

one another (Griffith et al., 2020). Grouping grass species by evolutionary lineage, as in LFTs, 
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rather than by PFTs, presents a key method of capturing the broad diversity of species’ traits. 

This may help prevent oversimplifications of C3 or C4 PFTs, where a single PFT may include 

species in distantly related lineages, each potentially having evolved traits unrelated to C3 or C4 

pathways (Edwards et al., 2007; Edwards et al., 2010). Grouping traits by lineage can also 

explain trait variation, as seen in Edwards et al., (2007), where traits of Echinochloa appeared to 

be outliers in its C4 PFT group suggesting that the genus may have traits unique to its 

independent C4 lineage. Furthermore, LFT approaches have the potential to be broadly 

applicable in other ecosystem types and for remote sensing (Anderegg et al., 2022). Thus, using 

the LFT approach, functional trait variation within PFTs can be captured (Griffith et al., 2020) 

since many important plant traits are known to be phylogenetically conserved (Edwards et al., 

2007; Liu et al., 2012; Coelho de Souza et al., 2016). However, not all traits are phylogenetically 

conserved (Cadotte et al., 2017), and factors such as photosynthetic type and life history (i.e., 

whether a species is annual or perennial) can also explain a large proportion of trait variation. 

For example, Liu et al., (2019) showed that life history explained more of the variation in 

structural traits than photosynthetic pathway in grasses, while the C3-C4 contrast in species 

explained most of the variation in physiological traits. Thus, trait variation within LFTs is not 

well characterized, and recent work has called for increased collection of grass traits across 

lineages (Griffith et al., 2020).  

To that end, we measured 75 species of Poaceae (Table 2.1) and analyzed physiological 

and structural traits (Table 2.2) from in situ tallgrass prairie populations located at the Konza 

Prairie Biological Station (KPBS; Manhattan, KS USA). Our objective was to understand how 

evolutionary lineage influences traits in species that are growing within similar environments. 

For each trait across all species, we assessed the ability of life history, lineage, and 
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photosynthetic pathway to explain variability. Of the 12 subfamilies and 52 tribes that are 

currently recognized in Poaceae (Soreng et al., 2017), our study measured species representing 5 

subfamilies (Aristidoideae, Chloridoideae, Oryzoideae, Panicoideae, and Pooideae) and 14 tribes 

(Table 2.1; Andropogoneae, Aristideae, Bromeae, Cynodonteae, Diarrheneae, Eragrostideae, 

Meliceae, Oryzeae, Paniceae, Paspaleae, Poeae, Stipeae, Triticeae, and Zoysieae). Importantly, 

this represented species from 7 of the independent C4 origins in grasses (Fig. 2.1; 

Andropogoneae, Aristida, Chloridoideae, Digitaria, Echinochloa, Paspalum, and the MPC Clade 

– the clade which constitutes the subtribes Cenchrinae, Melinidinae, and Panicinae), including 

the two most dominant lineages globally (Lehmann et al., 2019). Measuring a suite of traits from 

a large diversity of species growing at the same site allowed us to determine which factor best 

explains trait variation. We hypothesized that lineage would be the best predictor of traits, more 

so than either photosynthetic pathway or life history. We further predicted that there would be 

substantial variation of traits in C4 species among the seven C4 lineages represented in our 

research. One reason we expected this variation is because the evolution of C4 lineages varies 

biogeographically and it is expected that these lineages will conserve traits from the climate of 

the biomes in which they evolved (Edwards et al., 2007; Crisp et al., 2009). 

 Materials and Methods 

 Site Description 

Field work and data collection were conducted at the Konza Prairie Biological Station 

(KPBS), a historically unplowed 3,487 ha tallgrass prairie located in the Flint Hills region of 

northeastern Kansas, USA (39°05′, 96°35′W). KPBS is divided into 52 different watersheds, 

each experimentally manipulated in terms of fire frequency (burned once every 1, 2, 4, or 20 

years) and grazing (cattle, bison, or ungrazed). This landscape of grazing by burning creates a 
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mosaic of microsite conditions that contribute to the high plant species diversity and is 

representative of the broader tallgrass prairie ecosystem. Mean annual precipitation is 812 mm 

(1983-2020), the majority (~70%) of which is received during the growing season (April-

September). Mean growing season temperature is 21°C (1983-2020).  

 Data Collection 

The flora of KPBS includes 98 grass species comprising annuals, perennials, native, and 

non-native species (Taylor et al., unpublished). In 2020, we sampled 75 grass species that exist 

within the boundaries of KPBS (Table 2.1). Sampling occurred throughout the entirety of the site 

– there was no specific location for measuring all the species given that we measured naturally-

established individuals growing within their own viable habitat. We collected samples from 

plants in representative habitats for each species to facilitate species comparisons. Five replicate 

populations were marked for each species. The replicates varied at distances ranging from a few 

meters to a few kilometers depending on the abundance of the species to ensure independence. 

For rare species, it was often difficult to find more than a few individuals across all of KPBS, so 

replicates of rare species tended to be in closer proximity than the replicates of dominant species.  

For the dominant species (e.g., Andropogon gerardii) that number in the hundreds of millions of 

individuals on-site, capturing the breadth of the population differences was beyond the scope of 

this project.  

A suite of plant traits was collected for each individual in coordination with the initiation 

of flowering for each species (Table 2.2). We used flowering as a key phenological event to 

synchronize trait measurements. Traits measured include photosynthetic A-ci response curves (to 

derive Vpmax, Vcmax, and Jmax), leaf osmotic potential at full turgor (MPa), specific leaf area 

(SLA; cm2 g-1), leaf dry matter content (LDMC), leaf thickness (mm), maximum plant flowering 
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and vegetative heights (cm), leaf C:N, and δ13C compositions (Table 2.2). Vcmax is the maximum 

rate of carboxylation of Rubisco (μmol m−2 s−1), Jmax is the maximum rate of electron transport 

(μmol electrons m−2 s−1), and Vpmax is the maximum rate of carboxylation of PEPc (μmol m−2 

s−1). 

Leaf gas exchange was measured with a LI-6400XT Portable Photosynthesis System (Li-

COR, Inc., Lincoln, Nebraska, USA) on leaves for two to three replicates of each species. 

Measurements were taken from 9:00 to 15:00 on healthy, fully expanded leaves. Gas exchange 

measurements for A-Ci response curves were collected by taking measurements at eight 

concentrations of CO2 in the following order: 400, 300, 200, 100, 50, 500, 800, and 1000 µmol 

CO2 mol-1. The PAR intensity was 2000 μmol m-2 s-1, relative humidity was maintained between 

40%-60%, and the leaf was allowed a minimum of 90 seconds to a maximum of 450 seconds to 

equilibrate between changes in CO2. Measurements were taken in optimal ambient light 

conditions with little to no cloud cover. Electron transport rate (Jmax), and maximum 

carboxylation (Vcmax) for C3 species were determined using the curve-fitting procedures 

described in the ‘plantecophys’ R package (Duursma, 2015). For C4 species, we used the Excel 

curve fitting procedure described by Zhou et al., (2019).  

Osmotic potential, a trait linked to drought tolerances of species and related to the turgor 

loss point (Bartlett et al., 2012a; Bartlett et al., 2012b), was measured using a VAPRO® Vapor 

Pressure Osmometer (Model 5600; Logan, Utah, USA) for three leaf replicates of each species. 

For each replicate, one individual grass tiller was removed from the field and subsequently 

clipped with the stem underwater. The stems remained underwater overnight before osmotic 

potential measurements were taken the next day. Our measurement protocol followed Griffin-

Nolan et al., (2019). In brief, a single, fully hydrated leaf was removed from the grass tiller, 
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punched with a 5 mm leaf tissue punch, and quickly wrapped in aluminum foil before being 

submerged in liquid nitrogen for one minute. Once taken out, the frozen tissue was immediately 

pierced to lyse cell contents. This tissue was then equilibrated in the osmometer’s tissue chamber 

for ten minutes before measurement.  

For leaf measurements, one leaf was taken from each replicate. Leaf area was measured 

in the field using Leafscan, a mobile app for measuring the surface area of individual leaves 

(Anderson & Rosas-Anderson, 2017). Leaf wet mass was measured after leaf rehydration and 

leaf dry mass was measured after the leaf had been dried for at least 48 hours at 60 °C. 

Rehydration was performed by submerging the leaf in water for 24-72 hours. Leaf thickness was 

derived from (SLA * LDMC)-1 (Vile et al., 2005) and multiplied by 10 to convert to mm. 

Maximum flowering height and maximum vegetative height were measured from the ground to 

the highest point of the inflorescence or the uppermost leaf, respectively. At each replicate, five 

randomly selected individuals were measured; the tallest inflorescence and tallest leaf were used 

for maximum heights. 

Leaf C and N content and stable C isotopic composition were measured at the Stable 

Isotope Mass Spectrometry Laboratory at Kansas State University. For each replicate, five leaves 

were dried at 60 °C for a minimum of 48 hours and then homogenized using an amalgamator. 

Total C and N of homogenized leaf samples were measured following combustion using an 

Elementar vario Pyro cube coupled to an Elementar Vision mass spectrometer for isotope 

analysis. Isotopic abundance ratios were converted to δ notation using: 

δ =  [
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

 −  1]  ∗  1000 

where R is the ratio of heavy (13C) to light (12C) isotopes for the sample and standard, 

respectively. Working laboratory standards were annually calibrated against the internationally 
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accepted standard, Vienna Pee-Dee Belemnite for δ13C. Within-run and across-run variability of 

the laboratory working standard was < 0.05‰. 

 Statistical Analysis 

All statistical analyses were performed in R V4.1.2 (R Core Team, 2021). For each trait, 

we used separate linear mixed effects models with either with species as a random effect for each 

of the following factors: photosynthetic pathway, life history, tribe, or C4 lineage as a predictor 

and species as a random effect using the ‘lme4’ package (Bates et al., 2015). In this way, we 

assessed what the strongest predictors were for how traits are related within each factor. 

We tested whether interactions were present between tribe and life history for tribes that 

included both annual and perennial species in our data. We did not test whether interactions were 

present between tribe and photosynthetic pathway in this study due to the factors being 

confounded with one another. Photosynthetic pathway among species within a tribe is non-

independent. For instance, only one out of the fourteen tribes sampled in this study included both 

C3 and C4 species (Paniceae). 

We used PCA to visualize if certain traits were associated with grass life history, 

photosynthetic pathway, and tribe. Trait values were averaged across the five replicates for each 

species. We removed eight species with poor A-Ci curves and four species that were the only 

species within the tribe. We did not include traits that were highly correlated with one another 

(R2 > 0.80) in the PCA analysis. Data were log transformed and standardized to linearize 

relationships among traits and ensure each variable held equal weight in the analysis. We used a 

permutational multivariate ANOVA to assess the amount of trait variation explained by life 

history, photosynthetic pathway, and tribe using the adonis function in the ‘vegan’ package 

(Oksanen et al., 2020) within R.  
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 Results 

 Principal Component Analysis 

PC1 and PC2 explained 33.54% and 18.13% of the variation in PFTs, respectively (Fig. 

2.2). Life history tended to divide along PC1 and species tended to cluster by tribe. Similar to the 

results above, leaf structural traits tended to correlate with life history. For example, leaf 

structural traits such as LDMC and C:N were highly correlated and associated with perennial C4 

grasses, while high SLA was associated with annual species, which tend to grow fast and have 

high leaf N content. Tribe explained the most variation among traits (R2 = 0.288) followed by life 

history and photosynthetic type (R2 = 0.081 and 0.075, respectively). 

 Plant Structural Traits 

Significant differences in maximum flowering and vegetative heights were found among 

tribe, life history, and C4 lineage (P < 0.003), but not photosynthetic pathway (Table 2.3). 

Perennials were taller than annuals (Table 2.4). For both maximum flowering and vegetative 

heights, Andropogoneae was the tallest tribe (117.6 ± 6.8 cm and 92.6 ± 6.3 cm, respectively) 

and Eragrostideae was the shortest (28.1 ± 3.1 cm and 21.0 ± 1.8 cm, respectively; Fig. 2.3a,b). 

Within the C4 lineages, for both maximum flowering and vegetative heights, Andropogoneae 

was the tallest (17.6 ± 6.8 cm and 92.6 ± 6.3 cm, respectively) and Aristida was the shortest 

(40.9 ± 2.9 cm and 24.2 ± 0.7 cm, respectively; Fig. 2.4a,b). 

 Leaf Structural Traits 

All differences in leaf structural traits (SLA, LDMC, C:N, and leaf thickness) measured 

in this study showed significant differences between tribes and life histories, and some 

differences were found within C4 lineages. Only one leaf structural trait (leaf C:N) differed by 

photosynthetic pathway. 
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SLA significantly differed among tribes and life histories (P < 0.001; Table 2.3). On 

average, annuals had significantly higher SLA than perennials (Table 2.4). Among the tribes, 

there was large variation in SLA; Stipeae had the lowest SLA (87.6 ± 5.6 cm2 g-1) and Oryzeae 

had the highest SLA (451.9 ± 49.7 cm2 g-1; Fig. 2.3c).  

Significant differences in leaf dry matter content (LDMC) were found among tribes, life 

histories, and C4 lineages (P < 0.001; Table 2.3). On average, perennials had higher LDMC than 

annuals (Table 2.4). Values differed greatly among tribes; Paspaleae had the lowest LDMC 

(0.230 ± 0.014) and Zoysieae had the highest LDMC (0.424 ± 0.011; Fig. 2.3d). There was also 

large variation among C4 lineages; Aristida had the highest LDMC (0.397 ± 0.009) and 

Echinochloa had the lowest LDMC (0.227 ± 0.012; Fig. 2.4c). We found that weak interactions 

were present for LDMC (P = 0.03; Table 2.5). 

Significant differences in leaf carbon to nitrogen ratios (C:N) existed among tribes, 

photosynthetic pathways (P < 0.001), and life histories (P = 0.015), but not C4 lineages (Table 

2.3). On average, C4 grasses had higher C:N than C3 grasses and perennials had higher C:N than 

annuals (Table 2.4). Among the tribes there was large variation of C:N; Zoysieae had the highest 

C:N (40.47 ± 1.94) and Diarrheneae had the lowest (15.47 ± 0.86; Fig. 2.3e). 

Significant variation in leaf thickness was found among tribes (P = 0.008) and life 

histories (P = 0.017), but not photosynthetic pathways or C4 lineages. On average, leaves from 

perennial species were thicker than leaves from annual species. Among the tribes, Stipeae had 

the thickest leaves (0.357 ± 0.027 mm) and Oryzeae had the thinnest leaves (0.071 ± 0.007 mm; 

Fig. 2.3f). 
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 Leaf Physiological Traits 

Multiple physiological traits (osmotic potential, Vcmax, and δ13C), showed significant 

differences between tribe and photosynthetic pathway. Two physiological traits (osmotic 

potential and δ13C) significantly differed according to their C4 lineage, while only one 

physiological trait (osmotic potential) differed by life history. 

Osmotic potential significantly differed by tribe, life history, C4 lineage (P < 0.001), and 

photosynthetic pathway (P = 0.034; Table 2.3). Osmotic potential varied greatly among tribes, 

where Diarrheneae had the lowest osmotic potential (mean ± SE, -2.09 ± 0.09 MPa), and 

Paniceae had the highest osmotic potential (-1.09 ± 0.04 MPa; Fig. 2.3g). On average, C3 grasses 

had significantly lower osmotic potentials than C4 grasses and perennials had significantly lower 

osmotic potentials than annuals (Table 2.4). Among the C4 lineages, Aristida had the lowest 

osmotic potential (-1.68 ± 0.12 MPa) and Digitaria had the highest osmotic potential (-0.95 ± 

0.02 MPa; Fig. 2.4e).  

Vcmax was significantly different among tribes (P = 0.001) and photosynthetic pathways 

(P < 0.001), but not life history or C4 lineage (Table 2.3). C3 grasses had significantly higher 

Vcmax than C4 grasses (Table 2.4), where Poeae (C3) had the highest Vcmax (78.15 ± 7.12 μmol 

m−2 s−1) and Andropogoneae (C4) had the lowest Vcmax (24.78 ± 4.37 μmol m−2 s−1; Fig. 2.3h). 

We found that weak interactions were present for Vcmax (P = 0.02; Table 2.5). No factor 

significantly affected Jmax and Vpmax. 

We analyzed δ13C separately for C3 and C4 species due to known differences in δ13C 

between both photosynthetic pathways (Table 2.4). δ13C showed significant differences by tribe 

for C3 (P = 0.018) and C4 (P < 0.001) grasses (Table 2.6). Among C3 grasses, Diarrheneae had 

the lowest δ13C (-31.27 ± 0.28‰) and Paniceae had the highest δ13C (-28.23 ± 0.14‰; Fig. 2.3i). 
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Among C4 grasses, Cynodonteae had the lowest δ13C (-14.21 ± 0.10‰) and Paniceae had the 

highest δ13C (-12.65 ± 0.08‰; Fig. 2.3j). δ13C also significantly differed by C4 lineages (P < 

0.001; Fig. 2.4d); Chloridoideae had the lowest δ13C (-14.01 ± 0.08‰) and Digitaria had the 

highest δ13C values (-12.34 ± 0.10‰).  

In addition to C4 lineage, we found significant differences in δ13C by C4 subtype (PCK, 

NAD-ME, and NADP-ME; P < 0.001; Table 2.7). PCK species had the lowest δ13C (-13.99 ± 

0.17‰), a similar value to that of NAD-ME species (-13.84 ± 0.09‰). NADP-ME species had 

the highest δ13C (-12.70 ± 0.06‰). Bouteloua curtipendula, a mixed NAD-ME/PCK species 

(Gutierrez et al., 1974), had a δ13C value of –13.96 ± 0.11‰. Lastly, the three Sporobolus 

species (Sporobolus compositus, Sporobolus heterolepis, and Sporobolus vaginiflorus) had an 

average δ13C of –13.59 ± 0.11‰. It is not currently known whether these three species utilize 

NAD-ME or PCK pathways. 

 Discussion 

 Evolutionary lineage captures the most differences in trait variation 

In this study, we measured a suite of traits from 75 species of grasses and assessed if 

traits differed among lineages, life histories, and photosynthetic pathways to determine which 

factor captures the most differences in trait variation. Our results show that a naturally-occurring 

suite of grass species within a single grassland has a comparable degree of variability in trait 

responses as has been typically reported at regional scales (Yang et al., 2019; Dong et al., 2020). 

This variability was better explained by evolutionary lineage (grasses grouped by taxonomy) 

than either life history (annual/perennial) or photosynthetic type (C3/C4) and grouping species by 

photosynthetic type oversimplifies this community and misses important variation required for 

more precise predictions from grassland ecosystem models (Griffith et al., 2020).  
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Most of the traits explained by photosynthetic type were physiological traits. 

Photosynthetic type did not explain any differences found in structural traits except for C:N. 

Structural traits are commonly measured in plant surveys to draw inference on plant growth 

strategies and physiology at large scales (Wright et al., 2004; Reich, 2014). Our results show 

these structural traits do not significantly vary by photosynthetic type in this grassland despite 

known growth advantages of the C4 photosynthetic pathway in hot environments (Atkinson et 

al., 2016; Simpson et al., 2020). Therefore, grouping grasses by lineage or life history performed 

better than grouping by photosynthetic type to capture differences in structural traits. 

However, grouping grasses by life history presents similar issues as photosynthetic type 

because life history tends to explain much more variation in structural traits than physiological 

traits, similar to how grouping by PFT explains a large amount of variation in strictly 

physiological traits (Liu et al., 2019). This phenomenon is expected, because whether a plant is 

annual or perennial dictates the economics of resource usage and investment strategies into plant 

tissue growth (Adler et al., 2014). For instance, the species we measured in Andropogoneae, a 

globally dominant tribe in high precipitation, fire-prone grassy ecosystems, were all C4 perennial 

species with lower SLA and higher LDMC and C:N than other tribes. Slower growing, perennial 

species tend to allocate greater resources towards non-photosynthesizing tissues, trading off 

maximizing photosynthesis for expensive, more durable leaves and stems, along with a high 

investment in the root system for acquiring water, nutrients, and prolonging life span (Grime, 

1977; Monaco et al., 2003; Reich, 2014). In contrast, we found that less dominant tribes with 

mostly annual species, such as Paniceae, are shorter, with higher SLA, thinner leaves, lower 

LDMC, and lower leaf C:N. These fast-growing annual species allocate most resources towards 

producing thin, broad leaves to quickly maximize photosynthesis, investing energy into 
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reproductive tissue prior to senescence (Grime, 1977; Garnier & Laurent, 1994; Garnier et al., 

1997; Reich, 2014). While life history was a good predictor of structural traits, these grasslands 

are dominated by perennial species, which make up 68% of Poaceae species on KPBS (Taylor et 

al., unpublished). Grouping grasses solely by life history undoubtedly overlooks important 

physiological traits within a life history type. 

However, these general trends related to life history and photosynthetic type are not 

always present. One tribe that directly contrasts common trends for perennial grasses is Oryzeae, 

which in our study included two perennial, C3 species. These two grasses (Leersia virginica and 

Leersia oryzoides) exhibited characteristics typical of annual species. In fact, out of all 14 tribes, 

Oryzeae had the highest average SLA and the thinnest leaves, with relatively average LDMC and 

leaf C:N. This outlier may seem strange until lineage is considered. Both species share the same 

genus and occupy similar niches in the tallgrass ecosystem: they are rhizomatous species that 

grow near streams and within wet areas (Darris & Bartow, 2004; Ritz, 2012) and bloom later in 

the season than almost any other C3 grass species at KPBS (Taylor et al., unpublished). It may 

not be as important for these species to invest heavily into expensive stem or leaf tissues since 

they occupy entirely different habitats than dominant species on KPBS. The unusual nature of 

Oryzeae demonstrates the problems associated with PFT groupings of grasses; the tribe’s trait 

variation is much better represented when grouped by lineage. 

 Trait variation within the C4 photosynthetic pathway 

Beyond analyzing trait variation solely from different tribes, we also analyzed how traits 

differed in unique lineages of the C4 photosynthetic pathway. We found that C4 lineages 

explained variation for nearly half the traits we measured. When all C4 species are grouped into a 

singular PFT, this variation is inherently overlooked, adding further evidence to the benefits of 
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grouping species by evolutionary lineage. Focusing on the two dominant lineages of C4 grasses 

in North America (Andropogoneae and Chloridoideae) highlights this point, as the 

Andropogoneae lineage evolved to occupy wetter environments than the arid-specializing 

Chloridoideae (Lehmann et al., 2019). Andropogoneae were taller and had higher average δ13C 

and osmotic potential, which may reflect differences in water use strategies among C4 plants. 

Systematic differences in δ13C within C4 plants (a novel finding not previously reported) seem to 

be associated with water use differences among photosynthetic subtypes and are of sufficient 

magnitude to be considered when choosing endmembers in isotope studies. These trait 

differences suggest grouping grasses by photosynthetic type likely overlooks large differences in 

ecosystem water and carbon cycling among C4 plants (Liu & Osborne, 2015). These differences 

may reflect differences in photosynthetic subtype between Chloridoideae (primarily NAD-ME) 

and Andropogoneae (NADP-ME) that is better captured when grouping grasses by lineage (Liu 

& Osborne, 2015; Griffith et al., 2020).  

 PFTs, lineages, and grassland ecosystem modelling 

Our results are consistent with other studies (Taylor et. al., 2010; Liu et al., 2012; Griffith 

et al., 2020) which demonstrate the importance of incorporating phylogenic history into trait 

comparison analyses. Grouping grasses by lineage will allow LSMs to account for the 

evolutionary histories of species, where important functional traits may be conserved (Edwards 

et al., 2007; Liu et al., 2012; Coelho de Souza et al., 2016). LFTs are a valid approach because 

lineage explains variation in both physiological and structural traits. This eliminates problems 

with grouping species into PFTs or based on life histories; each approach only explains variation 

in physiological or structural traits, respectively. However, we do acknowledge that accounting 

for a vast number of tribes in modelling analyses may be impractical, especially when some 
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tribes only consist of one or two species that may not be ecologically important at the ecosystem 

level. Rather, it might be better to account for lineage-based trait variation at a higher taxonomic 

level, such as subfamily, or to only include lineages for dominant species. For instance, LFTs in 

Griffith et al., (2020) are structured based on the globally dominant lineages of C3 and C4 

grasses. The large variation of traits observed among different lineages in this study further 

validates the call to move away from PFTs and incorporate lineage-based functional types 

(LFTs) into ecosystem models.  

Additionally, it is important to note that we were able to see these differences in trait 

variation among tribes from species growing in the same local environment within a relatively 

small site. Despite all these species possessing traits to survive in the tallgrass prairie, 

evolutionary history still played a significant role as the main predictor of trait variation. If 

species were sampled across different regions or environments, we might expect to see even 

more distinct trait variation among lineages. Regarding their impacts on ecosystem models, the 

differences in traits among lineages shown in this study are likely conservative because 

differences in traits were found among lineages occurring in the same environment. Further work 

comparing the traits of grass species globally is warranted to more accurately determine how 

traits vary among lineages. 

 Conclusions 

We found that evolutionary lineage best represented trait variation among the 75 species 

of grasses we measured. While life history and photosynthetic pathway also explained variation 

among traits, they explained less variation and mostly explained only structural traits or 

physiological traits, respectively. We conclude that grouping grasses by lineage represents a 

better method of organizing species in vegetative models to account for trait diversity. This 
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strategy will hopefully improve how grass diversity is represented in LSMs and increase 

accuracy in making predictions of how grassland ecosystems will change in the future. 
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 Tables and Figures 

Table 2.1: A list of the 75 species sampled in the study. 

Tribe  
Photosynthetic 

Type  
Life History  Species  

Andropogoneae  C4  Perennial  

Andropogon gerardii  
Andropogon virginicus  

Bothriocloa bladhii  
Bothrichloa ischaemum  
Bothrichoa laguroides  

Schizachyrium scoparium  
Sorghastrum nutans  
Sorghum halepense  

Tripsacum dactyloides  

Aristidae  C4  Annual  Aristida oligantha  

Bromeae  C3  

Annual  
Bromus japonicus  
Bromus tectorum  

Perennial  
Bromus inermis  

Bromus pubescens  

Cynodonteae  C4  

Annual  
Eleusine indica  

Leptochloa fusca  

Perennial  

Bouteloua curtipendula  
Bouteloua dactyloides  

Bouteloua gracilis  
Bouteloua hirsuta  
Chloris verticillata  

Muhlenbergia bushii  
Muhlenbergia cuspidata  
Muhlenbergia frondosa  
Muhlenbergia schreberi  

Schedonnardus paniculatus  
Tridens flavus  

Diarrheneae  C3  Perennial  Diarrhena obovata  

Eragrostideae  C4  
Annual  

Eragrostis cilianensis  
Eragrostis pectinacea  

Perennial  Eragrostis spectabilis  

Meliceae  C3  Perennial  Glyceria striata  

Oryzeae  C3  Perennial  
Leersia oryzoides  
Leersia virginica  
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Paniceae  

C3  Perennial  
Dichanthelium linearifolium  
Dichanthelium oligosanthes  
Dichanthelium praecocius  

C4  

Annual  

Cenchrus longispinus  
Digitaria ciliaris  

Digitaria ischaemum  
Echinochloa crus-galli  
Echinochloa muricata  
Eriochloa contracta  
Panicum capillare  

Panicum dichotomiflorum  
Setaria pumila  
Setaria viridis  

Perennial  
Digitaria cognata  
Panicum virgatum  

Paspaleae  C4  Perennial  
Hopia obtusa  

Paspalum pubiflorum  
Paspalum setaceum  

Poeae  C3  

Annual  
Alopecurus carolinianus  

Vulpia octoflora  

Perennial  

Agrostis gigantea  
Agrostis hyemalis  

Dactylis glomerata  
Koeleria macrantha  

Lolium perenne  
Phalaris arundinacea  

Poa compressa  
Poa pratensis  

Schedonorus arundinaceus  
Sphenopholis obtusata  

Stipeae  C3  Perennial  Hesperostipa spartea  

Triticeae  C3  

Annual  
Aegilops cylindrica  
Hordeum pusillum  

Perennial  

Elymus canadensis  
Elymus villosus  

Elymus virginicus  
Pascopyrum smithii  

Zoysieae  C4  

Annual  Sporobolus vaginiflorus  

Perennial  
Spartina pectinata  

Sporobolus compositus  
Sporobolus heterolepis  
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Table 2.2: A list of all traits measured in the study. 

Trait  Type  

Maximum Flowering Height (cm)  

Structural  

  

Maximum Vegetative Height (cm)  

Specific Leaf Area (SLA; cm2 g-1)  

Leaf Dry Matter Content (LDMC)  

Leaf Thickness (mm)  

C:N  

Osmotic Potential (MPa)  

Physiological  

  

δ13C (‰)  

Vcmax (μmol m−2 s−1)  

Jmax (μmol m−2 s−1)  

Vpmax (μmol m−2 s−1)  
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Table 2.3: χ2, df, and P, of all trait comparisons between tribe, photosynthetic pathway, life 

history, and C4 lineage. 

 Tribe Photosynthetic 

Pathway 

Life History C4 Lineage 

Trait χ2 df P χ2 df P χ2 df P χ2 df P 

Maximum 

Flowering 

Height (cm) 

35.40 13 <0.001 0.004 1 0.948 10.03 1 0.002 21.38 6 0.002 

Maximum 

Vegetative 

Height (cm) 

31.93 13 0.002 0.06 1 0.801 10.26 1 0.001 19.81 6 0.003 

Specific 

Leaf Area 

(SLA; cm2 

g-1) 

34.75 13 <0.001 0.009 1 0.924 16.46 1 <0.001 11.57 6 0.072 

Leaf Dry 

Matter 

Content 

(LDMC) 

81.04 13 <0.001 3.03 1 0.081 12.10 1 <0.001 41.06 6 <0.001 

Leaf 

Thickness 

(mm) 

28.46 13 0.008 0.52 1 0.473 5.68 1 0.017 3.19 6 0.785 

C:N 40.30 13 <0.001 14.51 1 <0.001 5.91 1 0.015 9.29 6 0.158 

Osmotic 

Potential 

(Mpa) 

58.47 13 <0.001 4.48 1 0.034 12.73 1 <0.001 39.58 6 <0.001 

δ13C (‰) Data in Table 2.6 6706.7 1 <0.001 2.57 1 0.109 83.37 6 <0.001 

Vcmax (μmol 

m−2 s−1) 

33.37 13 0.001 36.60 1 <0.001 0.07 1 0.797 11.62 6 0.071 

Jmax (μmol 

m−2 s−1) 

12.45 13 0.491 0.47 1 0.492 0.16 1 0.687 8.41 6 0.209 

*Vpmax 

(μmol m−2 

s−1) 

2.40 6 0.880 - - - 1.74 1 0.187 3.02 6 0.807 

*Vpmax, the maximum rate of carboxylation of PEPc, is a C4-specific trait, so all analyses done 

with Vpmax only include C4 species. Bolding indicates P < 0.05. 
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Table 2.4: Mean values for each trait comparing annuals to perennials and C3 species to C4 

species. Error represents ± 1SE. Bolding denotes P < 0.05, * denotes 0.01 < P < 0.05, ** 

denotes 0.001 < P < 0.01, *** denotes P < 0.001.  

Trait  Annual  Perennial  C3  C4  

Maximum 

Flowering 

Height  

42.0 ± 2.2**  71.6 ± 2.7**  62.4 ± 2.7   63.2 ± 3.1   

Maximum 

Vegetative 

Height  

32.5 ± 1.7**  59.7 ± 2.5**   50.5 ± 2.3   52.7 ± 2.8   

Specific Leaf 

Area (SLA)  

275.2 ± 9.0***  198.0 ± 6.4***  218.4 ± 8.6   221.3 ± 7.2   

Leaf Dry Matter 

Content 

(LDMC)  

0.279 ± 0.007 ***  0.335 ± 0.005***  0.298 ± 0.005   0.332 ± 0.006   

Leaf Thickness  0.149 ± .004*  0.189 ± .005*  0.189 ± 0.007   0.171 ± 0.004   

C:N  21.69 ± 0.85*  26.63 ± 0.60*  20.56 ± 0.47***  28.21 ± 0.71***  

Osmotic 

Potential  

-1.18 ± 0.04***  -1.53 ± 0.03***  -1.54 ± 0.05*  -1.36 ± 0.03*  

δ13C  -17.44 ± 0.72   -20.70 ± 0.49   –29.68 ± 0.10***  –13.32 ± 0.06***  

Vcmax  51.72 ± 5.61   51.86 ± 3.41   73.50 ± 4.49***  37.27 ± 2.72***  

Jmax  172.0 ± 10.7   165.9 ± 6.7   162.3 ± 9.4   171.4 ± 7.1   

Vpmax  49.60 ± 4.95   41.12 ± 2.78  n/a  n/a  
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Table 2.5: χ2, df, and P of the interaction between life history and tribe using type III 

ANOVA. Only tribes that had both annual and perennial species measured for each trait 

are included in these analyses. Bolding indicates P < 0.05. 

Trait χ2 df P 

Maximum Flowering Height 

(cm) 

8.56 6 0.200 

Maximum Vegetative Height 

(cm) 

8.94 6 0.177 

Specific Leaf Area (SLA; cm2 

g-1) 

6.03 6 0.420 

Leaf Dry Matter Content 

(LDMC) 

13.67 6 0.034 

Leaf Thickness (mm) 3.48 6 0.747 

C:N 11.23 6 0.081 

Osmotic Potential (Mpa) 11.99 6 0.062 

δ13C (‰) Data in Table 2.6 

Vcmax (μmol m−2 s−1) 13.50 5 0.020 

Jmax (μmol m−2 s−1) 10.35 5 0.066 

*Vpmax (μmol m−2 s−1) 0.46 2 0.795 

*Vpmax, the maximum rate of carboxylation of PEPc, is a C4-specific trait, so all analyses done 

with Vpmax only include C4 species. 
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Table 2.6: χ2, df, and P, of δ13C comparisons between tribes with C3 members and C4 

members, separately. We analyzed δ13C separately for C3 and C4 species due to known 

differences in δ13C between both photosynthetic pathways. Bolding indicates P < 0.05. 

 Tribe, C3 Species Only Tribe, C4 Species Only 

χ2 df P χ2 df P 

δ13C 16.88 7 0.018 77.27 6 <0.001 

Life 

History*Tribe 

1.36 2 0.506    0.17 3 0.982 
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Table 2.7: χ2, df, and P of δ13C comparisons between C4 subtypes. Under the “All Species” 

comparison, this places the three Sporobolus species (whose C4 subtype is currently 

unknown) and Bouteloua curtipendula, a mixed NAD-ME/PCK species, each in their own 

group. The second comparison only compares species definitively known to be in the PCK, 

NAD-ME, and NADP-ME groups. Bolding indicates P < 0.05. 

 All Species Not Including Sporobolus or Bouteloua 

curtipendula 

χ2 df P χ2 df P 

δ13C 40.52 4 <0.001 37.09 2 <0.001 
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Figure 2.1: A cladogram of all the genera of Poaceae species sampled in our study. We 

drew the tree following Soreng et al., (2017) for relationships among subtribes, Skendzic et 

al., (2007) for the relationships among the Andropogoninae, Catalán et al., (2007) for the 

relationships among the Loliinae, and Peterson et al., (2015) for relationships among the 

Eleusininae. C4 markings indicate independent evolution of the C4 pathway in that lineage. 

The cladogram was created using the ‘ape’ package in R (Paradis & Schliep, 2019). 

*Due to the complicated phylogenetic history among the Triticeae, which involves multiple 

hybrid origins (R. J. Mason-Gamer, pers. comm), we have chosen to depict these three genera 

together on the same node. 
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Figure 2.2: PCA of 63 grass species and 9 functional traits sampled at KPBS. Points are 

classified by annual (open) and perennial (closed) and C3 (circle) and C4 (triangle). Colors 

represent grass tribes. 
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Figure 2.3: Mean values of each trait that significantly differed by tribe. Error bars 

represent ± 1SE. 
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Figure 2.4: Mean values for each trait that significantly differed by C4 lineage. Error bars 

represent ± 1SE. Each of these lineages represents an independent origin of C4 

photosynthesis (Fig. 2.1). 
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Chapter 3 - Temporal and spatial trait variation of two Panicoid 

grasses: Dichanthelium oligosanthes subsp. scribnerianum and 

Panicum virgatum 

 Introduction 

Plant traits are commonly used to predict how species will respond under certain 

environmental conditions (Violle et al., 2007). This is especially useful in the modern era, as 

humans have rapidly influenced a myriad of environmental conditions that plants must respond 

to, including human-induced climate change (Parmesan & Hanley, 2015), shifts in nutrient 

cycling (Bouwman et al., 2009), and habitat loss (Helm et al., 2006). Because traits of any given 

plant species may vary intraspecifically, it is important to estimate the full range of a species’ 

traits to make accurate predictions of how the species will respond to future environmental 

conditions (Violle et al., 2012). This includes both an assessment of variation in traits across the 

species’ range, as well as a look at how the trajectory of its traits have changed in recent history. 

Herbaria worldwide house nearly 400 million specimens of plants, providing incredibly 

valuable material to measure spatial and temporal changes in plant traits (Heberling, 2022). In 

addition to documenting species occurrence over time, herbarium specimens can also be used to 

investigate changes in leaf physiology and morphology through time (Heberling, 2022). For 

example, herbarium specimens have been used to assess how plants have responded to increased 

atmospheric CO2 concentrations over the past several hundred years. Since the Industrial 

Revolution, atmospheric CO2 concentrations have increased from anthropogenic emissions via 

burning fossil fuels. Atmospheric CO2 levels have increased from around 285 parts per million 

(ppm) since year 1850 (McCarroll & Loader, 2004) to over 420 ppm as of May 2022 (Keeling et 
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al., 2005). One major response has been the increased ratio of carbon (C) to nitrogen (N) in plant 

tissues (Peñuelas & Matamala, 1990, McLauchlan et al., 2010; McLauchlan et al., 2017; 

Peñuelas et al., 2020). All else equal, as atmospheric CO2 has become more readily available for 

plants to take up, plants proportionally acquire more molecules of C than other elements, such as 

N. This proportional decrease of nutrients in plant biomass has broad implications for global C 

and N cycling (Reich et al., 2006). As low-quality (high C:N) plant litter becomes available for 

decomposition by microorganisms, decomposition may slow and lead to increased 

immobilization or decreased rates of N mineralization, which ultimately can feedback to 

decrease future available N for plants (Reich et al., 2006).   

One key indicator of changes due to increased anthropogenic CO2 is directional changes 

in δ13C values, the ratio of 13C:12C relative to the ratio of the standard, in plant tissue. Burning 

fossil fuels, which are primarily composed of ancient terrestrial photosynthetic organisms with 

δ13C values of about -25‰ (Friedli et al., 1986), has decreased atmospheric δ13C from -6.44‰ 

prior to 1800 to about -8.5‰ in 2022 (Friedli et al., 1986; Keeling et al., 2005). This change in 

isotopic signature is reflected in plant tissues. During the photosynthetic reactions, plants 

discriminate against 13CO2 in favor of the lighter 12CO2 molecule (Farquhar et al., 1989). In C3 

plants, the bulk of carbon fractionation occurs during the carboxylation by RuBisCO and 

fractionation in C4 plants occurs during the carboxylation of PEP carboxylase, causing 

differences in δ13C between C3 and C4 species (Farquhar et al., 1989). Carbon isotopic 

discrimination, Δ13C, is commonly used instead of δ13C when analyzing changes in carbon 

isotopes over time, since Δ13C accounts for temporal differences in atmospheric δ13C due to 

burning of fossil fuels. δ13C in C3 plants is known to decrease over time (Peñuelas & Azcón‐

Bieto, 1992; Beerling et al., 1993; Zhao et al., 2001; Pedicino et al., 2002), but null results have 
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also been observed (Pedicino et al., 2002). Temporal studies of Δ13C in C3 plants reveal 

decreasing (Peñuelas & Azcón‐Bieto, 1992; Araus & Buxó, 1993; Pedicino et al., 2002), 

increasing (Zhao et al., 2001; Pedicino et al., 2002), and unchanging (Pedicino et al., 2002) 

trends. Δ13C may be linked to phylogeny or be species-specific in C3 plants (Stein et al., 2021). 

In contrast, δ13C has often been found to remain unchanged in C4 species over time, and 

consequently used as a proxy for historic atmospheric concentrations (Marino & McElroy, 1991; 

Toolin & Eastoe, 1993), though decreases in δ13C have been found as well (Eastoe & Toolin, 

2018). Δ13C in C4 plants has been found to both increase (Pedicino et al., 2002; Eastoe & Toolin, 

2018) and remain unchanged (Marino & McElroy, 1991; Pedicino et al., 2002) over time.  

Leaf Δ13C can also be used as a proxy of integrated water use efficiency (WUE; Farquhar 

& Richards, 1984; Farquhar et al., 1989). WUE is defined as the ratio of water lost to the 

atmosphere to the amount of carbon fixed and utilized by the plant (Farquhar et al., 1989). When 

plants open their stomata for CO2 assimilation, water escapes into the atmosphere. Thus, the 

regulation of stomatal conductance of a plant over time, coupled with the concentration gradients 

of CO2 inside and outside the leaf, influences how much CO2 the plant assimilates and 

consequently its WUE. When plants are immersed in relatively rich CO2 environments 

(specifically, C3 plants), the carbon-fixing enzyme RuBisCO will increase carbon discrimination 

against 13C, causing a negative relationship between Δ13C and WUE (Farquhar et al., 1989). 

While some species have been found to have increased WUE when exposed to higher levels of 

CO2 (Jackson et al., 1994; Haworth et al., 2011), this is not the case for every species (Miller‐

Rushing et al., 2009). Furthermore, Δ13C may be linked more tightly to phylogenetic 

relationships and species identity rather than CO2 levels (Stein et al., 2021).  
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Plants may also change stomatal densities and sizes in efforts to reduce water loss. Data 

from herbarium specimens and greenhouse studies have revealed that some plant species reduce 

the number of stomata on their leaves in response to increased CO2 (Peñuelas & Matamala, 

1990; Beerling & Chaloner, 1993a; Beerling & Chaloner, 1993b; Woodward & Kelly, 1995; 

Bettarini et al., 1998; Doheny-Adams et al., 2012; Large et al., 2017). Guard cell length 

(stomatal size) may also decrease (Miglietta & Raschi, 1993). With higher CO2 concentrations, 

plants can reduce their stomatal densities to reduce water loss while maintaining similar 

photosynthetic production. However, this response is not uniform across all species; some 

species have shown increases or no changes in stomatal density over time (Beerling et al., 1992; 

Bettarini et al., 1998, Ydenberg et al., 2021).  

To date, most studies investigating temporal changes in traits such as stomatal densities, 

leaf C:N, and leaf Δ13C have measured non-grasses, leaving grasses (Poaceae) underrepresented. 

It is important to understand how grassy ecosystems, which cover at least 25% of the earth’s 

terrestrial surface (Asner et al., 2004), have been affected by this surplus of CO2 in the 

atmosphere. Grasses are major players in the C cycle and are responsible for trapping nearly 0.5 

Pg C per year (Scurlock & Hall, 1998). The differences between how C3 and C4 grass species 

respond to increased CO2 are especially important, as grasslands across the world vary in 

composition of C3 and C4 species (Osborne et al., 2014). Because C4 photosynthesis evolved in 

response to decreases in atmospheric CO2 and increases in aridity and water limitations 

(Ehleringer et al., 1997; Sage et al., 2018; Zhou et al., 2018), there are large implications for 

future performance and competition among grass species. 

In addition to temporal trait variation, species exhibit varying degrees of intraspecific 

trait variation across their ranges (Li et al., 2016; Moran et al., 2016), including dominant grass 
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species in the Great Plains of North America (Bachle et al., 2018). On a broad scale, this may be 

due to plastic responses to differing environmental factors, such as precipitation, temperature, 

and soil characteristics (Bernard‐Verdier et al., 2012; Westerband et al., 2021). Across the Great 

Plains, climate varies substantially. For instance, a strong east-west precipitation gradient exists 

across the Great Plains, with the driest western sites receiving 25-40 cm of annual rainfall and 

the wettest eastern sites receiving about 150 cm (Nielsen, 2018). There is also a north-south 

temperature gradient in effect, where mean annual temperatures in the north are much colder 

than regions in the southern Great Plains (Kunkel et al., 2013). Ultimately, these patterns and 

differences in environmental factors create distinct ecoregions (Bailey. 2004), of which there are 

many in the Great Plains (US Environmental Protection Agency, 2013). Ecoregions are thus 

useful for assessing differences among traits while considering multiple environmental 

differences. 

To assess spatial and temporal differences among traits of a C3 and a C4 grass species, we 

measured a suite of traits (Table 3.1) on two species of grass, Dichanthelium oligosanthes subsp. 

scribnerianum (C3) and Panicum virgatum (C4). These two species are common throughout their 

large ranges in the Great Plains (Great Plains Flora Association, 1986) and abundant in local 

herbarium collections. D. oligosanthes subsp. scribnerianum (hereafter referred to as simply D. 

oligosanthes) and P. virgatum both have perennial life histories and are closely related species; 

despite having different photosynthetic pathways, they are both in the tribe Paniceae. In this 

study, we evaluate how leaf traits of these two grass species vary over time as atmospheric CO2 

has increased by measuring traits from herbarium specimens collected in Kansas. We also assess 

the intraspecific variability of these species’ traits by measuring traits at eight grasslands in six 

unique ecoregions (Table 3.2; Fig. 1). For temporal trends, we predicted Δ13C to decrease in D. 
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oligosanthes and exhibit no change in P. virgatum. D. oligosanthes is a C3 species, which we 

predict will respond to increased CO2 concentrations by increasing its WUE to conserve water 

while maintaining the same rates of photosynthesis, thus decreasing Δ13C. We did not expect 

Δ13C of P. virgatum to respond over time because discrimination in C4 species is minimally 

affected by CO2 concentrations (O’Leary, 1988). We also predicted both species of plants will 

increase tissue C:N ratios and decrease stomatal density and stomatal lengths on both sides of the 

leaves in response to increased CO2 over time. For spatial trends, we expected to see 

intraspecific differences across ecoregions in all traits we measured for both species due to the 

large differences in environmental factors across ecoregions; both species are widely distributed 

within North America and individuals are known to have various leaf morphologies (Barkworth 

et al., 2003). At the very least, we expected at least two ecoregions to exhibit significant 

differences for each trait. 

 Materials and Methods 

 Study Sites and Collection of Herbarium Material  

To compare how D. oligosanthes and P. virgatum vary in traits throughout their range, 

we sampled individuals at a variety of grasslands across the Great Plains of the United States 

over the course of the summers of 2021 and 2022 (Table 3.2; Fig. 1). These grasslands included 

Konza Prairie Biological Station (Manhattan, Kansas), Wah’Kon-Tah Prairie (El Dorado 

Springs, Missouri), Kisk-Ke-Kosh Prairie (Reasnor, Iowa), Joseph H. Williams Tallgrass Prairie 

Preserve (Pawhuska, Oklahoma), Valentine National Wildlife Refuge (Valentine, Nebraska), T. 

L. Davis Preserve (Elkhorn, Nebraska), Cedar Creek Ecosystem Science Reserve (East Bethel, 

Minnesota), and the Woodworth Station Waterfowl Production Area (Woodworth, North 

Dakota). We sampled plants growing from remnant portions of all grasslands except the 
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Woodworth Station Waterfowl Production Area, Wah’Kon-Tah Prairie, and Cedar Creek 

Ecosystem Science Reserve. At the Woodworth Station Waterfowl Production Area, all P. 

virgatum represented restored populations. At Wah’Kon-Tah Prairie, two replicates of P. 

virgatum came from restored populations. Both restored populations were seeded with locally 

sourced seeds. The restored populations at the Cedar Creek Ecosystem Science Reserve were 

recovered from the seed bank. 

To measure temporal trends in traits, we sampled 14 specimens each of D. oligosanthes 

and P. virgatum at the Kansas State University Herbarium (KSC) and 17 specimens each at the 

McGregor Herbarium at Kansas University (KANU). KSC boasts a large (ca. 200,000) 

collection of plant specimens, many of which are historical specimens dating prior to 1900. 

KANU hosts approximately double (~400,000) the number of plant specimens as KSC, most of 

which were collected post-1950. Together these herbaria complement each other, allowing us to 

sample across a wider range of dates than would have been possible at just one herbarium.  

When selecting specimens to sample, we used specific criteria to standardize our 

sampling efforts. First, specimens needed to have ample leafy material, a prerequisite for 

approval for destructive sampling. Second, specimens sampled were collected in the eastern third 

of the state of Kansas to minimize environmental variation by location. Third, all specimens 

sampled were collected during the species’ respective growing season to avoid senesced 

specimens. Specimens of D. oligosanthes were collected during the months May-July and 

specimens of P. virgatum were collected from June-August.  

 Trait Measurements  

At each sampling site, five replicates of each species (when possible) were measured for 

their specific leaf area (SLA), leaf dry matter content (LDMC), fresh leaf thickness, C:N, and 
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δ13C. SLA (cm2 g-1) is the ratio of leaf area to dry mass, LDMC is the ratio of leaf dry mass to 

wet mass, fresh leaf thickness (mm) is the thickness of the leaf in the field, C:N is the ratio of 

carbon to nitrogen, and δ13C is the ratio of the isotope 13C to 12C compared to the standard. Two 

of the five replicates were measured for their stomatal densities and stomatal lengths. For leaf 

measurements (SLA, LDMC, and leaf thickness), one leaf was sampled from each replicate. Leaf 

area and fresh leaf thickness were measured in the field. Leaf area was measured using Leafscan, 

a mobile app for measuring the surface area of leaves (Anderson & Rosas-Anderson, 2017), and 

fresh leaf thickness using calipers. Leaves were rehydrated by being submerged in water for 24-

72 hours for wet mass measurements, and dried in a drying oven at 60 °C for at least 48 hours for 

dry mass.  

Stable isotope measurements for leaf δ13C, total C, and total N were done at the Stable 

Isotope Mass Spectrometry Laboratory at Kansas State University. Multiple leaves from each 

replicate were dried for at least 48 hours at 60 °C and homogenized with an amalgamator. Total 

C and N of homogenized leaf samples was measured following combustion using an Elementar 

vario Pyro cube coupled to an Elementar Vision mass spectrometer for isotope analysis. Isotopic 

abundance ratios were converted to δ notation using:   

δ =  [
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 −  1]  ∗  1000 

where R is the ratio of heavy (13C) to light (12C) isotopes for the sample and standard, 

respectively. Working laboratory standards were annually calibrated against the internationally 

accepted standard, Vienna Pee-Dee Belemnite for δ13C. Within-run and across-run variability of 

the laboratory working standard was < 0.05‰. For temporal trends, all δ13C values were 
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corrected for changes in atmospheric δ13C by converting to carbon isotope discrimination values 

Δ13C according to Farquhar et al. 1982: 

       𝛥13𝐶 =
𝛿13C 𝑎𝑖𝑟−𝛿13𝐶 𝑝𝑙𝑎𝑛𝑡

1+ 𝛿13𝐶 𝑝𝑙𝑎𝑛𝑡/1000
  

δ13Cair was estimated using measurements from McCarroll & Loader (2004) for the years 

preceding 2004 and measurements from the Moana Observatory Data were used for years 2004-

2022 (Keeling et al., 2005).  

Stomatal peels were measured on samples from both herbaria and pressed and 

dried collections from each study site. Stomatal peels were made by applying clear nail varnish 

to leaves on the herbarium specimens and peeling the varnish once dry with clear tape. Both D. 

oligosanthes and P. virgatum are amphistomatous, so peels were made on both the abaxial and 

adaxial surfaces of the leaves. Due to the nature of herbarium specimens, where stems and leaves 

are affixed to herbarium paper, we were unable to sample exact opposite sides of each leaf. 

However, the leaves of P. virgatum were long and folded to fit on the herbarium sheet, exposing 

both sides of the same leaf. Thus, abaxial and adaxial peels were taken from the same leaf where 

the leaf was folded. For D. oligosanthes, the leaves were short and not folded to fit on the 

herbarium sheets, so only one side of each leaf was available to perform peels. To circumvent 

this issue, peels of the abaxial and adaxial surfaces were made on different (but similarly-

developed) leaves of the same individual.  

Two counts of stomatal density were taken for each peel, and five replicates of stomatal 

lengths were measured for each count of stomatal density (10 total per specimen). Stomata were 

counted under 20x magnification on the objective lens and 10x magnification on the ocular lens 

using an Olympus BH-2 Microscope (Shinjuku City, Tokyo, Japan). An image was taken of each 
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leaf section using a Lumenera Infinity 2 microscopy camera (Ottawa, Canada). The area of the 

image field of view was determined by using a stage micrometer and was 0.120 mm2 for each 

image. Stomatal densities were then converted to per 1 mm2. Total stomatal density was 

measured as the sum of the abaxial and adaxial stomatal densities. Stomatal length (horizontal 

length of the guard cell from end to end) was measuring using ImageJ; pixel length was 

converted to mm using a reference length determined from the stage micrometer. Five specimens 

of P. virgatum that were measured for stable isotopes were unable to be sampled for stomatal 

densities or lengths, as either the specimens had leaves that were too folded or wrinkled to obtain 

peels, or stomata were too sunken and not visible on the peels.  

 Statistical Analysis 

All statistical analyses were performed in R V4.2.1 (R Core Team, 2022). For temporal 

trait responses, we used linear regression models to determine if traits significantly differed over 

time. We performed separate linear regression for each trait (Table 3.1) with year as the predictor 

variable. For spatial trait responses, we used one-way ANOVA for each trait with ecoregion as 

the predictor variable. For significant predictor values, a Tukey’s HSD test was used to make 

pairwise comparisons using the package ‘emmeans’ (Lenth 2022). All models were performed 

separately for each species. 

 Results 

 Temporal Trends  

We measured stomatal traits (total stomatal density, abaxial stomatal density, adaxial 

stomatal density, stomatal ratio, abaxial stomatal length, and adaxial stomatal length) and 

isotopic/elemental composition traits (Δ13C and C:N) on leaves of D. oligosanthes and P. 

virgatum from the years 1887 – 2021 collected from eastern Kansas (Table 3.1). For stomatal 
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traits, we found that only the abaxial stomatal density of P. virgatum significantly changed over 

time, exhibiting a weakly positive correlation (R2 = 0.1748, P = 0.027; Fig. 3.2). All other 

stomatal traits for both species did not significantly change across time (Figs. 3.3-3.7, P > 0.05). 

Of the two leaf isotopic and elemental composition traits measured, only Δ13C 

significantly increased or decreased over time. We found that the Δ13C of D. oligosanthes 

exhibited a significant, weakly positive correlation across time (R2 = 0.17, P = 0.007; Fig. 3.8), 

and that the Δ13C of P. virgatum responded in the opposite manner, with a significant, weakly 

negative correlation across time (R2 = 0.3276, P < 0.001; Fig. 3.9). C:N did not change 

significantly over time for either species (Figs. 3.10-3.11).  

We also report temporal trends of two additional traits, leaf δ15N and %N. While these 

traits were not the focus of this study, they are of interest in the field and we find it valuable to 

report the results. We found that δ15N showed significant, moderately negative correlations with 

time for both D. oligosanthes (R2 = 0.4493, P < 0.001; Fig. 3.12) and P. virgatum (R2 = 0.3282, 

P < 0.001; Fig. 3.13). %N, however, did not change significantly over time (Figs. 3.14-3.15) 

These results are consistent with other studies (McLauchlan et al., 2010; Tang et al., 2022). 

 Spatial Trends 

We collected measurements on traits of D. oligosanthes and P. virgatum from eight 

different grasslands found in six ecoregions of the Great Plains of the United States (Table 3.2; 

Fig. 3.1). We measured the same stomatal traits (total stomatal density, abaxial stomatal density, 

adaxial stomatal density, stomatal ratio, abaxial stomatal length, and adaxial stomatal length) as 

we did for our temporal trend analysis (Table 3.1). However, an additional suite of leaf traits 

were measured and analyzed, including leaf SLA, LDMC, fresh thickness, δ13C, and C:N (Table 
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3.1). We compared how each of these traits varied for D. oligosanthes and P. virgatum across the 

ecoregions where each of our sites were located (Table 3.2; Fig. 1). 

Only one stomatal trait significantly differed among ecoregions for D. oligosanthes: 

stomatal ratio. Stomatal ratios from plants growing in the Flint Hills (1.47 ± 0.14; Table 3.3) and 

the Western Corn Belt Plains (1.47 ± 0.24; Table 3.3) were significantly smaller than stomatal 

ratios from plants growing in the North Central Hardwood Forests ecoregion (3.35 ± 0.65; Table 

3.3). No other stomatal traits showed any significant differences among ecoregions (Table 3.3).  

Significant differences among stomatal traits across ecoregions for P. virgatum existed for 

adaxial stomatal density and adaxial stomatal length (Table 3.4). Adaxial stomatal densities were 

significantly higher in the Central Irregular Plains (358.3 ± 41.7 stomata/mm2; Table 3.4) than 

they were in the Flint Hills (190.6 ± 23.8 stomata/mm2; Table 3.4) and the Western Corn Belt 

Plains (154.2 ± 25.0 stomata/mm2; Table 3.4). Adaxial stomatal lengths were significantly larger 

in the Flint Hills (0.0286 ± 0.0016 mm; Table 3.4) and the Northwest Glaciated Plains (0.0294 ± 

0.0010 mm; Table 3.4) than in the Central Irregular Plains (0.0214 ± 0.0011 mm; Table 3.4).  

Significant differences among leaf traits across ecoregions for D. oligosanthes existed for 

LDMC, fresh leaf thickness, C:N, and δ13C (Table 3.5). LDMC was found to be significantly 

higher among individuals growing in the Central Irregular Plains (0.344 ± 0.006; Table 3.5) than 

the Flint Hills (0.295 ± 0.010; Table 3.5), North Central Hardwood Forests (0.281 ± 0.014; Table 

3.5), and Western Corn Belt Plains (0.286 ± 0.009; Table 3.5). Fresh leaf thickness was 

significantly greater in the Nebraska Sandhills (0.212 ± 0.010 mm; Table 3.5) than in the North 

Central Hardwood Forests (0.167 ± 0.011 mm; Table 3.5). C:N was significantly higher in the 

Central Irregular Plains (31.81 ± 2.42; Table 3.5) than the Nebraska Sandhills (22.88 ± 1.37; 

Table 3.5), North Central Hardwood Forests (24.09 ± 1.12; Table 3.5), and the Western Corn 
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Belt Plains (20.92 ± 1.54; Table 3.5). The Flint Hills had higher C:N (29.33 ± 1.37; Table 3.5) 

than the North Central Hardwood Forests and the Western Corn Belt Plains. Finally, δ13C was 

significantly higher in the Nebraska Sandhills (-26.54 ± 0.11; Table 3.5) than in the Flint Hills (-

28.09 ± 0.20; Table 3.5) and the Western Corn Belt Plains (-27.87 ± 0.32; Table 3.5). δ13C was 

also significantly higher in the North Central Hardwood Forests (-26.86 δ13C 0.22; Table 3.5) 

compared to the Flint Hills. Significant differences in SLA was not found in D. oligosanthes 

(Table 3.5).  

For the leaf traits of P. virgatum, significant differences across ecoregions were found in 

SLA and LDMC (Table 3.6). P. virgatum growing in the Central Irregular Plains (164.1 ± 13.4; 

Table 3.6) and Northwest Glaciated Plains (190.3 ± 7.9; Table 3.6) had significantly higher SLA 

on average than individuals of the Flint Hills (131.4 ± 4.4; Table 3.6). LDMC was significantly 

higher in the Flint Hills (0.393 ± 0.009; Table 3.6) than the Northwest Glaciated Plains (0.308 ± 

0.017; Table 3.6). Significant differences were not found for fresh leaf thickness, C:N, or δ13C in 

P. virgatum across ecoregions.  

 Discussion 

In this study, we measured a suite of leaf traits on two widespread Panicoid species of 

grass (D. oligosanthes and P. virgatum) representative of either C3 or C4 photosynthetic 

pathways in the Great Plains of North America. The goal was to assess temporal (within eastern 

Kansas) and spatial (across the broader Great Plains) intraspecific variation in common leaf-level 

plant traits. Our results highlight trait plasticity and local adaptation across species, location, and 

time of measurement. The nature of this variability among two species from the same tribe of 

grasses (but differing photosynthetic pathway) illustrates the importance of measuring traits on 
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members of underrepresented groups of plants, such as grasses, as trait responses may be 

species-specific. 

 Responses in traits to increasing CO2 since 1887 

We measured six stomatal traits on both D. oligosanthes and P. virgatum (Table 3.1). We 

hypothesized both species would exhibit a decrease in stomatal density and stomatal length over 

time due to increasing atmospheric CO2 (Peñuelas & Matamala, 1990; Miglietta & Raschi, 

1993). However, this hypothesis was not supported by the data; the general lack of change in 

stomatal density and length was contrary to previous studies that have found decreasing stomatal 

densities in response to elevated CO2 (Peñuelas & Matamala, 1990; Beerling & Chaloner, 1993a; 

Beerling & Chaloner, 1993b; Woodward & Kelly, 1995; Bettarini et al., 1998; Doheny-Adams et 

al., 2012; Large et al., 2017). While not statistically significant, there was an increasing trend in 

total stomatal density for both species over time (Fig. 3.3). Studies reporting decreasing stomatal 

densities have focused primarily on non-grass species. Woodward & Kelly (1995) assessed 

changes in stomatal density of 100 species in response to increasing CO2, including seven grass 

species. Of these seven grass species, four exhibited decreases in stomatal densities (one C3, 

three C4) and three species exhibited increases (two C3, one C4). Interestingly, the proportion of 

grasses showing a decreasing response towards increased CO2 is 57%, which is less than the 

proportion of all species included in the analysis (74%). Coupled with the responses of stomatal 

densities of D. oligosanthes and P. virgatum found in this study, the percentage of grass species 

showing decreasing stomatal density falls to 44%. While still a small sample size, this suggests 

that the stomatal densities of grass species may respond more variably to increases in CO2 (or 

other changing environmental factors, such as water availability) than in other plant lineages. 
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Although the trends were not significant, D. oligosanthes and P. virgatum both had 

increasing C:N and decreasing %N through time. Increasing atmospheric CO2 is expected to 

increase foliar C:N ratios as plants have access to more carbon, but changes in %N through time 

seem to be less consistent (Peñuelas & Matamala, 1990, McLauchlan et al., 2010; McLauchlan 

et al., 2017; Brookshire et al., 2020; Peñuelas et al., 2020). While the majority of species 

measured in these studies were non-grasses, Brookshire et al., (2020) found increasing C:N and 

decreasing %N in both species of C3 grasses sampled. McLauchlan et al., (2010) found 

decreasing %N in only four of the eight grass species sampled, and these were a mix of C3 and 

C4 species. The other four grass species sampled exhibited no change in %N through time. This 

suggests that effect of increased atmospheric CO2 on %N may be species-specific, as grasses 

belonging to the same genus in McLauchlan et al., (2010) exhibited both no change and 

decreasing %N. Additionally, the effects of increased anthropogenic N deposition over time 

(Matson et al., 2002) may also play a role in suppressing increased C:N ratios. These null results 

may also be a result of small sampling sizes in the study. 

Based on their differing photosynthetic pathways, we hypothesized that Δ13C of D. 

oligosanthes would decrease in response to increased atmospheric CO2 and the Δ13C of P. 

virgatum would be unaffected. However, neither prediction was supported by our data. Δ13C of 

D. oligosanthes significantly increased over time, indicating that integrated water use efficiency 

(WUE) has actually decreased through time in this species. Δ13C of C3 species are typically 

expected to decrease over time in response to elevated CO2 due to increased stomatal closure to 

limit water loss, thus increasing WUE (Francey & Farquhar, 1982). This trend has been observed 

in several studies (Peñuelas & Azcón‐Bieto, 1992; Pedicino et al., 2002), including in C3 grasses 

(Araus & Buxó, 1993). However, Δ13C in C3 plants has also been found to increase (Zhao et al., 
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2001; Pedicino et al., 2002) or remain unchanged (Pedicino et al., 2002) over time as 

atmospheric CO2 has increased. There are many reasons why a species may exhibit changes in 

Δ13C. Environmental factors such as mean annual precipitation, nutrient availability, and 

irradiance all may influence Δ13C of C3 species (Cernusak et al., 2013). Furthermore, Δ13C may 

also depend on a species’ genotype or phylogeny (Cernusak et al., 2013; Stein et al., 2021).  

The decrease in Δ13C of P. virgatum was surprising. While few studies have measured 

temporal changes in Δ13C on C4 species, only increasing (Pedicino et al., 2002; Eastoe & Toolin, 

2018) and unchanging (Marino & McElroy, 1991; Pedicino et al., 2002) trends have previously 

been reported. To our knowledge, this is the first time a decreasing response of Δ13C over time 

has been reported for a C4 species. There may be several reasons why this change in Δ13C was 

observed. In C4 species, Δ13C may increase when plants are subjected to dry conditions, usually 

only by 0.5‰-1‰ (Buchmann et al., 1996, Fravolini et al., 2002; Ghannoum et al., 2002). Δ13C 

of C4 plants is also influenced by light availability. When shaded, the Δ13C of C4 species 

increases (Buchmann et al., 1996), and changes in Δ13C in response to light are greater than that 

of responses to water (Cernusak et al., 2013). Additionally, the responses of Δ13C of C4 grasses 

to changes in environmental factors vary by C4 subtype – the Δ13C of the NADP-ME subtype 

responds the least, followed by PCK then NAD-ME (Buchmann et al., 1996). As P. virgatum has 

the NAD-ME subtype, the ~1‰ decrease observed since 1887 is reasonable. A decrease in Δ13C 

as a response to increased light availability seems unlikely, as P. virgatum normally grows in full 

sunlight. Thus, it appears plausible that increased water availability may be responsible for the 

Δ13C decrease seen in P. virgatum over time. The results of Δ13C measured over time for both D. 

oligosanthes and P. virgatum may both be responses to increased water availability in the region; 

precipitation data from Manhattan, Kansas, USA (located within the region of specimens 
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sampled) shows increasing mean annual precipitation throughout the last century (Nippert, 

2019).  

 Trait variation across ecoregions 

A suite of traits was measured on individuals of D. oligosanthes and P. virgatum across 

eight grassland locations found in six ecoregions of the Great Plains of North America. We 

predicted that we would find differences between at least two ecoregions for every trait because 

these species persist across a wide range of environments with complex spatial and temporal 

variability. However, across the suite of stomatal traits we measured, there were few differences 

between ecoregions for either species. Only one stomatal trait of D. oligosanthes (stomatal ratio) 

and two stomatal traits of P. virgatum (adaxial stomatal density and adaxial stomatal length) 

showed differences among ecoregions. We attribute this substantial lack of differences to our 

sample sizes. Only two replicates were taken at each site for each trait, limiting significant 

statistical differences between sites. We believe that more significant differences may have been 

found if additional replicates were included in the analyses, as differences in stomatal traits have 

been reported to vary across temperature and precipitation gradients (Pyakurel & Wang, 2014; 

Carlson et al., 2016; Du et al., 2021).  

In contrast to stomatal traits, we found more differences among non-stomatal leaf traits 

(SLA, LDMC, fresh leaf thickness, C:N, and δ13C) among ecoregions for both D. oligosanthes 

and P. virgatum. Due to the larger number of replicates for these traits, we expect the results to 

better reflect ecological differences rather than sample size. Of these four traits, only differences 

in LDMC were found between both species, though not among the same ecoregions. The LDMC 

of D. oligosanthes was higher in the Central Irregular Plains than all other ecoregions except the 

Nebraska Sandhills, which showed no difference. The Central Irregular Plains is the most 
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southwestern ecoregion in our study and has greater precipitation and warmer temperatures 

throughout the year compared to the other ecoregions. LDMC is known to increase with 

increasing precipitation across rainfall gradients in both forests and grasslands (Wang et al., 

2016; Zuo et al., 2021), which explains the differences found in our study. However, LDMC in 

P. virgatum was not found to be higher in the drier western ecoregions compared to the wetter 

eastern ecoregions. 

In contrast to LDMC, SLA has been found to decrease with increasing precipitation 

(Wang et al., 2016, Brody & Low, 2019; Zuo et al., 2021). While no changes in SLA were 

observed among ecoregions for D. oligosanthes, SLA differed in P. virgatum among many 

ecoregions, but with no clear divide along precipitation gradients. Like SLA, leaf thickness 

decreases with increasing precipitation in grasslands (Zuo et al., 2021), though no similar trends 

were found in forests (Wang et al., 2016). Fresh leaf thickness was only different among 

ecoregions in D. oligosanthes, where individuals growing in the driest ecoregion (Nebraska 

Sandhills) had the greatest leaf thickness. One reason precipitation gradients may not explain all 

of the variability among these leaf traits is that the precipitation gradients across our ecoregions 

did not extend throughout the entire precipitation gradient of the Great Plains. While our eastern 

ecoregions tended to be close to the wettest regions of the Great Plains, our western ecoregions 

only extended to the middle of the Great Plains that receive moderate precipitation. Without 

including extreme western sites in our analysis, the picture remains incomplete. 

δ13C only differed among ecoregions in D. oligosanthes. In C3 plants, differences in δ13C 

are strongly driven by instantaneous ci/ca, the ratio of intracellular CO2 to the ratio of 

atmospheric CO2 (Cernusak et al., 2013). Instantaneous ci/ca has a negative relationship with leaf 

δ13C (Cernusak et al., 2013) and is influenced by many environmental factors including water 
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availability, nutrient availability, irradiance, and reduced CO2 partial pressures due to elevation 

(Tieszen, 1991). Tieszen (1991) predicts irradiance affects ci/ca the most and water availability 

second, but D. oligosanthes was collected in open grasslands at all sites in this study, so 

differences in irradiance are likely unimportant as drivers of δ13C. Water stress decreases ci/ca 

(Tieszen, 1991) by increasing stomatal regulation and decreasing discrimination against 13C, 

resulting in higher foliar δ13C values (Cernusak et al., 2013). This trend has been observed in C3 

grasses across a precipitation gradient (Weiguo et al., 2005). In our study, the highest δ13C 

values measured in D. oligosanthes came from the driest ecoregion (Nebraska Sandhills) and the 

lowest δ13C came from one of the wettest ecoregions sampled in this study (Flint Hills). 

 Conclusion 

We found that traits of two species of Panicoid grasses, D. oligosanthes (C3) and P. 

virgatum (C4), varied in response to changes in environmental conditions across spatial and 

temporal scales. Observed trait variation across spatial scales in traits such as SLA, LDMC, leaf 

thickness, and δ13C has likely influenced the ability of these species to persist across the Great 

Plains of North America, where environmental conditions vary substantially among its 

ecoregions (similar to Bachle et al., 2021). Temporally, we found contrasting responses of Δ13C 

between the species, indicating that these species have been responding differently to 

environmental change over time, which may be linked to the difference in photosynthetic 

pathways. The decreasing response of Δ13C of P. virgatum over time is the first time this type of 

trend has been reported for a C4 species. In addition, we found that many traits, such as stomatal 

density and C:N, did not respond across time, which contrasts with results from other studies. 

This is likely due to the underrepresentation of Poaceae in the literature; predictions in the field 

of trait ecology are founded primarily on non-grass species. However, we acknowledge that the 
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limited number of older samples (pre-1900) may have also played a role in these trends. We 

argue that the evolutionary history of species is important when assessing trait variability across 

temporal and spatial scales. If we are to make predictions about global ecosystem change, we 

need to include all relevant phylogenies in trait analyses, especially C3 and C4 species of the 

highly diverse and dominant Poaceae. 
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 Tables and Figures 

Table 3.1: A list of traits measured in this study. 

Traits measured across time Traits measured across space 

Total Stomatal Density (stomata/mm2) Total Stomatal Density (stomata/mm2) 

Adaxial Stomatal Density (stomata/mm2) Adaxial Stomatal Density (stomata/mm2) 

Abaxial Stomatal Density (stomata/mm2) Abaxial Stomatal Density (stomata/mm2) 

Top Stomatal Length (mm) Top Stomatal Length (mm) 

Bottom Stomatal Length (mm) Bottom Stomatal Length (mm) 

Stomatal Ratio (Adaxial:Abaxial) Stomatal Ratio (Adaxial:Abaxial) 

Δ13C (‰) δ13C (‰) 

C:N C:N 

 SLA (cm2 g-1) 

 LDMC 

 Fresh Leaf Thickness (mm) 
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Table 3.2: A list of grasslands where sampling of traits of D. oligosanthes and P. virgatum 

occurred. Ecoregions were determined from US Environmental Protection Agency (2013). 

Site  Locality  Ecoregion  Species Sampled  

Konza Prairie Biological 

Station  

Manhattan, Kansas, 

USA  

Flint Hills  D. oligosanthes and P. 

virgatum  

Wah’Kon-Tah Prairie  El Dorado Springs, 

Missouri, USA  

Central 

Irregular 

Plains  

D. oligosanthes and P. 

virgatum  

Kisk-Ke-Kosh Prairie  Reasnor, Iowa, USA  Western 

Corn Belt 

Plains  

D. oligosanthes   

Joseph H. Williams 

Tallgrass Prairie Preserve  

Pawhuska, Oklahoma, 

USA  

Flint Hills  D. oligosanthes and P. 

virgatum  

Valentine National Wildlife 

Refuge  

Valentine, Nebraska, 

USA  

Nebraska 

Sandhills  

D. oligosanthes and P. 

virgatum  

T. L. Davis Preserve  Elkhorn, Nebraska, 

USA  

Western 

Corn Belt 

Plains  

D. oligosanthes and P. 

virgatum  

Cedar Creek Ecosystem 

Science Reserve  

East Bethel, Minnesota, 

USA  

North 

Central 

Hardwood 

Forests  

D. oligosanthes and P. 

virgatum  
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Woodworth Station 

Waterfowl Production Area  

Woodworth, North 

Dakota, USA  

Northwestern 

Glaciated 

Plains  

P. virgatum  
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Table 3.3: Mean values of stomatal traits of D. oligosanthes separated by ecoregion. Means 

within columns with different letters are statistically significant (P < 0.05). 

Trait Total 

Stomatal 

Density 

(per mm2) 

Adaxial 

Stomatal 

Density 

(per mm2) 

Abaxial 

Stomatal 

Density 

(per mm2) 

Adaxial 

Stomatal 

Length 

(mm) 

Abaxial 

Stomatal 

Length 

(mm) 

Stomatal Ratio 

(Adaxial:Abaxial) 

Central 

Irregular 

Plains 

343.8 ± 

52.1a 

225.0 ± 

62.5a 

118.7 ± 

10.4a 

0.0303 ± 

0.0018a 

0.0339 ± 

0.0020a 

1.96 ± 0.70ab 

Flint Hills 277.1 ± 

8.1a 

163.5 ± 

5.7a 

113.5 ± 

7.5a 

0.0329 ± 

0.0013a 

0.0381 ± 

0.0019a 

1.47 ± 0.14a 

Nebraska 

Sandhills 

391.7 ± 

87.5a 

279.2 ± 

79.2a 

112.5 ± 

8.3a 

0.0295 ± 

0.0009a 

0.0344 ± 

0.0041a 

2.44 ± 0.52ab 

North 

Central 

Hardwood 

Forests 

366.7 ± 

33.3a 

279.2 ± 

12.5a 

87.5 ± 

20.8a 

0.0305 ± 

0.0022a 

0.0369 ± 

0.0040a 

3.35 ± 0.65b 

Western 

Corn Belt 

Plains 

314.6 ± 

21.3a 

184.4 ± 

20.0a 

130.2 ± 

12.8a 

0.0303 ± 

0.0015a 

0.0328 ± 

0.0010a 

1.47 ± 0.24a 
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Table 3.4: Mean values of stomatal traits of P. virgatum separated by ecoregion. Means 

within columns with different letters are statistically significant (P < 0.05). 

Trait Total 

Stomatal 

Density 

(per mm2) 

Adaxial 

Stomatal 

Density 

(per mm2) 

Abaxial 

Stomatal 

Density 

(per mm2) 

Adaxial 

Stomatal 

Length 

(mm) 

Abaxial 

Stomatal 

Length 

(mm) 

Stomatal Ratio 

(Adaxial:Abaxial) 

Central 

Irregular 

Plains 

620.8 ± 

100.0a 

358.3 ± 

41.7a 

262.5 ± 

58.3a 

0.0214 ± 

0.0011a 

0.0301 ± 

0.0040a 

1.40 ± 0.15a 

Flint Hills 349.0 ± 

39.0a 

190.6 ± 

23.8b 

158.3 ± 

16.2a 

0.0286 ± 

0.0016b 

0.0356 ± 

0.0013a 

1.20 ± 0.07a 

Nebraska 

Sandhills 

375.0 ± 

16.7a 

204.2 ± 

20.8ab 

170.8 ± 

4.2a 

0.0270 ± 

0.0020ab 

0.0342 ± 

0.0002a 

1.20 ± 0.15a 

North 

Central 

Hardwood 

Forests 

391.7a 208.3ab 183.3a 0.0286ab 0.0328a 1.14a 

Northwest 

Glaciated 

Plains 

377.1 ± 

43.7a 

208.3 ± 

20.8ab 

168.7 ± 

22.9a 

0.0294 ± 

0.0010b 

0.0354 ± 

0.0004a 

1.24 ± 0.05a 

Western 

Corn Belt 

Plains 

362.5 ± 

8.3a 

154.2 ± 

25.0b 

208.3 ± 

16.7a 

0.0249 ± 

0.0013ab 

0.0326 ± 

0.0018a 

1.34 ± 0.40a 
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Table 3.5: Mean values of leaf traits of D. oligosanthes separated by ecoregion. Means 

within columns with different letters are statistically significant (P < 0.05). 

Trait SLA (cm2 g-1) LDMC Fresh Leaf 

Thickness 

(mm) 

C:N δ13C (‰) 

Central 

Irregular 

Plains 

184.0 ± 7.9a 0.344 ± 

0.006a 

0.184 ± 

0.002ab 

31.81 ± 2.42a -27.39 ± 

0.44abc 

Flint Hills 203.4 ± 11.0a 0.295 ± 

0.010b 

0.190 ± 

0.007ab 

29.33 ± 

1.37ab 

-28.09 ± 

0.20a 

Nebraska 

Sandhills 

170.4 ± 9.6a 0.324 ± 

0.009ab 

0.212 ± 

0.010a 

22.88 ± 

1.37bc 

-26.54 ± 

0.11b 

North Central 

Hardwood 

Forests 

197.1 ± 8.6a 0.281 ± 

0.014b 

0.167 ± 

0.011b 

24.09 ± 

1.12bc 

-26.86 ± 

0.22bc 

Western Corn 

Belt Plains 

218.7 ± 10.7a 0.286 ± 

0.009b 

0.180 ± 

0.004ab 

20.92 ± 1.54c -27.87 ± 

0.32ac 
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Table 3.6: Mean values of leaf traits of P. virgatum separated by ecoregion. Means within 

columns with different letters are statistically significant (P < 0.05). 

Trait SLA (cm2 g-1) LDMC Fresh Leaf 

Thickness 

(mm) 

C:N δ13C (‰) 

Central 

Irregular 

Plains 

164.1 ± 13.4ac 0.357 ± 

0.028ab 

0.212 ± 

0.009a 

37.15 ± 8.24a -13.63 ± 

0.08a 

Flint Hills 131.4 ± 4.4b 0.393 ± 

0.009b 

0.199 ± 

0.009a 

37.15 ± 2.22a -13.27 ± 

0.06a 

Nebraska 

Sandhills 

130.8 ± 8.4ab 0.387 ± 

0.013b 

0.222 ± 

0.004a 

26.60 ± 2.67a -13.26 ± 

0.06a 

North Central 

Hardwood 

Forests 

155.8 ± 4.2abc 0.336 ± 

0.013ab 

0.179 ± 

0.001a 

23.16 ± 1.49a -13.13 ± 

0.21a 

Northwest 

Glaciated 

Plains 

190.3 ± 7.9c 0.308 ± 

0.017a 

0.210 ± 

0.006a 

24.86 ± 1.93a -13.42 ± 

0.15a 

Western Corn 

Belt Plains 

161.5 ± 

10.3abc 

0.328 ± 

0.016ab 

0.207 ± 

0.003a 

31.91 ± 7.53a -13.46 ± 

0.10a 
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Figure 3.1: A map of the grassland sites and their ecoregions (US Environmental 

Protection Agency, 2013).  
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Figure 3.2: The change in stomatal densities of the abaxial (R2 = 0.06492; P = 0.1907) and 

adaxial (R2 = 0.001344; P = 0.8531) surfaces of P. virgatum leaves from the years 1887 – 

2021. 
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Figure 3.3: The change in total stomatal densities of D. oligosanthes (R2 = 0.04249; P = 

0.2498) and P. virgatum (R2 = 0.02825; P = 0.3926) leaves from the years 1887 – 2021. 
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Figure 3.4: The change in stomatal densities of the abaxial (R2 = 0.05433; P = 0.1918) and 

adaxial (R2 = 0.01172; P = 0.5487) surfaces of D. oligosanthes leaves from the years 1887 – 

2021. 
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Figure 3.5: The change in stomatal lengths of the abaxial (R2 = 0.1748; P = 0.02685) and 

adaxial (R2 = 0.01798; P = 0.4964) surfaces of P. virgatum leaves from the years 1887 – 

2021. 
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Figure 3.6: The change in stomatal lengths of the abaxial (R2 = 0.01594; P = 0.4838) and 

adaxial (R2 = 0.02762; P = 0.3553) surfaces of D. oligosanthes leaves from the years 1887 – 

2021. 
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Figure 3.7: The change in stomatal ratios (adaxial:abaxial) of D. oligosanthes (R2 = 

0.0008576; P = 0.8715) and P. virgatum (R2 = 0.1052; P = 0.09219) leaves from the years 

1887 – 2021. 
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Figure 3.8: The change in Δ13C of D. oligosanthes leaves from the years 1887 – 2020 (R2 = 

0.17; P = 0.007394). 
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Figure 3.9: The change in Δ13C of P. virgatum leaves from the years 1887 – 2020 (R2 = 

0.3276; P = 0.0002649). 
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Figure 3.10: The change in C:N of D. oligosanthes leaves from the years 1887 – 2020 (R2 = 

0.08207; P = 0.06939). 
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Figure 3.11: The change in C:N of P. virgatum leaves from the years 1887 – 2020 (R2 = 

0.07127; P = 0.1155). 
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Figure 3.12: The change in δ15N of D. oligosanthes leaves from the years 1887 – 2020 (R2 = 

0.4493; P = 1.636e-06). 
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Figure 3.13: The change in δ15N of P. virgatum leaves from the years 1887 – 2020 (R2 = 

0.3282; P = 0.0002608). 
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Figure 3.14: The change in %N of D. oligosanthes leaves from the years 1887 – 2020 (R2 = 

0.06826; P = 0.09895). 
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Figure 3.15: The change in %N of P. virgatum leaves from the years 1887 – 2020 (R2 = 

0.0002608; P = 0.1997). 
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Chapter 4 - Conclusion 

The grass family Poaceae is one of the most successful plant families on Earth. Grassy 

ecosystems cover over 25% of the Earth’s terrestrial surface (Asner et al., 2004) and grass 

species are found on every continent, including Antarctica. Poaceae comprises over 11,500 

species of grasses (Soreng et al., 2017), and the tremendous diversity among grass species has 

facilitated their success across a wide range of climatic and environmental conditions. Grasses 

and grass-dominated ecosystems function as essential drivers of global biogeochemical cycling 

(Scurlock & Hall, 1998) and are critical to the success of humanity, as grasses are utilized 

worldwide for food, fiber, and fuel (Tilman et al., 2002; Glémin & Bataillon, 2009).  

 Despite the critical importance of Poaceae, grasses have historically been overlooked by 

ecologists in favor of non-grass species. Grasses are routinely underrepresented in trait databases 

such as the TRY database (Kattge et al., 2011), especially C4 grasses. While C4 grasses account 

for less than half of all grass species (Osborne et al., 2014), they often dominate the landscapes 

in which they occur (Strömberg, 2011), accounting for nearly a quarter of gross terrestrial 

productivity worldwide (Still et al., 2003). Therefore, it is vital to increase our understanding of 

grass trait variability if we are to understand and predict how global change is affecting, and will 

continue to affect, grassy ecosystems. The goal of this thesis was to further understand the 

natural variability among Poaceae across spatial, temporal, and taxonomic scales in the Great 

Plains region of the United States. 

 In Chapter 2, I explored three methods of organizing grass species for use in grassland 

ecosystem models to better understand how trait diversity varies among grass species. The 

purpose of this chapter was to assess alternatives to plant functional types (PFTs) for use in Land 

Surface Models, which group grasses by their photosynthetic pathway. This method ultimately 



97 

underestimates trait diversity within Poaceae, especially among C4 grass lineages (Griffith et al., 

2020).  To this end, I measured 11 structural and physiological traits commonly used in 

grassland ecosystem models on 75 naturally-occurring species of grass. I then compared whether 

functional types grouped by photosynthetic pathway (C3 or C4), life history (annual or perennial), 

or evolutionary history (tribe or C4 lineage) best explained variation in traits. My results showed 

that grass traits are best understood within the context of their evolutionary history. 

Photosynthetic pathway only revealed significant differences among physiological traits and life 

history primarily explained variation in structural traits. Evolutionary history, however, was 

found to significantly explain differences found in both structural and physiological traits when 

species were grouped by either tribe or C4 lineage. These findings suggest that replacing PFTs 

with a grouping strategy that accounts for evolutionary history, such as lineage-based functional 

types (LFTs), would improve the predictions of grassland ecosystem models. 

 In Chapter 3, I examined spatial and temporal variability of leaf traits for two species of 

Panicoid grasses, Dichanthelium oligosanthes subsp. scribnerianum (C3) and Panicum virgatum 

(C4). Temporal trait variability was assessed by measuring traits on herbarium specimens from 

1887-2020 from the Kansas State University Herbarium (KSC) and the McGregor Herbarium at 

the University of Kansas (KANU). Stomatal traits (total density, length, and adaxial:abaxial 

density) predominately did not vary over time for either species – a finding that contrasts with 

the results of many measurements on non-Poaceae species (Woodward & Kelly, 1995) – despite 

an increase of roughly 120 ppm in atmospheric CO2 over this time period. Δ13C increased 

through time in D. oligosanthes but decreased in P. virgatum, which was the first time a 

temporal decrease in Δ13C for a C4 species has been reported in the literature. Spatial trait 

variability was assessed by measuring leaf traits across eight different sites representing six 



98 

unique ecoregions of the Great Plains of North America. While few changes in stomatal traits 

were found (likely due to small sample sizes), differences in other leaf traits (SLA, LDMC, fresh 

leaf thickness, C:N, and δ13C) were found across ecoregions, likely driven by spatial variation in 

precipitation and temperature. These results highlight how trait variation across spatial scales has 

influenced the ability of these species to persist across vast regions of the Great Plains of North 

America. These findings demonstrate the need to include representatives of Poaceae in more trait 

studies, as grass species are vastly under-represented in trait-based ecological research and likely 

respond differently than non-grass species to climatic and environmental change. 

 To accurately predict how grassland ecosystems may respond to future environmental 

change, it is first necessary to understand how dominant grasses of those ecosystems function. 

The traits of grass species can be used as predictors of plant performance (Violle et al., 2007) 

and subsequently incorporated into grassland ecosystem models. This thesis has contributed to 

the understanding of how grass traits vary spatially, temporally, and by evolutionary lineage in 

the Great Plains region of the United States. The results of these studies provide additional 

evidence that including evolutionary history – rather than relying solely on life history or 

photosynthetic pathway – would improve the accuracy of ecosystem models aimed at predicting 

grassland responses to future climatic and environmental change. 
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