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ABSTRACT 

Identifying the factors that structure communities across an environmental gradient is a 

commonly studied and often debated topic in plant community ecology.  Despite substantial 

attention, a consensus has not been reached regarding which factors are the most important or 

how communities respond.  This is especially true for grasslands, where habitat loss has limited 

opportunities for systematic study across key environmental gradients.  Here we overcome these 

limitations by examining CRP restored plant community responses to a large-scale 

environmental gradient and to two, common management approaches.  We acquired 55 CRP 

sites across the state of Kansas representing short, mixed, and tallgrass prairie that were restored 

and managed using either CP2 or CP25 management strategies.  The longitudinal environmental 

gradient was composed of changes in mean annual precipitation, temperature, elevation, soils, 

and disturbance regimes.  Plant community and soil data were collected in the spring and 

summer of 2017.  Mean annual precipitation was the most important predicator of species 

richness which had a positive, linear response across the gradient.  To a lesser degree, 

management practices also played a role in determining community structure.  The linear 

increase in richness that we observed across the precipitation gradient reflects the increase in 

species pool size from short to tallgrass plant communities and explained most of the richness 

variation despite large changes in plant communities.  This linear richness response contrasts 

with unimodal responses to gradients reported elsewhere, highlighting uncertainties at the high 

end of resource gradients.  These findings provide insight into the diversity constraints and 

fundamental drivers of change across a large-scale gradient representing a wide variety of 

habitats and conditions in grassland systems. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Examination of ecological processes across environmental gradients is a tractable way to 

gain insight into complex ecological systems by linking shifts in community structure and 

diversity to systematic changes in key environmental factors (Chalcraft et al. 2004, Fraser et al. 

2015).  For these reasons, ecologists have frequently employed environmental gradients in 

numerous studies over the last 50 years (Connell and Orias 1964, Grime 1979, Tilman 1988, 

Rosenzweig and Abramsky 1993, Huston 1994, Graham and Duda 2011).  The gradients can be 

naturally occurring or anthropogenic and include classic examples such as productivity, 

disturbance, and latitude (Whittaker and Levin 1977, Abrams 1995, Pennington et al. 2004).  

This approach not only provides insight into the key drivers of ecological patterns, but also 

provides a way to apply the insights to new contexts (Grime 2002, Guo 2003). 

Despite substantial effort and important advancements, many key diversity patterns 

across gradients are not well-resolved or agreed upon (Mackey and Currie 2001, Mittelbach et al. 

2001, Gillman and Wright 2006, Hughes et al. 2007, Harrison and Cornell 2008, Reynolds and 

Haubensak 2009, Graham and Duda 2011, Adler et al. 2011).  Indeed, reviews and meta-

analyses of the productivity-diversity relationship highlight knowledge gaps or lack of consensus 

in the literature rather than elucidating over-arching ecological principles.  A good example is 

the grassland biome of North America, where a consensus has not been reached regarding the 

productivity-diversity relationship (Mittelbach et al. 2001, Whittaker and Heegaard 2003, Adler 

et al. 2011, Fraser et al. 2015, Grace et al. 2016).  One reason for the equivocal results is that 

most grassland studies have been conducted only at small scales or have failed to use consistent 
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sampling methods across sites with similar management histories (Adler and Levine 2007, Guo 

2007, Dickson and Foster 2008, Chalcraft et al. 2009, Reynolds and Haubensak 2009, Whittaker 

2010, Grman 2013, Chang and Smith 2014).  Most studies combine existing data from 

established research sites or previous studies that were designed to address site-specific 

processes rather than broader, spatial-scale questions.  Consequently, sites are arranged or 

sampled in a way that may not adequately represent larger gradients or specific focal scales, 

making it difficult to attribute causation (Gillman and Wright 2006, Adler and Levine 2007, 

Pärtel et al. 2007, Chalcraft et al. 2009, Whittaker 2010).  Additionally, many studies examine 

responses across productivity gradients based on measurements of standing plant biomass.  

While this approach can be informative at small scales among similar communities, it is less 

reliable when comparing across habitats due to the reciprocal relationship between biomass and 

the species present (Gross and Cardinale 2007, Cardinale et al. 2009, Grace et al. 2016, Mahaut 

et al. 2019).  What is needed is a selection of sites that are arranged along a single, steep 

environmental productivity gradient within the grassland biome that are systematically sampled 

at a consistent focal scale (Whittaker 2010).    

One reason for the lack of systematic studies across North American grasslands is the 

scarcity of intact prairie.  Due to widespread conversion to row-crop agriculture, native prairie 

loss since European settlement has been as high as 99.9% in some areas, making it one of the 

most imperiled ecosystems in North America (Samson and Knopf 1994, Watkinson and 

Ormerod 2001).  Because of the destruction of prairie ecosystems, examination of restored 

grasslands is one of the best ways to understand broad scale ecological processes across sites 

with similar site histories.  Studying restored sites also provides a way of testing ecological 
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theory and potentially improving management practices (Bradshaw 1987, Jordan 1987, Dobson 

et al. 1997, Guo 2003, 2007). 

The challenge of using restored grasslands for broad studies is to locate a sufficient 

number to support a robust analysis.  One option unique to North America is the United States 

Department of Agriculture (USDA) Conservation Reserve Program (CRP).  As of August 2019, 

there were 22.4 million acres of privately owned land enrolled in the CRP across the United 

States (Map 1).  Nearly 14 million acres, or 62% of the total CRP acreage, occur in Great Plains 

states where the enrolled land is mostly replanted to native prairie (United States Department of 

Agriculture and Farm Service Agency 2019).  The over-arching objectives of the CRP are to 

improve water quality, prevent soil erosion, reduce habitat loss, and promote biodiversity 

(United States Department of Agriculture and Farm Service Agency 2015).  Landowners 

voluntarily enroll in the program in exchange for a yearly rental payment.  Once enrolled, they 

agree to remove environmentally sensitive or marginal lands from agricultural production and 

plant species specified by a selected conservation practice.  Because of the amount of area 

enrolled and the relatively consistent management practices, the CRP represents a unique 

opportunity to examine the ecological and community responses to steep environmental 

gradients over large spatial scales for restored and managed grasslands. 
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Map 1. Number of acres enrolled in the Conservation Reserve Program by county across the 

United States in 2019 (United States Department of Agriculture and Farm Service Agency 2019). 

 

 Although CRP grasslands substantially increase habitat, a common observation is that 

these grasslands are typically less diverse than their native, untilled prairie counterparts (Baer et 

al. 2002, 2009, McIntyre and Thompson 2003, Jog et al. 2006, Rahmig et al. 2009, Bakker and 

Higgins 2009, Questad et al. 2011).  This difference between CRP and native prairie remnants 

has been attributed to a variety of causes including differences in soil conditions, invasion 

vulnerability, dominance of grasses, and a lack of native forb establishment (Reeder et al. 1998, 

Jog et al. 2006, Baer et al. 2009, McCain et al. 2010, Hillhouse and Zedler 2011).  These 

shortcomings of CRP lands are due in part to the conservation practices.  CRP conservation 

practices (CPs) differ in terms of the specific conservation issues of interest as well as the plant 
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species and management utilized, but those located in the North American grassland biome 

mostly establish low diversity communities dominated by grasses (Questad et al. 2011, Bach et 

al. 2012).  However, some CPs are designed to enhance plant diversity in addition to other 

management goals. 

The aim of my study is to examine the response of CRP plant communities to a steep, 

natural environmental gradient in Kansas, composed of changes in precipitation, temperature, 

elevation, soils, and disturbance regimes, and to two key conservation practices to better 

understand the relative importance of environmental variation and management to grassland 

plant communities.  We focused on the precipitation aspect of this gradient because of its 

fundamental role in structuring plant communities.  The study was conducted on 55 CRP 

grasslands across the 650 km longitudinal precipitation gradient in Kansas, which ranges from 41 

cm of mean annual precipitation in western Kansas to 117 cm in eastern Kansas (Map 2).  This 

study area provides an opportunity to compare responses across regions loosely identified as 

short, mixed, and tallgrass prairie occurring in the center of the North American grassland biome 

(Kuchler 1969). The two conservation practices examined were CP2, which establishes a 

relatively low diversity community dominated by grasses, and CP25, which establishes a higher 

diversity community with a larger forb component.  To our knowledge no large-scale, systematic 

study has been undertaken to examine these restored plant communities.  I specifically address 

the following questions: 1) How does plant community structure and diversity change across the 

environmental gradient?  2) Do these responses differ between CP2 and CP25 communities?  

I address these questions using both bivariate and multivariate analyses and examine a 

number of response variables including species richness, evenness, turnover, and abundances 

grouped by growth form.  Using this approach allows for a deeper understanding of plant 
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community variation across environmental gradients rather than focusing on diversity responses 

alone (Grace et al. 2007, 2016, Cardinale et al. 2009, Adler et al. 2011, Willig 2011).  

 

 

 

 

 

 

 

 

 

 

 

Map 2. Study area across Kansas with the 30-year mean precipitation isoclines (white lines) 

(United States Department of Agriculture and Natural Resources Conservation Service – 

National Geospatial Center of Excellence 2012).  The CRP fields are grouped into three regions; 

West, Central, and East (green boxes) that correspond to short, mixed, and tallgrass prairies. 

Fields shown in red were CP2 and yellow were CP25.  Image by Jackie Baum. 

 

 

 

 

 

CRP fields 

We
Cent

Ea



 

7 
 

CHAPTER 2 

MATERIAL AND METHODS 

2.1 Conservation Reserve Program 

Plant communities were established and managed on CRP lands using various 

conservation practices (CPs).  In the Great Plains states, CP2 and CP25 are the two most 

commonly used CPs for the reestablishment of native prairies (United States Department of 

Agriculture and Farm Service Agency 2019).  CP2, Establishment of Permanent Native Grasses, 

is designed to support native plant species and increase wildlife habitat, especially for grassland 

birds (United States Department of Agriculture and Farm Service Agency 2014a).  Species 

planted in CP2 consist almost entirely of native, warm season, perennial bunchgrasses (United 

States Department of Agriculture and Natural Resources Conservation Service 2012a).  CP25, 

Rare and Declining Habitat, is used to restore endangered habitats such as tallgrass prairies, 

wetland meadows, and sage steppe in order to provide cover and resources for wildlife, 

especially pollinators (United States Department of Agriculture and Farm Service Agency 

2014b).  In addition to the warm season bunchgrasses used in CP2, CP25 includes an additional 

component of native forbs.  Landowners are required to choose between 4-10 forb/legume 

species from a list of commercially available native forbs specific to their region and soil type 

(United States Department of Agriculture and Natural Resources Conservation Service 2012b). 

Besides the conservation practices themselves, another tool that the CRP has 

implemented to restore grasslands is the mid-contract management (MCM).  This management is 

designed to maintain the early successional status of the grassland plant community by reducing 

vegetation litter and undesirable woody species.  This approach supports grassland plant species 

composition as well as structural diversity (United States Department of Agriculture and Natural 
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Resources Conservation Service 2013).  Most CRP enrollment contracts initiated MCM in 2003 

with options and requirements expanding since then.  Currently, during the 10 to 15 year 

enrollment contract, the landowner must conduct at least one MCM, but may utilize one every 

three years.  The mid contract management options currently available include shallow disking, 

prescribed burning, selected herbicide use, interseeding with forbs, and limited haying and 

grazing.  For disking, burning, and herbicide use, landowners are instructed to not treat more 

than one-third of a field at any given time.  Interseeding may be applied after any of the other 

three MCM options to increase the likelihood of the seeds establishing.  Finally, any invasive 

species must be controlled whenever present through spot spraying.  Landowners work with 

local USDA officials to construct a management plan that best suits their site conditions (United 

States Department of Agriculture and Natural Resources Conservation Service 2013). 

 

2.2 Experiment Establishment  

Our study was conducted on 55 fields enrolled in the Conservation Reserve Program 

(CRP) across the state of Kansas, USA.  Fields were located using a randomized landowner call 

list and a map of CRP land in Kansas provided by the USDA.  Before calling landowners, we 

constrained which CRP fields were considered using a transect through the 30-year mean 

precipitation isoclines in order to maximize variation in precipitation.  We then grouped the 

fields into west, central, and east regions corresponding to short, mixed, and tallgrass prairies 

(Map 2). 

To be included in the study, fields had to be either CP2 or CP25, at least 35 acres in size, 

have a perimeter to area ratio less than or equal to 0.018 to minimize edge effects, and have a 

shape that could accommodate a 200x300 m plot. To ensure suitable plant community 
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development, fields with fewer than four growing seasons were excluded from selection.  

Additionally, contracts could not expire before the end of data collection and fields had to be 

separated by at least one kilometer.  Finally, we attempted to balance the fields by CP and 

region.  We did not include remnant prairie sites as references because of the difficulty in 

attaining sites that met the size criteria outlined here, had similar management histories, and 

could be found across the precipitation gradient of Kansas.  

Within each field, we established a 200x300 m plot located as far from the edges as 

possible and oriented parallel to the longest axis of the field.  Within each plot, we placed three 

sample points spaced 100 m apart along three transects separated by 75 m (Map 3). 

 

 

Map 3. Study plot located within the boundaries of a CRP field.  Plot outline is black rectangle, 

and sample points are yellow dots.  Sample points uniformly distributed along the transects and 

throughout the plot and numbered in a clockwise, spiral pattern.  Baseline points for each of the 

three transects are 1, 8, and 7.  Image by Molly Reichenborn. 
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2.3 Data Collection 

We collected vegetation data from each of the nine samples points from May to July in 

2017.  Each sample point was sampled twice to ensure that early senescing annuals were 

accounted for in addition to later flowering species.  The first round of data collection was from 

May to June and the second round was from June to July.  At each sample point, all of the 

vegetation within a 1 m2 quadrat was identified to species (Figure 1).  We measured the percent 

cover of each species using a reference card with cover percentages indicated and measured their 

modal height class in ten cm increments.  These cover measures were later adjusted to account 

for the effect of observer height.  The use of reference cards to measure cover had a size-bias 

which made shorter species appear smaller than a species near the height of the card (held at 

arm’s length).  This was particularly important because the height of the dominant vegetation 

varied substantially across Kansas’ strong precipitation gradient.  To account for this bias, we 

adjusted all cover values using the height of the observer, the height of the observed species, and 

a multiplication factor.  This factor was calculated by having each observer estimate the percent 

cover of polygons of known sizes positioned on the floor and again at hand height while holding 

the cover card at hand height.  The measured percent cover of the polygons at hand height was 

divided by the percent cover at ground height to provide the multiplication factor for that 

observer. 
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Fig. 1. Diagram of a sample point located along a transect within a plot.  Electric fence post 

marks the exact location of the sample point.  Vegetation and soils are sampled are in relation to 

this post.  Image by Gregory Houseman. 

 

During the first round of data collection, we collected 2.5x15 cm soil cores in areas 

adjacent to each quadrat in order to quantify soil texture and nutrients.  Additionally, we 

collected separate soil samples at points 2, 4, 6, 8, and 9 using a 5x5 cm AMS© soil bulk density 

sampler in order to determine the bulk density and porosity of the soil (Figure 1). 

 

2.4 Data Processing  

After data collection, unknown plants were identified to species or were otherwise 

grouped into morphospecies.  For plant abundance, we utilized the abundance measurement that 
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was highest when a species occurred in both the early and late surveys.  Species abundances 

were relativized by dividing the percent cover of each species by the total 1 m2 quadrat 

vegetation cover.  These relativized covers allowed us to compare communities with 

dramatically different vegetation densities.  Finally, we assigned a series of character traits to 

each species that included: family, longevity, alien status, coefficient of conservation (CoC), 

photosynthetic pathway, growth form, and whether it might have been planted by the CRP 

(Kattge et al. 2011, United States Department of Agriculture and Natural Resources 

Conservation Service 2012a, 2012b, Freeman 2017, United States Department of Agriculture and 

Natural Resources Conservation Service 2018). 

The soil texture and nutrient samples were homogenized for each field and analyzed by 

the Kansas State Soil Testing Lab for pH, P-M (ppm), K (ppm), Ca (ppm), Mg (ppm), Na (ppm), 

and percentages of OM, total N, total C, sand, silt, and clay.  For bulk density, each sample was 

weighed before and after drying and the dry weight was divided by the volume of the cylindrical 

sampler.  Soil porosity, which is the percentage of the soil volume occupied by pore spaces, was 

calculated as bulk density divided by soil particle density and subtracted from one (Carter and 

Gregorich 2008). 

 

2.5 Statistical Analyses  

All analyses except PERMANOVAs were conducted in R version 3.5.2.  The 

PERMANOVA results were generated using PRIMER version 6.1.11 (Anderson et al. 2009).  To 

determine general diversity metrics for the CRP communities we calculated species richness and 

evenness at the plot scale using the R package vegan (Oksanen et al. 2018).  We also examined 

how richness and evenness differed when plots were grouped by planting practice (CP2 and 
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CP25).  To determine which treatments had a significant effect on the plant communities, we 

performed a PERMANOVA with region/precipitation, CP, and the interactions of these 

treatments as explanatory factors.  If there was a significant interaction, we ran a separate 

pairwise test comparing CP within regions.  NMDS ordinations were generated in R using the 

package vegan.  

After testing for general diversity trends and treatment effects, we conducted a more in-

depth examination of the plant communities to determine what specific species identity and 

abundance differences existed between treatments.  This was accomplished by comparing the 

diversity of the dominant grass species across plots as well as the diversity of the forb 

communities.  We also determined the abundance of non-native species as well as the adjusted 

Floristic Quality Index (FQI) of each plot.  Adjusted FQI was calculated as 100 multiplied by the 

mean native CoC divided by 10 and multiplied by the square root of native species richness 

divided by total species richness (Freyman et al. 2016).  All linear regressions were conducted in 

R with the stats package.  Total species turnover was also calculated using a modified temporal 

turnover index to calculate species shifts between precipitation isoclines. Total turnover was 

calculated by adding the species gained and species lost and dividing by the total species pool 

between adjacent precipitation isoclines.  Species turnover results were generated using the R 

package codyn (Hallett et al. 2019). 
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CHAPTER 3 

RESULTS 

3.1 Results 

Across the fifty-five CRP sites, we observed a strong, linear relationship between plot 

species richness and mean annual precipitation (R2 = 0.56).  On average, species richness 

doubled across the precipitation gradient with the westernmost plots having 16 species and the 

easternmost having 32 species (P < 0.01).  In total, 68 plant species were found in the west 

region, 98 in the central region, 117 in the east region, and 185 across all plots (Figure 2A).  Plot 

species evenness also increased with precipitation, but the relationship was weaker than species 

richness (Figure 2B).  Pielou’s evenness index (J) increased 0.1 across the precipitation gradient 

which was marginally significant and did not explain much of the evenness variability (P = 0.08, 

R2 = 0.06). 
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2a 

 
2b 

  
Fig. 2 (a-b). (Fig. 2a) Plot species richness across the precipitation gradient with total species 

richness by region and overall. (Fig. 2b) Plot species evenness (Pielou’s index (J)) across the 

precipitation gradient. 

 

 To understand species specific changes across the environmental gradient, we conducted 

a permutational multivariate analysis of variance (PERMANOVA), which takes into account the 

identity and abundance of the species when comparing plant communities.  This analysis 

indicated that the plant communities for each region differed from one another (Table 1).  An 

NMDS ordination illustrated these differences with plant communities clustered by region with a 

large amount of separation between the group centroids (Figure 3).  The plant community 

composition within the west and east regions overlapped with the central region but not each 

other.  Changes in the plant communities corresponded to precipitation (P < 0.01, R = 0.75), soil 

pH (P < 0.01, R = 0.51), potassium concentration (P < 0.01, R = 0.48), and to a lesser degree (R < 

0.20) calcium, sodium, phosphorus, and bulk density (Figure 3).  This shift in plant communities 
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evident in the PERMANOVA and NMDS was also supported by spatial turnover metrics that 

peaked at an intermediate range along the precipitation gradient (P < 0.01, R2 = 0.33, Figure 4). 

 

Table 1. PERMANOVA results with region and CP treatments. Pairwise comparisons indicated 

with comma, interactions indicated with x, significance indicated with asterisks. 

Treatment Pseudo-F Value P-Value 

Region 12.91 0.001*** 

West, Central - 0.001*** 

Central, East - 0.001*** 

East, West - 0.001*** 

CP 2.17 0.01** 

Region x CP 1.37 0.07 

West CP2, 25 - 0.02* 

Central CP2, 25 - 0.94 

East CP2, 25 - 0.01** 
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Fig. 3. Non-metric multidimensional scaling (NMDS) ordination of plot plant communities 

grouped by region.  Ellipses represent the 95% confidence interval around each group centroid 

indicted by region labels.  Biplots showing abiotic variables with significant (P <= 0.05) 

correlations with plant communities.  Biplot vector lengths reflect magnitude of associated R 

values. 
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Fig. 4 Species turnover rate between plant communities grouped by precipitation isocline. 

Turnover rate calculated as sum of species gained and lost over total species observed between 

isoclines. 

 

Once we had established that there were significant changes in plant community 

composition across the environmental gradient, we identified specific species that could be used 

to better illustrate turnover.  The dominant, native C4 grasses were used for this purpose because 

of their ubiquitous presence across large portions of the gradient.  By region, the most abundant 

species were Bouteloua curtipendula in the west, Schizachyrium scoparium in the central, and 

Andropogon gerardii in the east (Table 2).  B. curtipendula accounted for a third of the 

vegetation cover in the west, almost three times the cover of the next most abundant species, S. 

scoparium and Pascopyrum smithii.  In contrast, the three most dominant species in the central, 

S. scoparium, A. gerardii, and B. curtipendula, had similar abundances that ranged from 13-24% 
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of the vegetation cover.  This co-dominance was not found in the east where A. gerardii had 

three times greater cover than Panicum virgatum and Sorghastrum nutans.  To visualize these 

species shifts in relation to one another, we examined the abundances of seven dominant grass 

species across the precipitation gradient (Figure 5).  This analysis showed how some species 

retain their abundance across the gradient whereas others experience dramatic changes.  Finally, 

we tested the effects of these changes in the dominant species across the gradient on species 

richness.  Plot richness was negatively related to the dominant species abundance regardless of 

identity in the west (P < 0.01, R2 = 0.50) and east (P = 0.02, R2 = 0.26) but not the central region 

(P = 0.25, R2 = 0.02, Figure 6).  

 

Table 2. Top three dominant grass species listed in order of mean relative percent cover, 

grouped by region. 

WEST CENTRAL 
 

EAST 

Species Abundance Species 
 

Abundance Species Abundance 

Bouteloua 
curtipendula 

34% Schizachyrium 
scoparium 

24% Andropogon 
gerardii 

30% 

Schizachyrium 
scoparium 

12% Andropogon 
gerardii 

20% Panicum 
virgatum 

10% 

Pascopyrum 
smithii 

11% Bouteloua 
curtipendula 

13% Sorghastrum 
nutans 

9% 
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Fig. 5 Dominant grass species mean relative percent cover calculated for each species by 

precipitation isocline.  Changes in abundance summarized and graphed using loess smoothing in 

R.  See Table 2 for full species names.  
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Fig. 6 Effect of the most dominant species (based on mean relative percent cover) on species 

richness for West, Central, and East regions (grouped by plot). 

 

 Having shown that there were significant responses in plant community structure to the 

environmental gradient, we then pursued our second research question relating the plant 

communities to CRP management practices.  Because species richness was greater in the CP25 

seeding mix, we expected the observed plant communities to be more diverse on CP25 than on 

CP2 plots.  Overall, there were no significant differences in species richness (P = 0.55) or 

evenness (P = 0.17) between CP2 and CP25 communities.  In contrast, the multivariate 

PERMANOVA results showed that the plant communities differed between CPs and that these 

differences were somewhat dependent on region (Table 1).  Specifically, CP2 and 25 plant 

communities were significantly different in the west and east, but not in the central (Table 1). 
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 The PERMANOVA results indicate that community composition changed across CPs but 

relating those changes to management goals deserves more consideration.  Major concerns for 

land managers are non-native species, the conservation value of restored plant communities, and 

the establishment of seeded species.  To evaluate the CRP communities based on these concerns, 

we compared non-native abundance by CP and also calculated an adjusted Floristic Quality 

Index (FQI) for each plot which measures the habitat specificity of the species in a community 

and is adjusted by the proportion of non-natives (Freyman et al. 2016).  The abundance of non-

natives (P = 0.75), as well as adjusted FQI (P = 0.47), was not related to CP. 

 Community structure differences were determined by grouping the plant species into 

growth forms.  We focused on forb species since the main difference between CP2 and 25 

seeding mixes is the number of forbs (United States Department of Agriculture and Natural 

Resources Conservation Service 2012a, 2012b).  Mean total forb abundance differed by CP (P = 

0.01) and the magnitude of the difference was dependent on mean annual precipitation (P < 0.01, 

Figure 7).  As precipitation increased, forb abundance remained relatively consistent on CP2 

plots where forbs accounted for around 15% of the vegetation cover.  In contrast, on CP25 plots, 

forb cover increased from nearly 5% in the west to 35% in the east. 
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Fig. 7 Forb mean relative percent cover for each plot, grouped by CP across the precipitation 

gradient. 
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CHAPTER 4 

 DISCUSSION  

4.1 Discussion 

 The strong, linear response of species richness to the precipitation gradient that we 

observed contrasts with recent studies that report a unimodal or humped-back relationship 

between grassland species richness and productivity at global and regional scales (Fraser et al. 

2015).  These contrasting findings could be due to a variety of factors including differences in 

resource availability, spatial scales, climates, land histories, and productivity ranges.  One major 

difference is that other studies rely on biomass as a proxy for productivity rather than focusing 

on the underlying resource gradient.  We utilized mean annual precipitation because it directly 

affects resource supply rates that drive changes in plant survival and growth.  Also, unlike 

biomass, precipitation is not influenced by species interactions, diversity, or disturbances making 

it much less variable within a given community.  The difficulty in choosing a variable that best 

predicts richness illustrates the number of factors that potentially influence diversity and the 

complexity of the resulting community.  This complexity has become widely acknowledged and 

has led to more emphasis on multivariate analyses (Grace et al. 2007, 2016, Cardinale et al. 

2009, Adler et al. 2011, Willig 2011).  Similar to our findings, one of the more recent 

multivariate attempts to characterize the factors constraining plant diversity in grasslands showed 

that site richness and mean annual precipitation had a positive, linear relationship, and that 

climate strongly influenced both richness and productivity (Grace et al. 2016).   

A potential explanation for the strong precipitation-richness relationship that we found 

(R2 = 0.56) is that the regional species pool also increases across the precipitation gradient in 

Kansas (Kartesz 2015).  This pattern supports the species pool hypothesis, which states that local 
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diversity is the product of the size of the regional species pool which, in turn, is related to the 

size of the habitat area, evolutionary histories, and abiotic filters (Taylor et al. 1990, Eriksson 

1993, Tscharntke et al. 2012, Cornell and Harrison 2014).  Out of the 185 species that we 

encountered (Figure 5A), only 33 were included in the CRP seeding guidelines for Kansas 

(United States Department of Agriculture and Natural Resources Conservation Service 2012a, 

2012b).  The majority of species colonized from available species pools that are shaped by 

dispersal limitations, environmental filters, and habitat area (Pärtel and Zobel 1999, Houseman 

and Gross 2011, Cornell and Harrison 2014, Ron et al. 2018).  As precipitation increases from 

short, to mixed, to tallgrass prairie habitats, the strength of the environmental filter decreases 

leading to an increase in the available or habitat-specific species pool (Hawkins et al. 2003, 

Houseman and Gross 2006, Grman and Brudvig 2014, Zobel 2016, Ron et al. 2018). 

 Our results differed from other productivity-diversity studies that commonly report 

unimodal relationships at least at some scales (Mittelbach et al. 2001, Graham and Duda 2011, 

Fraser et al. 2015).  Presumably, the decrease in richness at high resource conditions occurs 

because of increased competitive effects or because the larger species pool increases the 

likelihood that a strong competitor is present (Grime 1979, Tilman and Pacala 1993, Tilman 

1999, Liancourt et al. 2005).  We did find more species as precipitation increased, but there was 

no clear evidence that the dominant competitors suppressed species diversity to a greater extent 

at high than low resource conditions.  This was evaluated by comparing the dominant, perennial 

warm-season grass abundance to richness.  In general, the identity and abundance of the 

dominant grasses were characteristic of the prairie habitats where they occurred and reflected the 

community changes seen in the NMDS ordination (Table 2, Figures 6, 8).  Their abundance had 

a significant effect on community structure in the short and tallgrass regions where richness 
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decreased with the abundance of the dominant species (Figure 9).  Greater competition intensity 

at high resource availabilities is to be expected, although it was insufficient to create a unimodal 

richness-productivity relationship.  This interpretation explains the decrease in species richness 

with increasing dominant abundance in tallgrass communities where the dominant grass, A. 

gerardii, has been shown to be an aggressive competitor (Collins et al. 2002, McCain et al. 2010, 

Chang and Smith 2014).   

The reasons for the loss of species in response to dominant abundance in the shortgrass 

region are less clear.  Some studies predict the opposite, where facilitation leads to greater 

species richness at higher densities in drought prone ecosystems such as shortgrass prairies 

(Callaway 1995, Brooker et al. 2008).  However, more recent studies have determined the 

outcome of these interactions to be species and resource dependent. In consistently arid areas, 

most species are so stress-tolerant that there is no need to rely on facilitation for survival (Gross 

et al. 2010, Michalet et al. 2014, Berdugo et al. 2019).  This outcome seems to be the case in the 

shortgrass region where the dominant grass, B. curtipendula, as well as most other species, are 

drought tolerant which means interaction outcomes are mostly competitive, leading to a loss of 

richness with increasing dominant abundance.  These relationships also help to explain the lack 

of a significant pattern in the mixed grass region where drought tolerance is more variable 

allowing for both competitive and facilitative interactions to take place (Maestre et al. 2009). 

 The bivariate relationships between species richness and precipitation as well as 

dominant abundance are broadly informative, but to understand species specific changes and 

relate them to individual environmental variables, more complex analyses are necessary.  All of 

the study regions, which correspond to short, mixed, and tallgrass prairie habitats, were 

significantly different from one another in the multivariate results (Table 1).  This illustrates how 
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the amount of community change observed is largely due to the steepness and range in values, or 

magnitude, of the environmental gradient.  While community changes occurred throughout the 

study area, species turnover was highest in the central or mixed grass region, which is also where 

the precipitation gradient is steepest (Figures 2, 7). 

The gradient itself was composed of many soil and abiotic variables in addition to 

precipitation such as elevation, which ranged from 1230-200m, and mean annual temperature, 

which ranged from 10.3-13.7°C (United States Department of Agriculture and Natural Resources 

Conservation Service – National Geospatial Center of Excellence 2012).  Mean annual 

precipitation though, was most strongly correlated with plant community changes.  The most 

important soil variables were pH and potassium concentration (Figure 6).  This pattern is in 

contrast to other studies where grassland diversity was driven by soil nitrogen, organic matter, 

texture, and bulk density (Diamond and Smeins 1988, Baer et al. 2003, Borer et al. 2014, Grace 

et al. 2016, Scott and Baer 2018).  Our findings are consistent with a study from Oklahoma that 

evaluated vegetation production responses to precipitation and soil changes, including soil 

nutrients, pH, and bulk density, and found precipitation to be the most important driver of 

vegetation changes with soil pH playing a role as well (Zhou et al. 2009).  One reason for the 

disagreement, as to which environmental variables are the major drivers, is that small scale 

gradients that do not span multiple sites or community types are insufficient to detect the full 

response range.  We detected a unimodal species turnover pattern and were able to relate that to 

broad scale abiotic changes because we captured the full range of grassland communities across 

a transect that maximized the magnitude of the gradient. 

 Management differences between CP2 and 25 explained additional changes in 

community structure, although the effects were more subtle than those associated with the 
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gradient or dominant abundance.  Overall, the plant communities differed between conservation 

practices, but these differences were most evident in the short and tallgrass regions (Table 1).  

Forb cover seemed to be driving this result, with higher forb cover on CP25, especially in the 

tallgrass region (Figure 7).  Given the greater forb abundance and diversity in CP25 seeding 

mixes (United States Department of Agriculture and Natural Resources Conservation Service 

2012a, 2012b), this result is not surprising.  What is unclear is why the differences in forb 

abundance were not more consistent across the precipitation gradient.  A closer look at the 

seeding mixes and their application is informative.  While forb density and richness are greater in 

CP25 compared to CP2 seed mixes, the grass seeding densities are identical and fairly high at 

5.25 PLS lbs/acre on average.  Also, CRP plant communities are established in a uniform way 

with all species homogenously mixed when planted.  Finally, CP2 is an older practice and some 

CP25 fields are former CP2s that were enhanced with an additional forb seeding (United States 

Department of Agriculture and Natural Resources Conservation Service 2012a, 2012b, personal 

communication). 

Numerous studies have shown that after the initial seeding year, grass abundance 

increases rapidly in restored prairies and will prevent the establishment and persistence of most 

forbs if not managed properly (Collins et al. 1998, McCoy et al. 2001, Camill et al. 2004, 

Dickson and Busby 2009).  This outcome occurs regardless of forb seeding densities if the 

grasses are seeded at anything over 3 PLS lbs/acre (Dickson and Busby 2009).  The diversity and 

abundance of forbs can be retained if they are seeded first or in an aggregated way, such that the 

forbs and grasses are separate and interspecific competition is less intense (Schramm 1990, 

Kindscher and Fraser 2000, Seahra et al. 2016, 2019, McKenna et al. 2019).  If the goal is to 

enhance diversity in an established grassland, implementing a disturbance such as mowing 
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before adding forbs can be effective (Williams et al. 2007).  These insights help to explain the 

low forb cover and diversity of most CRP restorations and provide suggestions for improving 

management. 

 While we chose to use CRP plant communities to understand diversity responses across 

an environmental gradient in part because of their similar site histories, there were differences 

besides those associated with the gradient and CP.  These included burning frequency, which 

was consistently higher in tallgrass sites, mid-contract managements employed, and site age.  For 

example, CP2 sites were usually older.  Full experimental control is nearly impossible in large-

scale studies that depend on historical deployment.  Nevertheless, our study was able to control 

for many factors ignored in previous studies, such as methodologies and planting practices, and 

had relatively high replication (Chalcraft et al. 2004, Adler and Levine 2007, Guo 2007).  

Likewise, the effect of planting rather than natural recolonization may likely influence the 

results.  However, the number of species planted was very limited so that most of the richness 

response was from seedbank recolonization or dispersal (United States Department of 

Agriculture and Natural Resources Conservation Service 2012a, 2012b). 

 Plant community structure on CRP grasslands was determined by location along a 

longitudinal environmental gradient, dominant grass abundance, and management practices.  

Mean annual precipitation positively influenced species richness, indicating that many of the 

species observed are water limited which allowed for a larger species pool in eastern than 

western Kansas.  Species interactions were competitive in short and tallgrass prairies where 

increasing the dominant grass cover reduced richness.  Finally, CRP management was mostly 

unsuccessful at establishing desired forb communities due to high grass seeding rates or other 
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methodological issues.  These results have implications in understanding the factors that 

constrain plant diversity in grassland systems at a large scale across a wide variety of conditions. 
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