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ABSTRACT 

Sericea (Lespedeza cuneata) is an invasive, perennial legume that suppresses native plant 

species and threatens native grasslands in the Great Plains. Although much is known about L. 

cuneata, population demographics (survival, growth, reproduction, and population growth rates) 

have never been assessed over realistic temporal and spatial scales. Population matrix models and 

perturbation analyses are useful in investigating underlying demographics and determining 

targeted management options. For two growing seasons, I quantified L. cuneata vital rates across 

eight, large-scale ranching operations in the Kansas Flint Hills representing seventeen populations, 

four cattle management regimes and three soil fertility types. Furthermore, I determined how 

herbicide application affected the population structure. 

Though soil fertility had no effect on L. cuneata vital rates, seedling survivorship was 

significantly higher in pastures with stocker than cow-calf cattle. Survivorship was lower for 

juveniles (~69%) than mature plants (~93%). When exposed to herbicide, the average survivorship 

across life stages was reduced by 67%. Reproduction was variable but high and on average 

comprised of 25 chasmogamous (outcross-pollinated) and 235 cleistogamous (self-pollinated) 

seeds/stem. The proportion of chasmogamous seeds produced/plant increased with increasing soil 

fertility under cow-calf grazing only. Population growth rates (λ) were variable, ranged from 0.8 

to 3.9, and emphasized the need to include multiple populations in demographic studies. Given 

low juvenile survivorship, preliminary results suggest control efforts focus on mature plants 

regardless of soil fertility type or cattle management. However, these responses need to be verified 

over additional years to better predict bioeconomic impacts and guide weed management 

decisions. 
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CHAPTER 1 

INTRODUCTION 

 Invasive species can have enormous environmental and economic impacts, costing up to 

$135 billion annually in the United States alone (Pimentel et al. 2005). Understanding 

demographic processes in the context of invasion is essential for predicting the spread of an 

organism and guiding management decisions. These demographic parameters can be used to build 

population growth models to predict invader spread and identify vulnerable life stages. In practice, 

vital rates are utilized in matrix models which estimate population growth rate (λ) as the dominant 

eigenvalue (Caswell 2001). For example, survival, growth, and fecundity transitions can be 

represented as a matrix (A) consisting of matrix elements (aij) which describe transition 

probabilities from stage j to stage i during a certain time interval. A value of λ < 1 describes an 

increasing population, while a value of λ < 1 describes a declining population. Subsequently, 

perturbation analyses (such as elasticity) are used to identify the matrix element that makes the 

greatest contribution to λ and the class of an organism (age, stage, or size) to target for control 

efforts (Caswell 2001, Byers et al. 2002). 

 Studies applying matrix models to invasive plant species are relatively common and results 

indicate that invaders tend to have higher population growth rates compared to native plants 

(Ramula et al. 2008, Schutzenhofer et al. 2009). Additionally, several studies indicate that invasive 

plant species with monocarpic, polycarpic, and woody life histories are highly dependent on 

growth and fecundity and suggest that control actions be focused on those demographic processes 

(Grotkopp et al. 2002, Mason et al. 2008, Ramula et al. 2008, Burns et al. 2013). However, most 

demographic studies include only a single population or a small number of populations at one site 

(Crone et al. 2011, Salguero-Gomez et al. 2015). While these results are often assumed to be 
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representative of other populations, they fail to account for the inherent environmental variability 

across sites. Small-scale studies cannot provide information on the mean, range, or variation of 

vital rates or population growth rates across many populations. For example, using data from 37 

populations, Ramula et al. (2014) demonstrated high variability in population growth rates and the 

vital rates responsible for rapid population growth of an invasive herb. Furthermore, small-scale 

studies cannot address how vital rates or population growth rates vary under different 

environmental conditions. Assessing how environmental factors influence demography is essential 

to accurately predict population dynamics (Ehrlen et al. 2016). For instance, Burns (2008) found 

that high reproduction was positively correlated with invasiveness in high-nutrient environments 

only. If the vital rates contributing more to population growth vary across environments, 

management becomes more complicated (Daehler 2003). Large-scale demographic studies that 

explicitly incorporate different environmental conditions are therefore necessary to understand 

drivers behind invasive species and to efficiently control different populations of the same species. 

This clear shortcoming has led to the concept of landscape demography, which is the study of 

population demography across landscapes (Gurevitch et al. 2016). 

 I address this gap by examining how the population demographics of an invasive species 

varies in different environments at the landscape scale. The species of interest, Sericea [Lespedeza 

cuneata (Dum. Cours.) G. Don], is an invasive perennial legume native to central and eastern Asia 

that has become well established throughout the southeastern and midwestern United States 

(Gucker 2010; Figure 1). It was introduced into the United States by McCarthy (1886) as a cover 

and hay crop and was actively seeded until the late 20th century (Guernsey 1970, Gucker 2010). 

Today, L. cuneata is widely regarded as a problematic species in grasslands. Older experimental 

evidence indicated establishment of L. cuneata commercial varieties is relatively slow due to a 
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weak and vulnerable seedling stage (Hoveland et al. 1971, Hoveland and Donnelley 1985, 

Ohlenbusch and Bidwell 2007), but current data regarding establishment of escaped wild 

populations is lacking. Mature plants are stress tolerant and display strong competitive abilities 

with neighboring species (Allred et al. 2010). Upon invasion, L. cuneata forms dense, monotypic 

stands (Eddy and Moore 1998) and reduces the abundance of native species by shading out 

competitors (Brandon et al. 2004). Mechanisms for the success of L. cuneata in host environments 

is thought to include allelopathy (Kalburji and Mosjidis 1992, 1993), reduced herbivory (Mosjidis 

1996, Cummings et al. 2007, Schutzenhofer and Knight 2007), increased genetic variation 

(Sundberg et al. 2002, Beaton et al. 2011), and high rates of seed production (Woods et al. 2009).  

Like most Lespedeza species, L. cuneata exhibits a heteromorphic mating system, 

producing two types of flowers: open, showy chasmogamous (CH) flowers that are predominately 

outcross-pollinated; and closed, inconspicuous cleistogamous (CL) flowers that are obligately self-

pollinated (Ansley 1960). Previous studies have shown the proportion of CH to CL flowers varies 

by year and is strongly influenced by environmental conditions (Hanson 1943, Nakata 1952, 

Clewell 1966, Schutzenhofer 2007, Woods et al. 2009). Because CH flowers are out-cross 

pollinated, their offspring are thought to have greater genetic variation, germination rates, viability, 

and reproductive success (Berg and Redbo-Torstensson 1999). The ‘complex habitat’ model by 

Schoen and Lloyd (1984) predicted that plants experiencing less favorable conditions will produce 

a greater proportion of CL flowers, while plants experiencing favorable conditions will produce a 

greater proportion of CH flowers. Furthermore, Woods et al. (2009) demonstrated that invasion 

success of L. cuneata is attributed to fitness homeostasis (defined as the ability through phenotypic 

plasticity to maintain consistent fitness across a range of conditions) through this mixed 



4 
 

reproductive strategy that allows it to maintain significantly higher levels of seed and vegetative 

reproduction compared to its native congeners under a wide range of conditions. 

Herbicide application is typically utilized to reduce L. cuneata biomass and control 

invasive spread (Koger et al. 2002, Cummings et al. 2007, Gucker 2010). Done properly, chemical 

control can eradicate mature stands but due to a high output of seed, populations can easily recover 

from the seed bank. Moreover, repeated annual application of herbicide becomes increasingly 

expensive, time consuming, and can reduce biomass of more desirable, native forbs. Taken 

together, these results indicate that L. cuneata poses a major threat to grassland systems and the 

ranching industry as it can rapidly crowd out native grasses thereby reducing quality forage.  

Although L. cuneata is known to occur across a wide range of environmental conditions, 

most of the available data come from ungrazed grasslands or small-scale experiments that do not 

accurately reflect spatial variation. Grazing intensity has been shown to influence vital rates of 

other species by trampling, reduced competition, nutrient input, or litter accumulation (Brys et al. 

2004, Ehrlen et al. 2005). Furthermore, it is unknown how environmental conditions or cattle 

management regimes alter L. cuneata vital rates, population growth rates, or herbicide 

effectiveness. To test the response of L. cuneata to environmental variation and cattle 

management, I quantified population demographics of the species across several large-scale 

ranching operations in the southern Flint Hills region of Kansas. Specifically, I determined whether 

soil fertility and cattle management affected 1) herbicide effectiveness, 2) plant vital rates 

including survivorship, stage transitions, and seed production, and 3) population growth rates. 
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CHAPTER 2 

METHODS 

2.1 Site Description 

The experiment was conducted across eight large-scale, privately owned cattle ranching 

operations in the Flint Hills and Northern Cross Timbers regions of Kansas, USA (Figure 2). 

Rolling hills, cuestas, rocky outcrops, and perennial wetlands broadly characterize these areas. 

Tallgrass plant species dominate the flora of these grasslands and include: Big Bluestem 

(Andropogon gerardii), Indian Grass (Sorghastrum nutans), Switchgrass (Panicum virgatum), and 

Little Bluestem (Schizachyrium scoparium). Historically, the regions proved to be too rocky for 

row-crop agriculture but provided quality forage for the various cattle-grazing systems that are 

still in use today (Anderson 1953). Topographically, the experimental sites vary between 293 and 

488 m above sea level. Annual precipitation values among the sites range from 86 to 102 cm on 

average, most of which falls during the growing season between April and September. Mean 

annual minimum temperatures range from 6.1° to 7.2° C, while mean annual maximum 

temperatures range from 18.8° to 21.2° C. 

2.2 Experimental Design 

 The experiment reported here includes data collected over two growing seasons from 

experimental plots established during late spring of 2016. For this experiment, fifty-three 4,045 

m2 plots were arranged at 18 sites with naturally occurring, high L. cuneata density (Table 1). 

Other than site 8, located at the Browning Ranch, all sites consist of three replicates. All plots were 

oriented in a north-south direction for consistency and replicates were separated from one another 

by a minimum of thirty meters. In the late summer of 2016, I discovered that cattle were unable to 

reach site 10 to graze vegetation therefore, plots 27, 28, 29 were dropped from the experiment. 
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Within each plot, a grid of twenty-five 1 m2 subplots were established to collect demographic data 

(Figure 3). Two main factors defined each site: soil fertility and cattle management. Soil fertility 

levels were designated based on average vegetative rangeland productivity for a normal year (Soil 

Survey Staff 2009), and three categorical levels of soil fertility were included: low (<400 

g/m2/year), medium (400-500 g/m2/year), and high (>500 g/m2/year). To validate and refine soil 

survey estimates, two circular subplots (1.8 m diameter) were established on the outside of each 

plot and enclosed with a metal panel to prevent cattle access. In August 2017, community 

composition was recorded, and aboveground biomass was harvested, dried at 60 °C for 48 hours, 

and weighed. Cattle grazing management varies widely by rancher, and to represent this variable 

the following styles were incorporated: 90-day stocker, 90-day rotational stocker, 90-day rotational 

cow-calf, and year-round cow-calf grazing.  

 In May of 2016, I located and tagged naturally occurring L. cuneata individuals. The 

chosen plants were randomly located within ten subplots of each plot. I categorized individuals 

into four stage classes: seedling (cotyledons and first set of true leaves), small (1 ramet), medium 

(2-10 ramets), and large (>10 ramets). I randomly selected 10 plants in each stage class (4 stage 

classes x 10 plants = 40 plants per plot x 50 plots = 2,000 plants total). Ramet density of each stage 

class was recorded in all subplots between July and August. Tagged plants were relocated to 

quantify survivorship and life stage transitions in September of each growing season. In May 2017, 

I marked new seedling and small plants in all plots. Additionally, any medium or large plants that 

died were replaced by newly located plants. To better quantify seedling emergence, I added five 

seedling density subplots, located at corners and center of each plot, in 2017.  At approximately 

three-week intervals, I counted seedlings in each seedling subplot and then removed from these 

individuals to ensure that only newly emerging individuals were quantified.   
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Due to its designation as a noxious weed in Kansas, landowners are required to control the 

spread of or eradicate L. cuneata populations (Kansas Department of Agriculture 2017). To 

comply with regulations, all plots were spot-sprayed using Escort XP herbicide in September, 

during the active growing phase, but after plants were resurveyed to assess survivorship 

(Thompson et al. 2017). However, to understand demographics in the absence of yearly chemical 

control, plants of each stage class were randomly assigned to one of two treatments in each plot: 

ambient or herbicide. During spot-spraying, we used plastic bags to protect plants in the ambient 

treatment which were removed once the herbicide was dry.  

To measure reproduction, I randomly selected and tagged five plants per plot in September. 

Ramet number was recorded and plants were bagged with a fine mesh sack for seed collection. 

Individuals were relocated in December and all aboveground biomass was harvested. In the lab, 

total biomass weight (grams) and total seed weight (grams) was recorded. For each individual, CH 

and CL seeds were separated based on morphology (Figure 4) and counted. I used this information 

to estimate seed production for tagged plants retrospectively based on the relationship between 

ramet and seed number.  

2.3 Statistical Analyses  

 I used generalized linear mixed effect models (GLMM) via R version 3.3.1 (R Core 

Development Team 2016) to estimate and evaluate variation of plant vital rates and density. I ran 

models with plot nested within site, which was treated as a random factor. Three factors were 

included as explanatory variables: soil fertility, productivity, and cattle management. Soil fertility 

refers to the categorical (low, medium, or high) designations obtained from the Soil Survey Staff 

(2009). Productivity refers to the site average biomass (grams) per m2 and was included as a 

continuous factor. A binomial distribution (glmer) with a logit link function was used for survival 
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probability, with stage class and herbicide treatment added as explanatory variables. Stem density 

(of small, medium, and large plants), seedling emergence, and seed production were evaluated 

with a negative binomial distribution (glmer.nb) using the package MASS (Venables and Ripley 

2002) in R due to non-normality associated with count data. I used simple linear regression (lm) 

to test the relationship between seedling emergence and adult stem density. In addition, I used a 

binomial distribution (glmer) with a logit link function to evaluate the proportion of 

chasmogamous seed per plant. To evaluate significance of fixed effects, models were made 

sequentially, reduced by backward elimination of non-significant fixed effects, and compared with 

likelihood ratio tests (Crawley 2007, Zuur 2009). Assumptions of model heteroscedasticity were 

determined by visual examinations of residuals. If a significant interaction was detected, I utilized 

orthogonal contrasts to conduct pairwise comparisons of main effects. 

 I ran separate linear models (lm) to examine the variability of population growth rates in 

relation to environmental factors and in relation to the variability of plant vital rates. To model 

environmental factors, productivity, soil fertility, grazing management, and average population 

density (calculated across plots per site) were included as explanatory variables, with λ as a 

response variable. To model vital rates, plant survival by stage and seed production (all based on 

site means) were included as explanatory variables with λ as a response variable. Significance of 

the variables was assessed using the drop1-function with the F test. The generalized linear mixed 

models and linear models were implemented using the lme4 package (Bates et al. 2015). 

 All plots were sprayed with herbicide in 2016 and therefore analyses of survivorship, stem 

density, and seedling emergence represent responses to herbicide. In 2016, stem density was 

quantified prior to herbicide application and thus, 2016 represents stem density pre-herbicide and 

2017 represents stem density post-herbicide application. However, results for seed production and 
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population growth rates do not represent responses to herbicide. All plants bagged for seed 

collection were protected from herbicide to accurately estimate reproduction. To avoid 

underestimating population growth rates, plants in the herbicide treatment were excluded from 

matrix models.  

2.4 Matrix Models 

 Demographic data were analyzed by constructing stage-structured population matrix 

modeling with a 4 x 4 projection matrix. The transition matrix model was in the form:  

𝑛(𝑡+1) = 𝐴𝑛𝑡,                                                             (2.1) 

where 𝐴 is the population projection matrix containing the stage-specific transition or fecundity 

probabilities (aij), 𝑛𝑡 is a vector of stage-specific individuals at time t, and 𝑛(𝑡+1) is the vector of 

stage-specific individuals at time t + 1 (Caswell 2001). The full life cycle depicts four stage classes 

and sixteen annual transitions. There are four classes of L. cuneata individuals: seedlings, small (1 

stem), medium (2 – 10 stems), and large (>10 stems). Life cycle transitions are represented using 

discrete rather than continuous classifications. Experiments to examine viability and germination 

of CH and CL seeds are on-going, thus my model did not consider differences in germination of 

seed type.  

In total, 30 matrices were constructed; one per site and one per treatment combination (soil 

fertility x grazing; Table 2) in additional to an overall mean matrix (Table 3). Population projection 

matrices were constructed using demographic transitions collected from May 2016 to September 

2017. Although my thesis only covers one year of demographic transitions, this project will remain 

active for five years and will eventually model population dynamics for plants experiencing 

differential herbicide application intervals (plants sprayed every 1, 2, or 3 years). For this thesis, 

only plants in the ambient treatment were included in model projections. For each transition matrix 
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the asymptotic population growth rate (λ) was estimated as the dominant eigenvalue of the matrix. 

For each site, I calculated 95% bootstrap confidence intervals around λ with 3,000 resamplings 

(Caswell 2001).  

 Fecundity for plants in matrix models was estimated from individuals bagged for seed 

production in late 2016. Seed production of individuals remaining in plots was retrospectively 

estimated based on the average number of seeds per ramet. Because I was unable to recover all 

bagged plants in each plot (wind or cattle damage), these estimates represent site rather than plot 

means. Individual plant fecundity was calculated as: the number of seeds produced by an 

individual divided by the sum of seeds produced by all plants within a site multiplied by the 

number of seedlings produced in the next year (Morris and Doak 2002, Stubben and Milligan 

2007).  

Elasticity (proportional sensitivity) matrices were constructed from each projection matrix 

eigenvalue to changes in vital rates. Elasticity (eij) is the proportional change in λ owing to a small 

proportional change in a matrix element (aij) (Caswell 2001) and can be described as: 

𝑒𝑖𝑗 =  
𝑎𝑖𝑗

𝜆
 .

𝜕𝜆

𝜕𝑎𝑖𝑗
.                                                        (2.2) 

Simply put, elasticity is a hypothetical estimate of the relative importance or contribution of each 

matrix element; changes in matrix elements with large elasticities will cause greater changes in λ 

than changes in elements with smaller elasticities. An elasticity matrix was constructed for each 

soil fertility and grazing combination. The elasticities of a projection matrix sum to one. For each 

matrix, I grouped elasticities into survival (L), growth (G), and fecundity (F) according to 

Silvertown et al. (1993) and Ramula et al. (2008). Survival consists of transitions staying in the 

same stage and/or reverting to a previous stage (stasis and retrogression), growth consists of 

transitions from smaller to larger stages, and fecundity consists of sexual reproduction. I then used 
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an ordination analysis to visually examine the distribution of populations in L-G-F space (Caswell 

2001). The matrix modelling procedures were implemented using the popbio package (Stubben 

and Milligan 2007). 

Retrospective analyses, such as life table response experiments (LTREs) allow for the 

quantification of vital rate contributions to the difference in λ observed between treatment 

combinations (Caswell 2001). However, results from the linear model indicated that soil fertility 

and grazing were not significantly associated with population growth rates (λ), and thus I did not 

perform retrospective analyses.  
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CHAPTER 3 

RESULTS 

3.1 Survivorship, Density, and Seed Production 

Herbicide significantly reduced survivorship of all stage classes by more than 50% (χ2 = 

388.1, P < 0.0001), but there was a significant interaction effect (χ2 = 23.1, P < 0.0001) between 

stage class and herbicide treatment (Figure 5; Table 4). In the ambient treatment, seedling and 

small stage survivorship was significantly lower relative to medium and large stages (Figure 5). In 

the herbicide treatment, only seedling survivorship was significantly lower relative to all other 

stages. A non-significant interaction between herbicide and soil fertility (χ2 = 4.89, P = 0.56) 

indicated that herbicide effectiveness did not vary with soil fertility. Productivity did not have a 

statistically significant impact on survivorship (χ2 = 0.10, P = 0.74). There was a significant 

interaction effect between soil fertility and grazing (χ2 = 20.7, P < 0.001). Pairwise comparisons 

revealed that survivorship of all stages was significantly greater on high fertility soils relative to 

low fertility soils, but only in pastures with cow-calf year-round grazing (Figure 6). Seedling 

survivorship was significantly higher in pastures with stocker relative to cow-calf grazing; this 

pattern was not observed among the other stages.  

 Stem density of small, medium, and large plants m-2 was significantly lower (χ2 = 12.2, P 

= 0.0005) post-herbicide in 2017 (mean = 17) compared to pre-herbicide in 2016 (mean = 31), and 

across all treatment combinations resulted in a 45% reduction on average (Figure 7; Table 5). For 

both years, stem density was significantly higher with cow-calf compared to stocker grazing (χ2 = 

9.2, P = 0.027). Productivity did not have a significant effect (χ2 = 1.44, P = 0.23) on stem density 

in either year (Figure 7; Table 5). There was a significant interaction effect (χ2 = 15.7, P = 0.008) 

between years, soil fertility, and grazing (Figure 8). The largest reduction in stem density occurred 
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on low and medium soils in pastures with cow-calf grazing. In pastures with rotational 90-day 

cow-calf grazing, stem density was significantly greater on medium fertility soils pre-herbicide in 

2016 only. There were contrasting patterns in stocker grazing pastures; on high fertility soils stem 

density was significantly higher relative to low fertility soils for rotated stockers but density was 

significantly lower for non-rotated stockers. 

 Seedling emergence was not affected by soil fertility (χ2 = 2.5, P = 0.29) nor productivity 

(χ2 = 0.22, P = 0.64; Figure 9; Table 6). Results indicated a significant interaction effect between 

soil fertility and grazing (χ2 = 16.7, P = 0.0052). Pairwise comparisons revealed no effect of 

grazing on medium fertility soils but showed that seedling emergence was significantly higher 

with cow-calf year-round grazing on high fertility soils (Figure 10). Seedling emergence increased 

significantly with increasing adult stem density (F1,249 = 141, P < 0.0001), and stem density 

explained some of the observed variation (R2 adjusted = 0.36; Figure 11). 

 For seed production, soil fertility (χ2 = 4.3, P = 0.12), productivity (χ2 = 1.8, P = 0.18), and 

grazing (χ2 = 5.9, P = 0.11) were not statistically significantly associated with the number of seeds 

per ramet (Figure 12; Table 7). The number of CH seeds (mean = 25) per ramet was significantly 

lower than the number of CL seeds (mean = 277) per ramet (χ2 = 51.01, P < 0.0001). Stage class 

had a marginally significant effect on the number of seeds per ramet (χ2 = 2.9, P = 0.087) and 

results indicated medium plants produced more seeds per ramet than large plants. However, the 

bag seam of all large plants was ripped upon collection and likely resulted in substantial seed loss. 

Due to seed collection bag damage, large plants were excluded from final seed production model 

results. 

On average, the CH:CL ratio was 1:9. For seed production measured as CH proportion, 

productivity (χ2 = 0.45, P = 0.5) and grazing (χ2 = 6.1, P = 0.12) were not significant (Figure 13; 
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Table 8). However, there was a significant effect of soil fertility (χ2 = 23.95, P < 0.0001) and a 

significant interaction effect between soil fertility and grazing (χ2 = 11.5, P = 0.042). Pairwise 

comparisons indicated that soil fertility had no influence on CH proportion in stocker pastures. On 

high fertility soils, proportion CH was significantly greater under non-rotational relative to 

rotational stockers but was not significantly different from cow-calf 90-day or year-round grazing. 

For cow-calf 90-day and year-round pastures, CH proportion was significantly greater on high 

relative to low and medium fertility soils, respectively.  

3.2 Population Growth Rates 

The projected population growth rate (λ) ranged from 0.8 to 3.9 indicating that populations 

were either relatively stable or increasing in size (Figure 14). The mean projected population 

growth rate of L. cuneata was 2.26, indicating these populations can increase in abundance more 

than 2-fold in a single year. Four populations had significantly higher growth rates relative to all 

other populations: two 90-day rotational stocker sites under low (λ = 3.9) and high soil fertility (λ 

= 2.8), one 90-day non-rotational stocker site under medium soil fertility (λ = 3.47), and one year-

round cow-calf site under high soil fertility (λ = 2.8). Elasticity analysis of the overall mean matrix 

revealed that seedling growth (seedling to small and seedling to medium plant transitions) was the 

life-cycle transition that had the largest impact (summed elasticity = 0.311) on the projected 

population growth rate (Figure 15). Elasticity analyses of treatment combination matrices 

indicated medium plant survival (high soil fertility; stockers 90-day and cow-calf 90-day), large 

plant survival (low soil fertility; cow-calf year-round and stockers 90-day), medium plant 

reproduction (high soil fertility; rotational stockers 90-day), and seedling transitions (all other 

treatments) were the transitions with the largest impact on λ (Table 9). The ordination analyses 

revealed that most populations generally fell in the middle of the growth and fecundity axes, except 
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for one population (low soil fertility; cow-calf year-round grazing) that relied more heavily on 

stasis (Figure 16). 

 Population growth rates were not affected by soil fertility (F2,9 = 0.07, P = 0.93), 

productivity (F1,9 = 0.005, P = 0.95), or population density (F1,9 = 0.59, P = 0.46). However, 

grazing (F3,9 = 3.5, P = 0.064) and the interaction between grazing and soil fertility were 

marginally significant (F5,6 = 3.9, P = 0.063). Pairwise comparisons revealed that grazing affected 

λ on low (significantly higher for 90-day rotational stockers) and high (significantly higher for 

cow-calf year-round) but not on medium fertility soils (Figure 17). Furthermore, soil fertility only 

affected λ in pastures with non-rotational 90-day stocker (significantly lower on high relative to 

medium fertility soils) and cow-calf year-round (significantly higher on high relative to low 

fertility soils) grazing. The linear model indicated that all population growth rates increased 

linearly with seedling survival (F1,11 = 7.4, P = 0.02), while small (F1,11 = 1.2, P = 0.3), medium 

(F1,11 = 0.09, P = 0.77), and large (F1,11 = 3.01, P = 0.11) plant survival and seed production (F1,11 

= 0.79 P = 0.4) were not statistically significantly associated with λ.  
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CHAPTER 4 

DISCUSSION 

4.1 General Discussion 

 The primary purpose of this experiment was to quantify how L. cuneata population growth 

rates and underlying vital rates vary with soil fertility and grazing practices. The secondary purpose 

was to determine how herbicide may affect population structure including: survivorship and 

density. The tertiary purpose was to determine if soil fertility or grazing practices affect the 

expression of the L. cuneata mating system. In short, I found little evidence that soil fertility 

changes herbicide effectiveness or plays a large role in regulating L. cuneata vital rates or density. 

Analyses of population growth rates, survival, seed production, and density in response to soil 

fertility and productivity as main effects were non-significant (see Results). As a main effect, cattle 

management was significant for analyses of stem density (P = 0.027, Table 5) and seedling 

emergence (P = 0.016, Table 6). However, all analyses indicated a significant interaction between 

soil fertility and grazing, suggesting soil fertility may contribute to demographic variation under 

certain circumstances.  

4.1.1 Survivorship and Stem Density 

The lack of significant, independent cattle management and soil fertility effects on plant 

survivorship and density in my study was somewhat surprising, given previous reports that 

mowing benefits L. cuneata establishment and growth (Brandon et al. 2004), while fertilizer 

addition has a negative impact on stem density and establishment (Brandon et al. 2004; Souza et 

al. 2011, Houseman et al. 2014). In the Flint Hills, stocking rates for steers (4 acres per stocker 

cattle) are much higher than that of cow-calf cattle (6 to 8 acres per pair, Owensby 2010). This 

difference in stocking rate translates to a higher density of cattle in stocker pastures resulting in 
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increased disturbance during the establishment and growth phase of the growing season. For 

example, selective grazing by cattle has been shown to increase light availability (Skaer et al. 

2013) and stimulate growth and fecundity for ungrazed forbs (Damhoureyeh et al. 1997). The 

higher rates of seedling survivorship observed in stocker pastures supports the view that decreased 

plant biomass or possibly the increased soil disturbance increases the opportunity for plants to 

proceed to adult stages. Conversely, I found that soil fertility did not impact survivorship, except 

in cow-calf pastures where survivorship was higher with high fertility soils. These results are in 

direct conflict with reports of reduced L. cuneata establishment and seedling emergence (in 

ungrazed sites) with increasing soil fertility due to low light availability (Sanders et al. 2007, 

Houseman et al. 2014). However, all sites in my study were grazed and biomass is expected to be 

lower than what would occur across a soil fertility gradient without grazing. 

Prior to herbicide application in 2016, stem density was significantly higher in cow-calf 

year-round relative to stocker pastures on low and medium fertility soils. These results are 

consistent with those reported by Souza et al. (2011) where L. cuneata abundance was greater in 

ungrazed, annually mowed old fields with higher aboveground biomass than old fields with lower 

aboveground biomass and suggests that sites with greater productivity may facilitate establishment 

and persistence. Increasing soil fertility only had a negative impact on stem density in non-rotated 

stocker pastures. A different trend was observed post-herbicide in 2017; soil fertility had a negative 

impact on stem density in both non-rotated stocker and rotated cow-calf pastures, suggesting that 

the negative effects of soil fertility may be more apparent under certain cattle management regimes 

when L. cuneata plants are exposed to greater stress such as herbicide. Additionally, the greatest 

reduction in stem density occurred on low and medium fertility soils in pastures with cow-calf 

grazing. These results may indicate that herbicide may be less effective in stocker pastures due to 
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large disturbance effects generated by the cattle that may facilitate L. cuneata vegetative spread 

(Brandon et al. 2004). It is also possible that the greater reduction of stem density in cow-calf 

relative to stocker pastures was because initial stem density much higher in cow-calf pastures, 

making detection of a significant reduction more apparent. Seedling emergence more consistently 

followed trends reported by previous studies and showed a decrease with increasing soil fertility 

except in pastures with cow-calf year-round grazing.  

The relatively weak effects of soil fertility on survivorship and density observed in my 

study may be attributed to several factors. First, soil fertility was designated based on the average 

rangeland productivity. Other field experiments examining the impact of soil fertility on L. cuneata 

performance have experimentally manipulated nutrient input in plots, typically by adding 

inorganic nitrogen and these fertilization treatments may not accurately represent natural changes 

in soil fertility (Brandon et al. 2004, Sanders et al. 2007, Souza et al. 2011, Houseman et al. 2014). 

Moreover, my study examined responses at large spatial scales whereas other studies (Brandon et 

al. 2004, Sanders et al. 2007, Houseman et al. 2014) examined responses at very small scales. 

Results indicated here may support the ‘invasion paradox’ which suggests factors that facilitate 

invasion at one scale may limit invasion at a different scale (Fridley et al. 2007, Souza et al. 2011). 

For example, Souza et al. (2011) found that productivity was negatively correlated with L. cuneata 

establishment at local scales (0.16 m2 plots). Conversely, at larger scales (5,000 to 7,000 m2 plots) 

L. cuneata establishment was positively correlated with productivity. Second, L. cuneata plants in 

this study were from several naturally occurring, unmanipulated populations. Both Sanders et al. 

(2007) and Houseman et al. (2014) manipulated propagule supply by adding seeds collected from 

a supplier or from an adjacent population to areas with zero to extremely low L. cuneata density. 

The discrepancy between this study and previous studies may be due in part to invasion history of 
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Flint Hills populations. Although the exact ages of the study populations are unknown, 

experimental evidence has indicated that L. cuneata invasion can alter soil conditions to facilitate 

its own growth (Yannarell et al. 2011, Coykendall and Houseman 2014). Finally, in this study, I 

included several populations in my analyses and the different trends observed may be attributed to 

differences in climatic and soil conditions, or potentially to the considerable genetic variation 

found in Midwest L. cuneata populations (Sundberg et al. 2002). Indeed, a study by Li et al. (2016) 

reported that genetic variation of an invasive perennial herb was positively correlated with both 

population size and seedling emergence. 

4.1.2 Reproduction 

 The results of this study demonstrate that soil fertility and grazing can alter the expression 

of the Lespedeza cuneata mating system, though the response was weaker than expected. Previous 

studies have indicated that proportion of CH to CL flowers of Lespedeza species varies from year 

to year and is strongly influenced by environmental variation such as water availability, 

photoperiod, temperature, and herbivory (McKee & Highland 1941; Hanson 1943; Nakata 1952; 

Clewell 1966; Schutzenhofer 2007). In this study, proportion of CH seed increased with soil 

fertility under cow-calf grazing, which is largely consistent with the idea that this species can 

exploit environmental conditions to maintain high modes of reproduction (Woods et al. 2009). 

However, in stocker pastures, soil fertility did not influence CH proportion and results indicated 

no differences of CH proportion between cow-calf and stocker pastures.  

These results conflict with a previous study indicating a decrease in CH output under 

unfavorable conditions such as high insect herbivory (Schutzenhofer 2007). However, mating 

system responses to herbivory have been shown to vary with plant age or stage (Parker 2000, 

Thomson 2005) and the plants examined by Schutzenhofer (2007) represented only the first year 
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of reproduction. Conversely, a study by Damhoureyeh et al. (1997) demonstrated greater fecundity 

of certain forb species at grazed sites suggesting increased resource (light, water, nutrients) 

availability early in the growing season provided plants with a competitive growth advantage and 

decreased stress during flower production. While I did not quantify the degree of disturbance 

associated with higher stocking rates, it is reasonable to assume that plants in pastures with higher 

cattle densities experienced greater disturbance generated by nongrazing activities such as 

trampling. Therefore, one might expect stocker pastures to represent favorable conditions as 

stockers selectively graze grass biomass at greater rates than cow-calf cattle. However, given that 

there were no differences between stockers and cow-calf grazers, my results do not support the 

prediction presented by Schoen and Lloyd (1984) that plants under lower levels of stress allocate 

more resources to expensive CH seed production. Perhaps these differences in disturbance are too 

subtle to influence relative CH seed proportion. Alternatively, the lack of a soil fertility response 

under stocker grazing may suggest that increased disturbance effects of stocker cattle free L. 

cuneata from competition early in the growing season reducing stress during seed production and 

allowing plants on low and medium fertility soils to maintain similar proportions of CH seed 

relative to those on high fertility soils. Future studies should examine the differences in CH 

proportion on grazed versus ungrazed sites to test these assumptions.   

Finally, if progeny of CH flowers experience greater fitness than CL progeny (Donnelly 

1955), one might expect higher population growth rates on sites where CH seed proportion has 

increased. In this study, increased proportion CH did not translate into increased population growth 

rates. The four sites with the highest λ values did not have significantly greater proportions of CH 

seed relative to other sites (Figure 10, 14). It is possible that factors other than soil fertility or 

grazing, such as genetic variability (Sundberg et al. 2002) or temperature and precipitation, drive 
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L. cuneata CH production. Additionally, research has shown that L. cuneata benefits from insect 

pollination significantly more than native species (Woods 2006, Woods et al. 2009). Pollinator 

availability could have driven the observed variation of CH proportion. Future studies should 

consider the impact of genetics, pollinator abundance, and other environmental factors. 

4.2 Population Growth Rates 

 This study is the first to quantify population demographics of L. cuneata in grazed systems 

at the landscape scale. I found that populations of L. cuneata experienced a wide range of 

population growth rates and demonstrated that soil fertility and grazing explained very little of this 

variability. Despite the large effects of grazing on the stage transitions of seedlings, these 

individual-level effects translated into relatively small population-level effects, as only three 

populations in stocker pastures had significantly higher growth rates relative to populations in 

cow-calf pastures (excluding the outlier).  

 Elasticity analysis of the overall mean matrix revealed that L. cuneata was highly sensitive 

to changes in the transitions of seedlings. This is unusual for perennial plants, which are typically 

more sensitive to survival of large stage class plants (Silvertown et al. 1993). The relatively high 

mortality of seedlings and the absence of a seed bank in the model made L. cuneata population 

growth rates highly dependent on recruitment rates. Some populations were more sensitive to 

changes in medium plant growth, large plant survival, or medium plant fecundity, and were not 

insensitive to changes in other transitions. However, when elasticities were grouped into L-G-F 

components, the ordination analyses produced similar results to those of Ramula et al. (2008) and 

showed that growth and fecundity were more important than survival to L. cuneata population 

growth rates. Pertaining to previous studies, I found that elasticities for survival decreased with 
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increasing λ, while elasticities for growth and fecundity increased with increasing λ (Silvertown 

et al. 1996, Ramula et al. 2008).  

Matrix model results presented here conflict heavily with a previous demographic study of 

L. cuneata in an ungrazed grassland. Schutzenhofer et al. (2009) reported a population growth rate 

of 20.4 and elasticity analysis showed that it was most sensitive to changes in the seed production 

of small plants. Conversely, I found population growth rates that varied between 0.8 to 3.9 and 

elasticity analysis showed that growth rates were most sensitive to changes in seedling transitions.  

Several differences could explain the large discrepancy of these results. First, the study 

system examined by Schutzenhofer et al. (2009) was an ungrazed old field in central Missouri. It 

is possible that climatic differences drive certain components of L. cuneata demography as climate 

has been linked to increased growth in some species (Dalgleish et al. 2011). Additionally, the 

presence of large grazing mammals can have direct impacts on plant vital rates and grazed systems 

typically show lower juvenile transition probabilities (Li et al. 2013, Wallace and Prather 2013, 

Johansen et al. 2016). Second, I included multiple populations in my model that represented a 

variety of soil fertility conditions whereas Schutzenhofer et al. (2009) included only one 

population. Recently, many authors (Crone et al. 2011, Caplat et al. 2012, Crone et al. 2013, 

Gurevitch et al. 2016) have called for more demographic studies that include multiple populations 

as single population studies risk misidentifying or underrepresenting important environmental 

drivers of plant demography and variation in vital rates (Ehrlen et al. 2016). Finally, it appears that 

Schutzenhofer et al. (2009) used a different method to estimate individual plant fertility. While the 

authors did not explicitly state how they calculated plant fertility, based on their projection model 

results, they used the number of seeds per plant in the first year and did not survey for juveniles in 

the next year. Although they did perform field germination trials and indicated the average 
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germination rate was 47% for CL seeds and 88% for CH seeds, they used an extraordinarily low 

number of seeds that were not grown in the presence of competitors and this likely led to an 

extremely inflated population growth rate. For my model, I used the number of seeds per plant in 

the first year as well as the number of seedlings found in subplots the next year to estimate fertility 

which produced a conservative, but likely more realistic population growth rate. 

The deterministic population models used here are based on data collected over one year 

(two growing seasons) without explicitly incorporating density dependence, seed bank longevity, 

or differences in germination between CH and CL seeds. Demographic transitions are dynamic 

and vary from year to year and temporal variation in environmental conditions such as 

precipitation and temperature could influence plant responses to soil fertility and grazing. 

However, these models are likely to provide a good overview of L. cuneata vital rates and 

population performance at the landscape scale during the observation period. Additional factors to 

consider in future studies of L. cuneata demographics should include genetic analysis of different 

populations, a seed bank longevity analysis, and invasion history.  

4.3 Implications for Management 

These results demonstrate that chemical control effectively reduces L. cuneata 

survivorship of all life stages, with seedlings being the most vulnerable. A reduction of > 50% 

from ambient to herbicide conditions was detected for all life stages (Figure 5). While this 

represents a significant increase in mortality, survivorship remained relatively high (0.15 for 

seedlings and approximately 0.30 for small, medium, and large plants) in the herbicide treatment. 

Similarly, stem density was only reduced by 45% after the first year of herbicide application and 

is consistent with the reduction achieved by Koger et al. (2002) when they applied metsulfuron to 

L. cuneata plants at the flowering growth stage. These results suggest that Escort XP herbicide is 
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unlikely to eradicate L. cuneata populations after only one year of application. Indeed, the increase 

in mortality may be offset by high rates of seed production from surviving plants allowing 

populations to quickly recover regardless of adult abundance.  

Furthermore, while previous studies have shown that elasticity analysis can be used to 

identify the best target for management actions by focusing on transitions with the highest 

elasticity (Ramula et al. 2008), caution should be taken when interpreting elasticity values in this 

study. When the costs of management actions are integrated with elasticities, controlling the 

demographic transition with the greatest elasticity (seedlings in this study) values may prove 

costlier than controlling transitions with smaller values (Baxter et al. 2006). Indeed, transitions for 

L. cuneata seedlings are already low relative to transitions of other stages. Additionally, seed 

production is exceptionally high and ignoring reproductive individuals would likely result in 

increased population spread in the long-term. However, in sites where L. cuneata is free from 

competition (e.g. low biomass sites with intensive grazing and/or annual burning practices), 

management may need to limit seedling transitions to adult stages (Raghu et al. 2014). Broadly 

speaking, managing multiple demographic processes, preferably growth and fecundity, using an 

integrated management approach seems to be the best option. Prescribed burning, a widely-used 

management tool in grazed, grassland systems has been shown to increase L. cuneata mortality 

(Cummings et al. 2007), but at the cost of increased germination from the seed bank (Wong et al. 

2012). A combination of burning later in the growing season, after the initial influx of germination, 

and using herbicide may produce the most desirable results at the lowest cost in grazed grassland 

systems.   
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TABLES 

Table 1. Experimental Site Descriptions. Cow-calf are mother and offspring pairs, while stockers 
are year-old steers. Duration refers to length of time cattle spend on a pasture during a year. Cattle 
that are not rotated stay within the same pasture for the designated duration, while rotated cattle 
are moved between pastures for the designated duration. NRCS refers to categorical soil fertility 
designations obtained from the Natural Resource Conservation Service (Soil Survey Staff 2009). 
Productivity denotes the site average weight of biomass m-2 (grams) obtained from subplots in 
2017. 
 
Cattle Duration Rotate NRCS Productivity (g) Site Plots Ranch 

Cow-calf 90-day Yes Low 510 16 45,46,47 Brink 

Cow-calf 90-day Yes Med 600 1 1,2,3 Brink 

Cow-calf 90-day Yes Med 436 2 4,5,6 Brink 

Cow-calf 90-day Yes High 709 9 24,25,26 Stotts 

Cow-calf Year-round No Low 725 17 48,49,50 Wiggins 

Cow-calf Year-round No Med 717 18 51,52,53 Wiggins 

Cow-calf Year-round No High 986 15 42,43,44 Beeman 

Stockers 90-day Yes Low 443 13 36,37,38 Engels 

Stockers 90-day Yes High 461 12 33,34,35 Engels 

Stockers 90-day Yes High 476 14 39,40,41 Engels 

Stockers 90-day No Low 439 4 10,11,12 Vestring 

Stockers 90-day No Low 365 6 16,17,18 Youngmeyer 

Stockers 90-day No Med 403 3 7,8,9 Vestring 
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Table 1 (continued) 

Cattle Duration Rotate NRCS Productivity (g) Site Plots Ranch 

Stockers 90-day No Med 388 5 13,14,15 Vestring 

Stockers 90-day No Med 549 11 30,31,32 Engels 

Stockers 90-day No High 537 7 19,20,21 Youngmeyer 

Stockers 90-day No High 708 8 22,23 Browning 
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Table 2. Mean L. cuneata Projection Matrices of Soil Fertility and Grazing Treatments. Mean 
projection matrices (among soil fertility and grazing combinations) of L. cuneata, where each 
value represents stage-specific transition probabilities from May 2016 to September 2017. Plants 
in the herbicide treatment were excluded from matrices, and an asterisk (*) denotes rotational 
grazing. 
 

  
Stage at time t 

 

Grazing Cow-calf 90-day* 
 

Soil Fertility Stage at time t + 1  Seedling Small Medium Large 
  

Low Seedling 0.00 0.72 2.70 9.84 
 

 
Small 0.00 0.36 0.06 0.00 

 

 
Medium 0.20 0.36 0.41 0.09 

 

 
Large 0.00 0.00 0.47 0.82 

 

       
Medium Seedling 0.00 1.45 6.33 21.53 

 

 
Small 0.27 0.24 0.08 0.00 

 

 
Medium 0.00 0.47 0.62 0.28 

 

 
Large 0.00 0.00 0.23 0.69 

 

       
High Seedling 0.00 0.23 1.00 3.98 

 

 
Small 0.45 0.40 0.31 0.00 

 

 
Medium 0.09 0.30 0.62 0.47 

 
  Large 0.00 0.00 0.08 0.20 
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Table 2 (continued) 

  
Stage at time t 

 

Grazing Cow-calf Year-round 
 

Soil Fertility Stage at time t + 1  Seedling Small Medium Large 
  

Low Seedling 0.00 0.60 2.10 16.15 
 

 
Small 0.00 0.29 0.07 0.00 

 

 
Medium 0.00 0.14 0.50 0.20 

 

 
Large 0.00 0.00 0.07 0.80 

 

       
Medium Seedling 0.00 1.28 4.36 27.15 

 

 
Small 0.50 0.62 0.08 0.00 

 

 
Medium 0.00 0.08 0.75 0.07 

 

 
Large 0.00 0.00 0.17 0.79 

 

       
High Seedling 0.00 6.82 22.60 89.18 

 

 
Small 0.50 0.17 0.06 0.00 

 

 
Medium 0.10 0.67 0.69 0.21 

 
  Large 0.00 0.00 0.25 0.79 
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Table 2 (continued) 

  
Stage at time t 

 

Grazing Stockers 90-day* 
 

Soil Fertility Stage at time t + 1  Seedling Small Medium Large 
  

Low Seedling 0.00 3.52 18.43 57.62 
 

 
Small 0.57 0.20 0.00 0.00 

 

 
Medium 0.29 0.60 0.54 0.21 

 

 
Large 0.00 0.07 0.46 0.79 

 

       
Medium Seedling NA NA NA NA 

 

 
Small NA NA NA NA 

 

 
Medium NA NA NA NA 

 

 
Large NA NA NA NA 

 

       
High Seedling 0.00 1.09 5.25 15.58 

 

 
Small 0.52 0.21 0.03 0.00 

 

 
Medium 0.38 0.63 0.83 0.14 

 
  Large 0.00 0.04 0.10 0.83 
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Table 2 (continued) 

  
Stage at time t 

 

Grazing Stockers 90-day 
 

Soil Fertility Stage at time t + 1  Seedling Small Medium Large 
  

Low Seedling 0.00 0.17 0.79 4.46 
 

 
Small 0.64 0.45 0.00 0.00 

 

 
Medium 0.14 0.25 0.52 0.04 

 

 
Large 0.00 0.00 0.43 0.88 

 

       
Medium Seedling 0.00 1.14 6.14 27.48 

 

 
Small 0.32 0.26 0.05 0.00 

 

 
Medium 0.45 0.46 0.49 0.16 

 

 
Large 0.00 0.03 0.30 0.78 

 

       
High Seedling 0.00 0.16 0.60 2.68 

 

 
Small 0.75 0.18 0.00 0.00 

 

 
Medium 0.00 0.45 0.67 0.29 

 
  Large 0.00 0.00 0.17 0.64 
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Table 3.  Mean Matrix Model of L. cuneata Under Ambient Conditions. Mean projection matrix 
of L. cuneata, where each value represents stage-specific transition probabilities from May 2016 
to September 2017. Plants in the herbicide treatment were excluded from matrix models. 
 

 
Stage at time t 

Stage at time t + 1  Seedling Small Medium Large 

Seedling 0.00 1.46 6.03 23.53 

Small 0.43 0.30 0.06 0.00 

Medium 0.21 0.42 0.60 0.19 

Large 0.00 0.02 0.25 0.74 

 

  



32 
 

Table 4. Binomial GLMM Survivorship Results. Generalized linear mixed model with a binomial 
distribution results of L. cuneata survivorship in response to chemical control (herbicide), soil 
fertility, and grazing from May 2016 to September 2017. 
 
Explanatory Variable χ2 Df P value 

Stage 84.7 4 < 0.0001 

Herbicide 388.1 1 < 0.0001 

Productivity 0.10 1 0.74 

Soil Fert  5.44 2 0.066 

Cattle 7.13 3 0.068 

Soil Fert × Cattle 20.7 5 < 0.001 

Stage × Cattle 13.8 9 0.13 

Stage × Soil Fert 23.1 3 < 0.0001 

Soil Fert × Herbicide 4.89 6 0.56 
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Table 5. Negative Binomial GLMM Stem Density Results. Generalized linear mixed model with 
a negative binomial distribution results of L. cuneata stem density in response to soil fertility and 
grazing in 2016 and 2017.  
 
Explanatory Variable χ2 Df P value 

Year 12.2 1 0.0005 

Productivity 1.44 1 0.23 

Soil Fert  0.78 2 0.68 

Cattle 9.2 3 0.027 

Year × Soil Fert  9.7 2 0.008 

Year × Cattle 14.8 3 0.002 

Soil Fert × Cattle 20.3 5 0.002 

Year × Soil Fert × Cattle 15.7 5 0.008 
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Table 6. Negative Binomial GLMM Seedling Emergence Results. Generalized linear mixed model 
with a negative binomial distribution results of L. cuneata seedling density in response to soil 
fertility and grazing in 2017. 
 
Explanatory Variable χ2 Df P value 

Productivity 0.22 1 0.64 

Soil Fert  2.5 2 0.29 

Cattle 10.3 3 0.016 

Soil Fert × Cattle 16.7 5 0.005 
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Table 7. Negative Binomial GLMM Seed Production per Ramet Results. Generalized linear mixed 
model with a negative binomial distribution results of L. cuneata seed production per ramet in 
response to soil fertility and grazing in 2016.  
 
Explanatory Variable χ2 Df P value 

Seed Type 51.01 1 < 0.0001 

Stage 2.9 1 0.087 

Productivity 1.8 1 0.18 

Soil Fert  4.3 2 0.12 

Cattle 5.9 3 0.11 

Seed Type × Soil Fert 5.5 2 0.064 

Seed Type × Cattle 6.04 3 0.11 

Soil Fert × Cattle 12.3 5 0.031 

Seed Type × Soil Fert × Cattle 4.4 5 0.5 
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Table 8. Binomial GLMM Seed CH Proportion Results. Generalized linear mixed model with a 
binomial distribution results of L. cuneata seed type proportion in response to soil fertility and 
grazing in 2016.  
 
Explanatory Variable χ2 Df P value 

Productivity 0.45 1 0.5 

Soil Fert  23.95 3 < 0.0001 

Cattle 6.1 3 0.11 

Soil Fert × Cattle 11.5 5 0.042 
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Table 9. Elasticity Matrices. Elasticity matrices (averaged across soil fertility and grazing 
combinations) of L. cuneata, where each value represents stage-specific proportional sensitivity 
from May 2016 to September 2017. Plants in the herbicide treatment were excluded from matrices. 
Values in bold indicate the transition with the greatest sensitivity, and an asterisk (*) denotes 
rotational grazing. 
 

  
Stage at time t 

 

Grazing Cow-calf 90-day* 
 

Soil Fertility Stage at time t + 1  Seedling Small Medium Large 
  

Low Seedling 0.000 0.001 0.077 0.172 
 

 
Small 0.000 0.001 0.005 0.000 

 

 
Medium 0.251 0.004 0.094 0.013 

 

 
Large 0.000 0.000 0.185 0.197 

 

       
Medium Seedling 0.000 0.042 0.096 0.085 

 

 
Small 0.222 0.040 0.007 0.000 

 

 
Medium 0.000 0.187 0.129 0.015 

 

 
Large 0.000 0.000 0.100 0.077 

 

       
High Seedling 0.000 0.032 0.110 0.035 

 

 
Small 0.125 0.099 0.061 0.000 

 

 
Medium 0.052 0.154 0.254 0.015 

 
  Large 0.000 0.000 0.051 0.011 

  
 

 

 

 



38 
 

Table 9 (continued)  

  
Stage at time t 

 

Grazing Cow-calf Year-round 
 

Soil Fertility Stage at time t + 1  Seedling Small Medium Large 
  

Low Seedling 0.000 0.000 0.000 0.000 
 

 
Small 0.000 0.001 0.003 0.000 

 

 
Medium 0.000 0.003 0.070 0.046 

 

 
Large 0.000 0.000 0.046 0.832 

 

       
Medium Seedling 0.000 0.116 0.043 0.066 

 

 
Small 0.225 0.164 0.002 0.000 

 

 
Medium 0.000 0.112 0.120 0.003 

 

 
Large 0.000 0.000 0.069 0.079 

 

       
High Seedling 0.000 0.110 0.177 0.067 

 

 
Small 0.233 0.012 0.002 0.000 

 

 
Medium 0.121 0.125 0.063 0.002 

 
  Large 0.000 0.000 0.068 0.020 
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Table 9 (continued) 

  
Stage at time t 

 

Grazing Stockers 90-day* 
 

Soil Fertility Stage at time t + 1  Seedling Small Medium Large 
  

Low Seedling 0.000 0.051 0.199 0.112 
 

 
Small 0.142 0.008 0.000 0.000 

 

 
Medium 0.220 0.072 0.048 0.003 

 

 
Large 0.000 0.019 0.096 0.029 

 

       
Medium Seedling NA NA NA NA 

 

 
Small NA NA NA NA 

 

 
Medium NA NA NA NA 

 

 
Large NA NA NA NA 

 

       
High Seedling 0.000 0.036 0.237 0.059 

 

 
Small 0.127 0.012 0.003 0.000 

 

 
Medium 0.204 0.081 0.148 0.002 

 
  Large 0.000 0.014 0.047 0.031 

  

 

  



40 
 

Table 9 (continued) 

  
Stage at time t 

 

Grazing Stockers 90-day 
 

Soil Fertility Stage at time t + 1  Seedling Small Medium Large 
  

Low Seedling 0.000 0.014 0.034 0.143 
 

 
Small 0.108 0.048 0.000 0.000 

 

 
Medium 0.084 0.093 0.101 0.006 

 

 
Large 0.000 0.000 0.149 0.221 

 

       
Medium Seedling 0.000 0.020 0.185 0.136 

 

 
Small 0.062 0.007 0.003 0.000 

 

 
Medium 0.278 0.038 0.071 0.004 

 

 
Large 0.000 0.007 0.133 0.058 

 

       
High Seedling 0.000 0.016 0.063 0.085 

 

 
Small 0.163 0.029 0.000 0.000 

 

 
Medium 0.000 0.147 0.223 0.029 

 
  Large 0.000 0.000 0.113 0.132 
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FIGURES 

 

Figure 1. Invaded range of L. Cuneata. Distribution of Sericea [Lespedeza cuneata (Dum Cours.) 
G. Don.] in the contiguous United States. Dark blue tiles denote a record of L. cuneata within the 
state, light blue tiles indicate a county record, and pink tiles denote a county record where Sericea 
is designated as a noxious weed. All other areas outside the dark blue tiles have no record of L. 

cuneata. Map generated via the Biota of North American Program (BONAP). 
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Figure 2. Spatial distribution of experimental plots. Overview of the study sites located in 
Greenwood and Elk County, Kansas, USA. Red points denote plot locations. Kansas Ecoregion 
map generated by Chapman et al. (2001).  
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Figure 3. Standardized experimental plot layout. The thick black line denotes the 4,045 m2 plot 
boundary. Black squares represent 1 m2 subplots for vital rate and stem density data collection. 
The red squares represent 1 m2 subplots established in 2017 to track seedling emergence. The blue 
circles outside the plot indicate cattle exclosures established in 2017 to collect community 
composition and biomass.   
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Figure 4. Photographs of L. cuneata flowers and seeds. Left: the open, showy chasmogamous (CH) 
flowers on bottom and the closed, inconspicuous cleistogamous (CL) flowers on top. Right: 
morphologically distinctive seeds produced from CH and CL flowers.  
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Figure 5. Effect of herbicide on L. cuneata stage class survivorship. Bars express mean values ± 
standard error of the mean. Significant differences between treatments are represented by different 
letters and were detected using a binomial GLMM with post hoc permutational pairwise 
comparisons at P < 0.05. An asterisk (*) indicates rotational grazing. 
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Figure 6. Effect of soil fertility, grazing, and herbicide on L. cuneata survivorship. Bars express 
mean values ± standard error of the mean. Survivorship was measured from May 2016 to 
September 2017, and only includes individuals initially tagged in 2016. The total number of plants 
used in this analysis was 1,720. Dashed red lines and text in each panel denote stage-specific 
survival under herbicide and ambient treatments (averaged across soil fertility and grazing 
treatments). Significant differences between treatments were detected using a GLMM with a 
binomial distribution. An asterisk (*) indicates rotational grazing.  
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Figure 7. Effect of soil fertility and grazing on L. cuneata stem density. Stem density of small, 
medium, and large plants was counted in each subplot during late summer of 2016 and 2017. Bars 
express mean values ± standard error of the mean. Dashed red lines denote stem density means for 
each year (averaged across soil fertility and grazing treatments). Significant differences between 
treatments were detected using a GLMM with a negative binomial distribution. An asterisk (*) 
indicates rotational grazing. 
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Figure 8. Effect of productivity and grazing on L. cuneata stem density. Values represent the total 
number of small, medium, and large stems counted in each subplot during late summer of 2016 
and 2017. Productivity represents the plot average of biomass (grams per m2). An asterisk (*) 
indicates rotational grazing. 
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Figure 9. Effect of productivity and grazing on seedling emergence. Values represent cumulative 
seedling emergence during the 2017 growing season. Productivity represents the plot average of 
biomass (grams per m2). An asterisk (*) indicates rotational grazing. 
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Figure 10. Effect of soil fertility and grazing on seedling emergence. Bars express mean values ± 
standard error of the mean. Significant differences between treatments are represented by different 
letters and were detected using a negative binomial GLMM with post hoc permutational pairwise 
comparisons at P < 0.05. An asterisk (*) indicates rotational grazing.  

  



51 
 

 

Figure 11. Effect of stem density on seedling emergence. Points represent the number of stems 
found in subplots during 2017. Seedling emergence was quantified at three-week intervals 
throughout the growing season. Adult stem density was quantified in August. Significance was 
assessed using a simple linear regression.   

R2 = 0.36 
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Figure 12. Effect of productivity and grazing on the number of seeds per ramet. Points represent 
the total number of chasmogamous (CH) and cleistogamous (CL) seed per ramet from plants 
collected in 2016 (N=179). Productivity represents the plot average of biomass (grams per m2). 
An asterisk (*) indicates rotational grazing. 
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Figure 13. Effect of soil fertility and grazing on L. cuneata seed proportion. The total number of 
plants used in this analysis was 179. Bars express mean proportion of chasmogamous (CH) seed 
± standard error of the mean. Significant differences between treatments are represented by 
different letters and were detected using a binomial GLMM with post hoc permutational pairwise 
comparisons at P < 0.05. An asterisk (*) indicates rotational grazing. 
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Figure 14. Deterministic population growth rates of L. cuneata under ambient conditions. Plants 
in the herbicide treatment were excluded from projection models. Vital rates were measured from 
May 2016 to September 2017 and were pooled by plot for each site. Error bars denote 95% 
confidence intervals, obtained from 3,000 bootstrapped datasets. Numbers above error bars 
indicate site. Values above the line indicate populations increasing in size, while values below are 
decreasing in size. Productivity represents the site average of biomass (grams per m2). An asterisk 
(*) denotes rotational grazing. 
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Figure 15. Life cycle graph of L. cuneata. Circles represent stages and arrows represent transitions 
(fecundity, growth, stasis, and retrogression) from one year to the next. Elasticity values of the 
overall mean matrix are given.  
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Figure 16. Summed L. cuneata elasticities. Ordination of summed survival (L), growth (G), and 
fecundity (F) elasticities. Axes show the average distribution of elasticities (soil fertility x grazing 
combinations) in L-G-F space which altogether sum to one. An asterisk (*) denotes rotational 
grazing.  
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Figure 17. Effect of soil fertility and grazing on L. cuneata population growth rates. Bars express 
mean deterministic population growth rates of L. cuneata under ambient conditions. Error bars 
denote ± standard error of the mean. Significant differences between treatments are represented by 
different letters and were detected using a linear model with post hoc permutational pairwise 
comparisons at P < 0.05. Values above the line indicate populations increasing in size, while values 
below the line indicate populations decreasing in size. An asterisk (*) denotes rotational grazing. 
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