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Abstract 

Invasive species are a major driver of global ecological change and are expected to intensify 

under future climate scenarios. Yet, the impacts of invaders and their population growth are not 

uniform and are often shaped by the environmental and management contexts in which they 

occur. Understanding how these dynamics vary across contexts is essential for predicting 

invasion trajectories and designing effective management strategies, particularly in vulnerable 

ecosystems such as grasslands. In this dissertation, I examine how environmental and biotic 

context shapes both the impacts and performance of plant species, focusing primarily on invasive 

and encroaching species in grassland ecosystems. In the first component of my work, I examine 

how herbivory affects population dynamics in the native African subshrub Hibiscus meyeri. 

Using demographic models, I show that large mammalian herbivores can impede demographic 

compensation across environmental gradients, primarily due to their influence on the degree of 

spatial variability in vital rates. In the second component, I use the invasive grass Bromus 

inermis (smooth brome) to test how its effects on native grass demography varies across rainfall 

levels. I show that the impacts of brome can be context dependent and differ both across the life 

stage of native grasses and across rainfall levels. In the final component, I focus on woody 

encroachment by Juniperus virginiana (eastern red cedar), a native conifer rapidly encroaching 

in the Great Plains. Using a demographic model, I demonstrate that the invasion speed of red 

cedar is shaped by interactions among fire, grazing, and climate. Both frequent fires and cattle 

presence slow invasion, although these effects vary considerably with climate. Together, these 

results reveal that both invasion processes and species responses more broadly are highly context 

dependent. The effects of invaders on native species and their own performance are strongly 

shaped by environmental and management conditions, and similar processes govern native 



  

species responses to biotic and abiotic stressors. These findings underscore the need to 

incorporate environmental variability, management history, and species demography into 

predictions of invasion dynamics and the development of adaptive, context-specific management 

strategies. 
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context shapes both the impacts and performance of plant species, focusing primarily on invasive 

and encroaching species in grassland ecosystems. In the first component of my work, I examine 

how herbivory affects population dynamics in the native African subshrub Hibiscus meyeri. 

Using demographic models, I show that large mammalian herbivores can impede demographic 

compensation across environmental gradients, primarily due to their influence on the degree of 

spatial variability in vital rates. In the second component, I use the invasive grass Bromus 

inermis (smooth brome) to test how its effects on native grass demography varies across rainfall 

levels. I show that the impacts of brome can be context dependent and differ both across the life 

stage of native grasses and across rainfall levels. In the final component, I focus on woody 

encroachment by Juniperus virginiana (eastern red cedar), a native conifer rapidly encroaching 

in the Great Plains. Using a demographic model, I demonstrate that the invasion speed of red 

cedar is shaped by interactions among fire, grazing, and climate. Both frequent fires and cattle 

presence slow invasion, although these effects vary considerably with climate.  Together, these 

results reveal that both invasion processes and species responses more broadly are highly context 

dependent. The effects of invaders on native species and their own performance are strongly 

shaped by environmental and management conditions, and similar processes govern native 



  

species responses to biotic and abiotic stressors. These findings underscore the need to 

incorporate environmental variability, management history, and species demography into 

predictions of invasion dynamics and the development of adaptive, context-specific management 

strategies. 
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Chapter 1 - Introduction 

Invasive species are among the most pervasive drivers of ecological change, capable of 

altering community composition, disrupting critical ecosystem processes, and threatening native 

biodiversity worldwide (Sala et al. 2000). These impacts are expected to intensify under future 

climate change, which may not only expand the suitable ranges for some invaders (McDowell et 

al. 2014) but also amplify their ecological effects through altered disturbance regimes, increases 

in relative performance of invasives, and decreases in the effectiveness of management efforts 

(Hellmann et al. 2008, Liu et al. 2017, LaForgia et al. 2020). Invasive species, which are often 

broadly tolerant and disperse easily, are thought to be particularly capable of thriving in the face 

of these shifting climates (Catford and Jones 2019). 

  Yet, invasion is not a uniform process. The strength of invader impacts and their ability 

to establish, persist, and spread often depends on both abiotic conditions and interactions with 

other species (Pyšek et al. 2012, Catford et al. 2022). Environmental drivers such as temperature, 

precipitation, disturbance, and resource availability can strongly influence both invader 

performance and their effects on native communities. For example, in some cases nutrient 

enrichment has been shown to exacerbate the impacts of some invasive species by increasing 

their performance relative to natives (Uddin and Robinson 2018), while in other cases it may 

more strongly constrain invader success (Liu et al. 2016). Similarly, changes in precipitation may 

benefit or have little effect on invaders (Eskelinen and Harrison 2014, Bishop et al. 2024). 

Conceptual frameworks such as the Stress Gradient Hypothesis (Bertness and Callaway 1994) or 

the Species Interactions–Abiotic Stress Hypothesis (Louthan et al. 2015) may generalize how the 

effects of invasive species on native species shift along stress gradients, but they often fall short 

of explaining the high variability of invader effects across contexts. This is partly because 
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invaders can both respond to and actively modify environmental gradients (MacDougall et al. 

2006, Gibbons et al. 2017a). Further complicating matters, the effects of invasive species on 

native species may vary depending on the life stage of the native species under consideration; for 

example, allelopathic effects of invaders may be stronger on certain life stages (Bieberich et al. 

2018a). This context dependence creates substantial uncertainty both in managing invasive 

species and restoring native species diversity under different environmental contexts. 

Our understanding of how invaders themselves respond to management actions also 

remains incomplete, particularly with respect to how their responses vary across environmental 

contexts. Management tools such as prescribed fire, grazing, mowing, or herbicide application 

can differentially affect invader performance depending on environmental conditions (Clout and 

Williams 2009). For instance, the effectiveness of prescribed fire at reducing invasive species 

can be reduced by higher grazing pressures (Briggs et al. 2002) or vary depending on climatic 

conditions (i.e., heat or precipitation; Hessl 2011). Similarly, climatic conditions can alter the 

effectiveness of herbicide application, for instance leading to less effective management under 

dry environments (Ramsey et al. 2005). While we know that management effectiveness can 

fluctuate across contexts, it is unclear to what degree these variations scale to influence the long-

term demographic trajectories of invasive populations.  Understanding how these interactions 

impact the population growth rates of invaders is critical for developing adaptive, context-

specific management strategies that remain effective under changing environmental conditions. 

Grassland and savannah ecosystems are particularly vulnerable to invasion. They are 

globally extensive, support high biodiversity and critical ecosystem services, but are also among 

the most threatened ecosystems globally (Comer et al. 2022). In recent decades, fire suppression, 

changes in grazing pressure, and changing climates have created conditions that favor native 
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woody species (Archer 1994a), allowing them to encroach into grasslands and displace grass and 

forb species. Further, humans have introduced multiple non-native grass species to grasslands, 

either intentionally (i.e., for forage or aesthetic purposes) or unintentionally, many of which are 

either tricky or impossible to eradicate (Gaskin et al. 2021). These invaders can fundamentally 

reshape ecosystem structure and function through a range of pathways. Non-native grasses can 

alter competitive dynamics, outcompete native herbaceous species, and drive feedbacks that 

increase fire frequency or intensity, often resulting in state changes that are difficult to reverse 

(Ellis-Felege et al. 2013, Bradley et al. 2018). Similarly, woody encroachers can reduce light 

availability, alter soil moisture and nutrient dynamics, and suppress herbaceous communities, 

thereby reducing biodiversity and altering ecosystem processes such as nutrient cycling and 

hydrology (Briggs et al. 2005, McKinley et al. 2008, Liu et al. 2020). 

Taken together, these patterns highlight that invasion in grassland systems are shaped by 

a complex interplay between species traits, environmental gradients, and management regimes. 

Invaders and native encroachers not only respond to variation in climate, disturbance, and biotic 

interactions but can also modify these conditions in ways that reinforce their dominance 

(Gaertner et al. 2014, Ratajczak et al. 2014, Bradley et al. 2018). Yet, despite this well-

recognized complexity, efforts to predict and eradicate invasions in grasslands often fail, in part 

because we do not fully understand how environmental and biotic context shapes both invader 

performance and their impacts on native species. Addressing this gap requires integrating 

demographic processes, environmental variability, and management history across spatial and 

temporal scales. 

In this dissertation, I examine how environmental drivers, biotic context, and 

management decisions shape both the impacts and performance of plant species, focusing 
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primarily on invasive species. Grassland ecosystems, where invasion and encroachment are 

strongly influenced by interactions among climate, disturbance, and management, provide a 

powerful system for testing how these differing contexts shape and invasion outcomes and 

effects. 

I begin by examining how large mammalian herbivory influences population dynamics in 

the native African shrub Hibiscus meyeri. I show that megaherbivores can alter patterns of 

demographic compensation, which occurs when changes in vital rates along environmental 

gradients offset one another, buffering population growth against environmental variation. 

Specifically, herbivory leads to less predictable variation in vital rates across sites, weakening 

negative correlations between vital rates and thereby limiting compensation. This case illustrates 

that context dependence in species performance is not unique to invaders but reflects a broader 

ecological phenomenon in which biotic context modulates population dynamics across 

environmental gradients. 

Building on this foundation, the second component of my dissertation investigates how 

environmental context mediates the effects of an invasive species on native grass demography. 

Using field experiments manipulating drought and competition, I show that the invasive grass 

Bromus inermis (smooth brome) can influence native performance in context-dependent ways. 

Specifically, I found that smooth brome consistently reduced survival of native grass plugs 

regardless of drought, but its effects on germination were context dependent: high brome 

competition slightly improved germination under ambient rainfall, yet strongly decreased 

germination under drought. These findings highlight that restoration outcomes depend not only 

on invader pressure but also on environmental conditions and the developmental stage at which 

native species are introduced. 
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In the third component, I focus on woody encroachment driven by the species Juniperus 

virginiana (eastern redcedar), a native conifer rapidly spreading across the Great Plains. Here, I 

use a demographic model to examine how fire, grazing, and climate interact to shape the 

invasion speed of J. virginiana. Both frequent fires and cattle presence slow invasion, although 

these effects vary considerably with climate. 

Together, these studies highlight that species performance and invasion dynamics can be 

context dependent, shaped by both environmental variability and biotic interactions. 

Incorporating this variability into ecological theory and management is essential for developing 

adaptive, effective strategies in changing ecosystems. 
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Chapter 2 - Large mammalian herbivores disrupt demographic 

compensation along an aridity gradient 
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 2.1 Abstract 

Ecologists often assume demographic rates such as survival and reproduction vary in concert 

along abiotic gradients, but growing evidence suggests that these rates may change in opposition 

leading to demographic compensation. However, it is unclear how biotic interactions such as 

herbivory may affect the presence or strength of demographic compensation. Here, we employ a 

series of strong tests for demographic compensation for a common forb species in the presence 

and absence of large mammalian herbivores. Namely, we test for demographic compensation in 

Hibiscus meyeri across a rainfall gradient using a large-scale exclosure experiment that includes 

or excludes large mammalian herbivores of various sizes (i.e., small, meso-, and mega- 

herbivores). We found that demographic compensation did not occur while all large mammalian 

herbivores were present. By contrast, demographic compensation occurred when megaherbivores 

were excluded, and this discrepancy was driven by an excess of negative correlations between 

vital rates. Understanding how biotic factors interact with abiotic gradients to modify 

demographic processes is crucial for understanding the drivers of species population dynamics 

for broader efforts in conservation and management. 

  



8 

 2.2 Introduction 

Demographic rates of plant species, such as survival, growth, or reproduction, frequently vary 

across space. This spatial variation in demographic rates has important implications for species 

distribution patterns, as these rates directly influence population growth rate and, consequently, 

the overall distribution of a species. Many studies have examined how abiotic factors induce 

spatial variation in demographic rates, but biotic factors (e.g., herbivory, predation, and 

competition) also play a significant, though lesser-studied role in influencing demographic rates. 

Biotic drivers’ impacts on demographic rates can be considerable and often vary spatially 

(Kauffman and Maron 2006, Maron et al. 2014). Furthermore, biotic and abiotic gradients can 

interact with one another, such as when biotic interactions limit demographic rates, and thus 

population growth rate, more strongly in less abiotically stressful environments (Dobzhansky 

1950, Connell 1972, Louthan et al. 2018). Although biotic factors clearly affect demographic 

processes, their relative importance in driving spatial variation in population growth rates along 

abiotic gradients remains uncertain. Here, we explore how herbivory drives spatial variation in 

population growth rate by examining its role in generating demographic compensation, which 

occurs when a species’ demographic rates are negatively correlated across space, resulting in 

higher demographic rates at one end of a gradient “compensating” for low demographic rates 

that reduce population growth rate (Doak and Morris 2010, Villellas et al. 2015). 

Previous theory has suggested that demographic rates should be positively correlated 

across space (Pironon et al. 2017). For example, if plant growth is higher at one end of an abiotic 

gradient, theory suggests that reproduction will also be higher, as both demographic rates might 

respond similarly to the same favorable abiotic conditions. However, an emerging body of 

research suggests that demographic rates are not always positively correlated. This phenomenon 
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can occur when spatial variation arises from multiple underlying abiotic or biotic gradients that 

affect rates differently, or when demographic rates respond in opposite directions to the same 

gradient, leading to demographic compensation. For example, survival may be high at one end of 

a gradient while the probability of fruiting is low, reducing spatial variation in population growth 

rates. Because demographic compensation can act to prevent population growth rates from 

falling below replacement across a broader range of environments, it has important implications 

for species distributions. 

Abiotic drivers are often assumed to be the primary force behind demographic 

compensation, and recent studies have attributed demographic compensation to spatial variation 

in abiotic drivers such as precipitation (Doak and Morris 2010, García-Camacho et al. 2012, 

Villellas and García 2018) or mean annual temperature (Sheth and Angert 2018, Daco et al. 

2021). Despite the emphasis on abiotic drivers, biotic drivers (e.g., herbivores) affect many 

demographic rates (Crawley 1989, Maron and Crone 2006), either negatively (Doust and Doust 

1988, Vergeer and Kunin 2011) or positively (Trumble et al. 2003, Pratt et al. 2005). 

Furthermore, herbivore effects often vary spatially (Wetzel et al. 2023), either due to changes in 

plant and herbivore communities across space (Cyr and Face 1993), or due to responses of plant 

performance to underlying abiotic gradients (Louthan et al. 2018). Because most studies showing 

demographic compensation have not quantified the effect of biotic drivers, it remains unclear 

whether spatial variation in biotic drivers such as herbivory (or spatial variation in their effects 

on plants) contributes to demographic compensation.  

On one hand, biotic drivers such as herbivory could generate demographic compensation 

in plant species whose demographic rates would otherwise be positively correlated due to shared 

responses to an environmental gradient (e.g., rainfall; Figure 2.1A, top). For example, if 



10 

herbivores reduce competition most strongly in high-rainfall, productive areas, and have a 

stronger positive effect on certain demographic rates (such as probability of growth) than on 

others (such as probability of fruiting), herbivores may create negative correlations among 

demographic rates and reduce spatial variation in population growth rate (Figure 2.1A, bottom). 

On the other hand, biotic drivers like herbivory could also disrupt demographic compensation. In 

this scenario, in the absence of herbivory, demographic rates may be negatively correlated due to 

differing responses to the same abiotic driver (Figure 2.1B, top). If herbivore effects are greater 

in high-rainfall, productive areas (McNaughton et al. 1989, Chase et al. 2000) and strongly 

reduce multiple demographic rates, herbivores could generate positively correlated demographic 

rates and a loss of demographic compensation (Figure 2.1B, bottom). Similar effects could arise 

in the absence of spatial variation in herbivore activity levels; for example, if compensatory 

responses (as in Maschinski and Whitham 1989) occur or if the sensitivity of population growth 

rate to herbivory (as in Louthan et al. 2018) varies across space.  

In this study, we examined whether large mammalian herbivores generated, disrupted, or 

had no effect on demographic compensation in Hibiscus meyeri (Malvaceae), a representative 

subshrub in sub-Saharan Africa. We used a long-term herbivore exclusion experiment in which 

various size guilds of large mammalian herbivores are excluded from plots across a rainfall 

gradient. We estimated the effects of rainfall level and herbivore exclusion treatment on 

population growth rate of H. meyeri, then tested for demographic compensation in the presence 

and absence of a suite of large mammalian herbivore guilds. Finally, we quantified the 

herbivore-induced changes in demographic rates that resulted in effects on demographic 

compensation  
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 2.3 Methods 

 2.3.1 Study system 

 Mpala Conservancy (hereafter, ‘Mpala’) is a 49,000-acre conservancy located near the 

equator in central Kenya (0°17' N, 37°52' E), composed primarily of semiarid savanna and acacia 

bushland. Mpala houses a large diversity of large mammalian herbivores. Rainfall is weakly 

triannual (Goheen et al. 2013). Mpala is situated along a rainfall gradient with mean annual 

2008-2012 rainfall ranging from ~440 mm/y in the North to ~640 mm/y in the South (Goheen et 

al. 2013). Soil characteristics and elevation do not change significantly across the gradient, 

allowing a fair comparison of rainfall effects on plant populations and communities (Goheen et 

al. 2013).  

The Ungulate Herbivory Under Rainfall Uncertainty experiment (hereafter, ‘UHURU’), 

established in 2008, includes replicated size-based herbivore exclusion treatments at three 

rainfall levels spanning the Mpala rainfall gradient (hereafter, “Mesic”, “Intermediate”, and 

“Arid” sites). While there is substantial intra-annual variation in rainfall, seasonal rainfall is 

consistently highest at the Mesic site and lowest at the Arid site. At each rainfall level, four 

treatments (complete large mammalian herbivore exclusion, meso- and megaherbivore 

exclusion, megaherbivore exclusion, and an open control) are replicated three times in a 

randomized blocked design. Complete large mammalian herbivore exclusion (LMH plots) 

excludes all herbivore species taller than 50 cm, allowing access by small herbivores such as 

hares; mesoherbivore exclusion (MESO plots) excludes all herbivore species taller than 120 cm, 

allowing access by dik-dik (Madoqua cavendishi) and warthog (Phacochoerus africanus); 

megaherbivore exclusion (MEGA plots) excludes only megaherbivores such as elephant 

(Loxodonta africana) and giraffe (Giraffa camelopardalis); and control plots are open to all 
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herbivores (Goheen et al. 2013).  

 2.3.2 Demographic data collection 

Hibiscus meyeri, a common water-limited subshrub, occurs at all rainfall levels in 

UHURU. Hibiscus meyeri is consumed by multiple herbivore species and exhibits no known 

physical or chemical defenses against large mammalian herbivory (Louthan et al. 2018). Within 

the UHURU experiment, we conducted biannual demographic surveys between June 2011 and 

February 2015 to quantify herbivore and rainfall effects on H. meyeri. Our demographic 

monitoring methods are described Louthan et al. (2018). Briefly, we searched exhaustively for 

H. meyeri individuals at each rainfall level x herbivore exclusion treatment x block combination 

in June 2011. We then conducted a biannual census (after the wet season in July-August and 

after the dry season in January-February) to score plants’ survival, measure size (height and 

basal area, which together correlate well with biomass; Louthan et al. 2018), count the number of 

fruits, and mark new plants to replace any that died or could not be relocated. Note that these 

data were collected biannually, rather than annually as in Louthan et al. 2018. Further, fruiting 

rates are reflective of herbivory (including seed and flower predation), and thus reflect the 

demographic consequences of herbivory rather than only potential output. We also quantified the 

number of seedlings produced per fruit (i.e., recruitment) by counting all seedlings in a 2-m 

radius around reproductive plants following one wet season. Hereafter, we call each of our seven 

unique six-month time intervals between subsequent censuses a “transition.”  

 2.3.3 Modeling demographic rates and population growth rates 

We used these data to estimate the effects of rainfall level, herbivore exclusion treatment, 

block, and transition identity on H. meyeri performance. We first synthesized the data into five 

metrics of performance for each transition: survival, probability of producing fruits, the logged 
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number of fruits per biomass (given fruits were produced), growth (i.e., size difference between 

censuses), and variance in growth.  

We then tested for the effects of size, block, and transition on each rainfall level and 

herbivore exclusion treatment-specific performance metric using a model selection approach to 

generate a demographic rate function. We created demographic rate functions for each rainfall 

level and herbivore exclusion treatment, where global models included size in initial census as a 

fixed effect, with transition and block as random effects. Probability of survival and of fruiting 

were fit using a binomial error term and all other demographic rate functions were fit using a 

normal error term. To assess which fixed effects best predicted demographic rates, we used AICc 

to compare all possible subsets of each global model, including random effects in all models 

(Hurvich and Tsai 1989; Appendix Table A.1 ). If the model fit was singular, we refit global 

models with transition and block as fixed effects, then repeated the model selection process.  

We used the best fit models for each rainfall level and herbivore treatment-specific 

demographic rate function to construct 60 herbivore exclusion x rainfall level-specific integral 

projection model (IPM) kernels (four herbivore exclusion treatments x three rainfall levels). If 

the best-fit model included block or transition as a random effect, we did not include random 

effects in demographic rate predictions. If it included block or transition as fixed effects, we 

predicted demographic rates as the across-block or across-transition average response, averaging 

first across timepoint, then block. The parameters included in best-fit demographic rate functions 

are shown in Appendix Table A.2. We represented recruitment as rainfall level-specific values 

(as in Louthan et al. 2018), because recruitment did not vary across herbivore exclusion 

treatments, and we assumed that fruits transitioned to the smallest size class in the subsequent 

time step. We chose to use IPMs rather than traditional matrix models to increase precision of 
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demographic rate estimates (Ramula et al. 2009, Doak et al. 2021). However, given our need to 

assess correlations among a limited number of demographic rates, we chose to limit the number 

of mesh points to four, selected to generate three size classes equally spanning the range of sizes 

observed in our study (biomass <24.09, 24.09-48.18, and 48.18-72.28) in addition to one discrete 

state (fruits). Hereafter, we refer to our three size classes as small, medium, and large (S, M and 

L), and refer to growth rates as transitions between size classes (e.g., M-S regression indicates 

shrinkage of medium plants to the small size class, M-M stasis indicates medium plants 

remaining in the medium size class; and M-L growth indicates the growth of medium plants to 

the large size class, and so on).  

We used the IPMs to estimate deterministic population growth rate (λ) for each herbivore 

exclusion treatment x rainfall level combination using standard methods (Morris and Doak 

2002). To generate confidence intervals on these estimates that incorporate parameter 

uncertainty, we sampled from the multivariate normal distribution of the fixed effect parameter 

estimates of best-fit demographic rate functions and recalculated λ, repeating this process 10,000 

times. We used these estimates to generate 95% confidence intervals on population growth rate.  

 2.3.4. Testing for demographic compensation: 

 We used these IPM kernels and demographic rates to test for demographic compensation, 

focusing on 15 size-specific demographic rates: survival of S, M, and L; fruiting rate (probability 

of fruiting x number of fruits produced given fruiting) of S, M, and L; and transitions among all 

size classes (i.e., S to S, M, or L; etc.). No plants were observed to grow from S to L size class, 

so we excluded that rate from our analyses (Appendix Table A.2  

This test involved two steps. First, we calculated Life Table Response Experiment 

(LTRE) contribution values for each demographic rate at each rainfall level x herbivore 
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exclusion treatment. These values, describing the contribution of each rate to differences in 

population growth rate across rainfall levels within an herbivore exclusion treatment, are 

estimated as: 

𝐶𝑟,ℎ = (𝑣𝑟,ℎ − 𝑣𝑟̅,ℎ) × 𝑆𝑟̅,ℎ 𝐸𝑞.  1 

Here, 𝑣𝑟,ℎ represents the demographic rate v at rainfall level r and herbivore exclusion 

treatment h, 𝑣𝑟̅,ℎ indicates the across-rainfall level mean value of demographic rate v at herbivore 

exclusion treatment h, and 𝑆𝑟̅,ℎ corresponds to the sensitivity of λ to the across-rainfall level 

mean value of demographic rate v for herbivore exclusion treatment h. Thus, 𝐶𝑟,ℎ describes the 

contribution of a given demographic rate to differences in population growth rate across rainfall 

levels, calculated separately for each herbivore exclusion treatment. 

 To obtain LTRE contributions, we first estimated the sensitivity of population growth to 

changes in the across-rainfall level mean demographic rates (Appendix Table A.3). For each 

herbivore enclosure treatment, we estimated these sensitivities using a perturbation approach, 

perturbing an IPM kernel constructed using the across-rainfall level mean values for each 

demographic rate (Morris and Doak 2002). These sensitivity values were multiplied by the 

difference between the across-rainfall level mean demographic rate and the rainfall-level specific 

value of a demographic rate for each herbivore exclusion treatment to obtain the LTRE 

contribution. 

Next, we used the LTRE contributions to test for evidence of demographic compensation 

within each herbivore exclusion treatment (Appendix Figure A.2). First, we calculated the 

Pearson product moment correlations between all pairwise combinations of 𝐶𝑟,ℎ values for each 

herbivore exclusion treatment to obtain “observed” proportions of positive and negative 

correlations between LTRE contributions of demographic rates (Appendix Figure A.2A). We 
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highlight that because our data included data from only three sites, each of these correlations was 

represented by only three data points. Because such correlations are unstable, we emphasize that 

our results should be interpreted with caution (Appendix Figure A.3). However, these data come 

from a multi-year demographic study with replication across rainfall and herbivore exclusion 

treatments, and therefore likely capture underlying demographic patterns well. After generating 

observed proportions of positive and negative correlations, following Villellas et al. (2015), we 

used a randomization approach to generate null distributions for the proportions of positive and 

negative correlations between LTRE contributions of demographic rates across the rainfall 

gradient. For each demographic rate, we randomized 𝐶𝑟,ℎ values across rainfall levels and 

recalculated Pearson correlations among randomized contributions (Appendix Figure A.2B). We 

repeated this process 10,000 times to generate null distributions for the proportions of positive 

and negative correlations. We then compared the observed proportions of positive (Pobs,+) and 

negative (Pobs,-) correlations for each herbivore exclusion treatment to their respective null 

distributions. We assumed that having either more negative correlations than expected by chance 

(i.e., Pobs,- was greater than or equal to the 95th percentile of the null distribution of negative 

correlations) or fewer positive correlations than expected by chance (i.e., Pobs,+ was less than or 

equal to the 5th percentile of the null distribution of positive correlations) indicated evidence for 

demographic compensation (Villellas et al. 2015). We quantified the mechanism of large 

mammalian herbivore effects on demographic compensation by comparing correlations among 

pairs of demographic rates in each herbivore exclusion treatment (Appendix Figure A.2C).  
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 2.4 Results 

 2.4.1 Effects of drivers on demographic rates and population growth rates 

Demographic rate functions for survival, growth and probability of fruiting almost always 

included size (40/48; Appendix Table A.1), whereas functions for number of fruits per biomass 

usually did not (2/12; Appendix Table A.1). M, and L survival rates increased from the Arid to 

the Mesic site, whereas S survival rates remained relatively similar across the gradient, and 

survival rates were similar on average across herbivore exclusion treatments (Appendix Table 

A.2, Appendix Figure A.1). S, M, and L fruiting rates showed no consistent response to rainfall 

and were similar on average across herbivore exclusion treatments (Appendix Table A.2, 

Appendix Figure A.1). Growth rates varied considerably across the rainfall gradient (Appendix 

Table A.2, Appendix Figure A.1). Stasis of M and L plants increased toward the Mesic site for 

most herbivore exclusion treatments except for LMH plots, which declined slightly. Stasis of S 

plants increased toward the Mesic site for all herbivore exclusion treatments except for the 

control plots, which indicated no change in S stasis across the gradient. The growth of S to M 

also declined toward the Mesic site, whereas the growth of M to L varied little across the 

gradient; these patterns were consistent across herbivore exclusion treatments. The growth of S 

to L was consistently zero across the gradient. The regression of L to M increased toward the 

Mesic site for LMH plots but declined for the control, MEGA and MESO plots. Conversely, the 

regression of L to S declined toward the mesic site for MEGA, MESO and the control plots but 

increased for the LMH plots. The regression of M to S declined toward the Mesic site for LMH, 

MEGA, MESO, and control plots. Recruitment of fruits declined toward the Mesic site for all 

herbivore exclusion treatments (Appendix Table A.2, Appendix Figure A.1). 
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Population growth rate was higher on average in the LMH, MEGA, and MESO plots 

compared to the control plots; however, overlapping confidence intervals for site-specific 

estimates indicate that these differences were not significant overall (Table 2.1). The only 

exception to this finding was at the Mesic site, where population growth was lower within the 

MEGA treatment compared to the LMH treatment. In all herbivore exclusion treatments, 

population growth rate was generally higher at the Mesic site compared to the Intermediate and 

Arid sites, although those differences were only significant within the LMH and control 

treatments (Table 2.1).  

 2.4.2 Results of test for demographic compensation 

The presence of all large mammalian herbivores often led to weaker correlations between 

demographic rates (Appendix Figure A.3). As a result, we found strong evidence for 

demographic compensation only when large mammalian herbivores were excluded (Appendix 

Table A.4). Namely, we found evidence for demographic compensation generated by more 

negative correlations than expected by chance in the LMH (Figure 2.2B), MESO (Figure 2.2D), 

and MEGA (Figure 2.2F) plots, but not the control plots (Figure 2.2H). In particular, the LMH 

plots exhibited the greatest number of significant negative correlations (21 significant negative 

correlations; Fig, 3A), followed by the MESO and MEGA plots (10 significant negative 

correlations; Figure 2.3B-C). Only four pairs of demographic rates in the control plots were 

significantly negatively correlated (Fig 3D). Negative correlations frequently appeared between 

either growth or regression vs. stasis within a size class, likely reflecting probabilistic constraints 

on transitioning to a different size class vs. stasis in the same size class (Figure 2.3). The extent 

and significance of negative correlations varied by treatment, and the LMH plots in particular 

had many significant negative correlations between fruiting and regression rates, suggesting that 
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the complete absence of large mammalian herbivores might exacerbate trade-offs in the role of 

reproduction vs. shrinkage between environments.  

The proportion of observed positive correlations was never significantly lower than we 

would expect by chance for all herbivore exclusion treatments (Figure 2.2A, C, E, & G; 

Appendix Table A.4). Across all herbivore treatments, we frequently observed significant 

positive correlations between similar demographic processes, such as between survival, stasis, 

regression, or fruiting rates of differing size classes (Figure 2.3). Additionally, fruiting rate often 

exhibited positive correlations with stasis, reflecting a link between increased reproductive 

output and reduced probability of growth. Positive correlations were more common in the LMH 

(16 significant positive correlations; Figure 2.3A), MESO (12 significant positive correlations; 

Figure 2.3B), and MEGA plots (11 significant positive correlations; Figure 2.3C) treatments 

compared to the control plots (6 significant positive correlations; Figure 2.3D), suggesting that 

the exclusion of larger herbivores reduces positive correlations between demographic rates.  

 2.5 Discussion 

Herbivores can profoundly affect plant population dynamics through their influence on 

demographic rates. In our study, we found that large mammalian herbivores modified the 

correlations among demographic rates. Namely, the presence of all large mammalian herbivores 

nullified demographic compensation (as in Fig, 1B). Demographic compensation, which 

occurred only in herbivore exclusion treatments, was driven by negative correlations between 

LTRE contributions of demographic rates (Figure 2.2). While the absence of any large 

mammalian herbivore size guild generated demographic compensation, the effect of 

megaherbivore exclusion alone was strong enough to generate demographic compensation. The 

following paragraphs place these findings in the context of previous literature and explore their 
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broader implications. 

Large mammalian herbivores had strong effects on demographic rates of H. meyeri. This 

result is consistent with previous work, which has shown that large herbivores strongly affect 

plant population dynamics, though the direction of these effects can vary across space (Maron 

and Crone 2006, Koerner et al. 2014, 2018). In some cases, herbivores largely affect plants 

through reductions in growth, with minimal impacts on survival (Van Der Wal et al. 2000, 

Townsend and Meyer 2002), whereas in others, herbivores can greatly reduce adult (Pisanu et al. 

2012) and seedling (Opedal et al. 2021) survival. Similarly, while herbivores sometimes 

negatively affect reproduction via consumption (Anderson et al. 2001), they can also reduce 

competition from neighboring plants, thereby increasing the probability of reproduction for the 

remaining individuals In our study, large mammalian herbivores reduced rates such as fruiting, 

survival, and the stasis of large plants, and had weak negative effects on population growth rate 

overall (i.e., population growth rate was on average lower in the control plots compared to other 

treatments, though these differences were largely non-significant; Table 2.1).  

We found that herbivore effects on population dynamics were sufficient to disrupt 

demographic compensation, highlighting the importance of considering both biotic and abiotic 

drivers of demographic compensation. Previous work has assumed that spatial variation in 

abiotic drivers such as temperature and precipitation (Villellas and García 2018, Sheth and 

Angert 2018, Yang et al. 2022), length of snow-free periods (Doak and Morris 2010), and soil 

nutrients (Daco et al. 2021) are the primary drivers of demographic compensation. However, 

studies examining the effects of abiotic drivers often overlook how biotic drivers might influence 

these results. While previous work on demographic compensation has been conducted in 

relatively depauperate ecosystems without large herbivores, it may be that this phenomenon was 
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less prevalent when they were still present. Further, smaller herbivores or other biotic 

interactions may be limiting the extent of demographic compensation, suggesting that excluding 

biotic factors could lead to an overestimation of its prevalence. Consistent with this suggestion, 

our work suggests that only partial herbivore exclusion is necessary to allow compensation to 

emerge; the removal of just one large mammalian herbivore guild (i.e., MEGA, which excluded 

megaherbivores) was sufficient to generate demographic compensation. 

In our study, demographic compensation when large mammalian herbivores were 

excluded was driven largely by negative correlations between LTRE contributions of 

demographic rates along the rainfall gradient. Different abiotic conditions can cause plants to 

exhibit tradeoffs in physiological and life history traits, as traits that are advantageous in some 

environments may reduce performance in others (Schlichting 1986, Dudley 1996). For example, 

a plant species that invests heavily in vegetative growth under greater growing-season 

precipitation may instead invest in rapid and high flowering rates under reduced growing-season 

precipitation, as this trait may allow escape from drought stress occurring later in the growing 

season (van Kleunen 2007). Thus, abiotic gradients can elicit demographic compensation 

through negative correlations, as demographic rates and the sensitivity of population growth 

rates to different demographic rates may shift along these gradients as plants alter life history 

strategies across abiotic contexts. Herbivory may be uniquely poised to affect demographic 

compensation because it can interact with abiotic gradients to affect plant performance and 

competitive dynamics (Van Der Wal et al. 2000, Callaway et al. 2002, Hambäck and Beckerman 

2003). As herbivores remove biomass and trample plants (Heggenes et al. 2017, Pascual et al. 

2017), they may directly increase or decrease growth and the probability of reproduction. 

Further, changes in competitive dynamics across abiotic conditions (e.g., the stress gradient 
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hypothesis) may be disrupted in the presence of herbivores, who strongly modify competitive 

dynamics (Hambäck and Beckerman 2003). Consistent with this prediction, we found that in the 

herbivore exclusion treatments, negative correlations frequently occurred between LTRE 

contributions for demographic rates associated with conservative strategies (shrinkage/stasis) and 

those linked to non-conservative strategies (growth/fruiting; Figure 2.3, Appendix Figure A.1). 

These negative correlations became less frequent in the presence of all large mammalian 

herbivores (i.e., control plots), suggesting that trade-offs between conservative and non-

conservative strategies may become less pronounced with greater herbivore presence (Figure 

2.3), in turn leading to a disruption of demographic compensation. At the same time, we 

observed fewer positive correlations between demographic rates in the presence of all large 

mammalian herbivores, disrupting the expectation that demographic rates responding similarly to 

abiotic gradients should covary positively. Together, these results indicate that large mammalian 

herbivores affect the degree of spatial variability in vital rates (Appendix Figure A.3), reducing 

both negative and positive correlations among demographic rates, the former leading to weaker 

demographic compensation (consistent with Figure 1B), and the latter reflecting altered 

responses to abiotic conditions without direct consequences for demographic compensation.  

We saw that excluding multiple large mammalian herbivore sizes did not always lead to a 

greater number of negative correlations between demographic rates (Figure 2.2). Previous work 

has shown that herbivores of different sizes can have disparate effects on plant population 

dynamics. For example, in grassland systems, larger herbivores (>30kg) can have stronger 

effects on plant community composition compared to small herbivores (Bakker et al. 2006). 

Alternatively, in savanna systems, large vs. small herbivore effects can be context-dependent, 

with either group exerting a stronger influence depending on the environmental conditions 



23 

(Burkepile et al. 2017). We saw that the exclusion of megaherbivores such as elephants and 

giraffes alone (i.e., the MEGA exclusion plots) was enough to elicit demographic compensation 

(Figure 2.2F). This result is consistent with previous work, which shows that megaherbivores 

have considerable impacts on plant productivity and biomass, particularly in savannah 

ecosystems (Pellegrini et al. 2017, Davies and Asner 2019, Hyvarinen et al. 2021). The 

combined exclusion of megaherbivores, mesoherbivores such as zebra and gazelle, and of 

smaller large mammalian herbivores such as dik-dik and warthogs, (i.e., the LMH exclusion 

plots) led to the greatest number of negative correlations, suggesting that the combined exclusion 

of these size guilds can have similar, additive effects on demographic compensation. However, 

when only mega- and mesoherbivores were excluded and smaller herbivores were included (i.e., 

MESO exclusion plots), we saw the same number of negative correlations as when only 

megaherbivores were excluded. These findings suggest that the exclusion of one large 

mammalian herbivore size guild modifies the effect of others, perhaps because of ecological 

interactions among guilds.  

 Several caveats apply to our study. First, many contemporary ecosystems lack large 

mammalian herbivores, particularly mega- and mesoherbivores, due to human interference, 

limiting the applicability of our findings to other systems. Even in cases where large mammalian 

herbivores have persisted or been reintroduced, they are often not as abundant as they once were 

historically, meaning their densities may not be high enough to elicit demographic compensation. 

Second, the statistical power of our test for demographic compensation is limited by the number 

of populations (three) included in our study (Appendix Figure A.3). Most other studies of 

demographic compensation contain at least six populations (Villellas et al. 2015), though we 

note that these studies do not have replicated herbivore exclusion treatments such as ours. Thus, 
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our results should be thought of as preliminary evidence that large mammals may influence 

demographic compensation. We suggest that studies measuring plant demographic rate response 

to herbivores across a broader array of populations consider conducting a test for demographic 

compensation to test the generality of our findings.  

Our study demonstrates that for H. meyeri, large mammalian herbivores play a significant 

role in shaping population dynamics through affecting spatial variability in vital rates and 

disrupting demographic compensation. When large herbivores were excluded, H. meyeri 

exhibited strong demographic compensation; conversely, when all large herbivore size guilds 

were present, demographic compensation was disrupted (Figure 1B). However, rather than 

disrupting demographic compensation by turning negative correlations between rates to positive 

(as in Figure 1B), large mammalian herbivores disrupt compensation through reducing 

variability in LTRE contributions (i.e., diminishing differences in how individual demographic 

rates influenced population growth across the rainfall gradient; Appendix Figure A.3), leading to 

multiple rates becoming uncorrelated. While this disruption does not significantly alter spatial 

variation in population growth rate (Appendix Figure A.4), at least at the 20-km range over 

which we conducted our study, it suggests that large mammalian herbivores primarily exert 

negative effects on woody plants such as H. meyeri not by directly reducing population growth, 

but rather by eliminating demographic compensation. Our findings emphasize the need to 

consider both biotic and abiotic drivers when studying demographic compensation. Although 

large mammalian herbivores non-significantly reduced population growth in our system, 

herbivores in other contexts may have positive or neutral effects on plant populations by 

reducing competition (Dyer et al. 2010, Koerner et al. 2018) or inducing overcompensation 

(Garcia and Eubanks 2019). Ultimately, understanding the complexity of plant-herbivore 
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interactions is key to predicting population dynamics and species distributions in changing 

landscapes. Incorporating these insights into conservation planning will be vital for ensuring the 

long-term persistence of diverse plant communities.  
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 2.8 Tables 

Table 2.1. Population growth rate (λ) of Hibiscus meyeri for all herbivore exclusion 

treatments. We show deterministic λ predicted by rainfall level- and treatment specific integral 

projection model kernels, with the 95% confidence intervals (which incorporate parameter 

uncertainty) in brackets. Abbreviations: Herbivore exclusion treatments are the complete absence 

of large mammalian herbivores (“LMH”), absence of meso- and mega- herbivores (“MESO”), 

absence of megaherbivores (“MEGA”), and presence of all large mammalian herbivores 

(“control”). 

 

Herbivore 

exclusion 

treatment 

Rainfall level 

Arid  Intermediate  Mesic  

LMH 1.12 [1.02, 1.26] 1.02 [0.98, 1.07] 1.58 [1.30, 1.97] 

MESO 1.16 [1.08, 1.25] 1.07 [1.01, 1.11] 1.31 [1.17, 1.47] 

MEGA 1.10 [1.04, 1.18] 1.03 [0.98, 1.08] 1.12 [1.02, 1.26] 

Control  1.03 [0.995, 1.06] 1.02 [0.97, 1.08] 1.34 [1.13, 1.66] 
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 2.9 Figures 

 

Figure 2.1.  Possible effects of herbivory on demographic compensation. In (A), herbivory 

generates demographic compensation. Without herbivory (- Herbivores), demographic rates such 

as the growth probability of medium plants (GrM, orange line) and the fruiting probability of 

medium plants (FrM, blue line) are positively correlated, resulting in substantial change in 

population growth rate (λ; black line) with rainfall. With herbivory (+ Herbivores), demographic 

rates are negatively correlated, resulting in a minimal change in population growth rate with 

rainfall. Such an effect could arise if herbivores have stronger effects on certain demographic 

rates (in this case, growth) in certain environments. In (B), herbivory disrupts demographic 
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compensation. Without herbivory, growth and fruiting probabilities are negatively correlated 

across a rainfall gradient, resulting in a minimal change in population growth rate with rainfall. 

With herbivory, growth and fruiting probabilities are positively correlated with one another (i.e., 

both decrease with increasing rainfall), resulting in a substantial change in population growth 

rate with rainfall. Such an effect could arise if herbivores have negative effects on multiple 

demographic rates and these effects differ along environmental gradients. 
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Figure 2.2.  Results of tests for demographic compensation. We show null distributions of the 

proportion of significant positive (A, C, E, G) and negative (B, D, F, H) correlations between 

Life Table Response experiment contributions for four herbivore exclusion treatments, LMH (A, 

B), MESO (C, D), MEGA (E, F), and Control (G, H). Null distributions were obtained via 

randomization following Villelas et al. (2015). In A, C, E and G, red dashed lines indicate the 5th 

percentile of the null distribution of significant positive correlations (P5,+) and solid black lines 

indicate the observed proportion of significant positive correlations (Pobs,+) in a given herbivore 
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exclusion treatment. If Pobs,+ <= P5,+ (A, C, E, G), there is evidence for demographic 

compensation in that herbivore exclusion treatment because there are fewer positive correlations 

between demographic rates than expected by chance. In B, D, F and G, blue dashed lines indicate 

the 95th percentile of the null distribution of significant negative correlations (P95,-) and solid 

black lines indicate the observed proportion of significant negative correlations (Pobs,-) for a 

herbivore exclusion treatment. If Pobs,- > P95,-, there is evidence for demographic compensation in 

that treatment because there are more negative correlations between demographic rates than 

expected by chance. Herbivore exclusion treatments are the complete absence of large 

mammalian herbivores (“LMH”), absence of meso- and mega- herbivores (“MESO”), absence of 

megaherbivores (“MEGA”), and presence of all large mammalian herbivores (“control”). 
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Figure 2.3. Correlations between Life Table Response Experiment (LTRE) contributions of 

size-specific demographic rates for large mammalian herbivore exclusion treatments. Here, 

we show across-rainfall gradient Pearson product moment correlations between pairwise 

combinations of LTRE contributions for demographic rates in four exclosure treatments: (A) the 

complete exclusion of large mammalian herbivores (“LMH”), (B) the exclusion of meso- and 

mega- herbivores (“MESO”), which includes smaller herbivores such as dik-dik, (C) the 

exclusion of megaherbivores (“MEGA”), which includes smaller herbivores and mesoherbivores 

such as gazelle, and (D) the presence of all large mammalian herbivores (“control”), which 

includes mesoherbivores, smaller herbivores, and megaherbivores such as elephants. S indicates 
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small plants, M medium, and L large; thus, for transitions among size classes (stasis, growth, and 

regression), we show transitions from the first size class to the second (e.g., S-M growth 

indicates transition probability from small to medium). Color indicates the strength and sign of 

correlations, and white asterisks (*) indicate significance (P<=0.05). Demographic rates that did 

not vary across rainfall levels are excluded.  
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Chapter 3 - Context dependent effects of smooth brome (Bromus 

inermis) on native grass demographic rates 
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 3.1 Abstract 

Invasive species reduce native plant diversity and hinder restoration efforts, but their 

effects on native species often vary across environmental conditions. Such context dependence 

may arise due to native or invasive species’ responses to abiotic conditions, such as drought or 

disturbance. Understanding these dynamics is critical in grassland systems, where variation in 

precipitation and disturbance play important roles in shaping community dynamics. We 

investigated how competitive effects of an invasive species, smooth brome (Bromus inermis), on 

six native bunchgrass species vary with drought in an invaded grassland. We manipulated 

drought with passive rainout shelters (66% reduction in rainfall) and reduced brome competition 

via manual removal (30% reduction in above-ground biomass). We quantified brome and 

drought effects on both plugs and seeds, monitoring their survival and germination over two 

years. We found that invasive competitors and drought non-significantly reduced plug survival, 

but the effect of invasive competitors did not differ with drought. By contrast, invasive 

competitor effects on germination were context dependent, as high brome competition had 

limited effects on germination under ambient rainfall but decreased germination under drought.  

Our results suggest that context dependence might be more common for germination rates rather 

than subsequent life stages, suggesting that more consistent restoration outcomes could be 

achieved by planting plugs rather than seeding. These results underscore the importance of 

integrating environmental and competitive conditions with life stage-specific considerations 

when designing effective restoration strategies.  
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 3.2 Introduction 

Invasive species are one of the most substantial threats to biodiversity in the modern era, 

affecting one-sixth of terrestrial habitats and contributing to 60% of known extinction events 

(Early et al. 2016a, Roy et al. 2024). Invasive plants in particular, which represent the majority 

of invasive species, contribute to a 16% decline in species richness across various systems 

(Mollot et al. 2017) and lead to significant economic loss (Novoa et al. 2021). Invasive plants 

can affect the performance of native plants through reducing the availability of resources (e.g., 

water, nutrients, or light) or through allelopathy, both of which directly reduce native plant 

performance (Jordan et al. 2008). They can also have indirect effects on native plants by 

changing soil carbon, nitrogen, or water cycling (Evans et al. 2001, Keen 2023, Raheem et al. 

2024), altering disturbance regimes (Fusco et al. 2019), or modifying soil microbiota (Gibbons et 

al. 2017b). Together, these direct and indirect effects can lead to long term negative 

consequences for biodiversity and ecosystem function. 

Effective management of invasive plants requires understanding whether and how their 

impacts on native species vary with abiotic conditions (i.e., context dependence; Catford et al. 

2022). The relative response of invasive vs. native species to abiotic conditions may determine 

whether or not context dependence is operating. For example, if invasive plant species are more 

positively impacted by high resource conditions (i.e., high precipitation, nutrients, or CO2) than 

native plant species, we might see strong negative effects of invasive species when resources are 

high (Matzek 2012, Liu et al. 2017), and weaker effects of invasive species when resources are 

low (Daehler 2003). Context dependence may also occur for some life stages but not others, 

because some life stages are more sensitive to poor abiotic conditions and/or invasive species’ 

effects than others. For example, certain life stages of native plants may be more negatively 
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affected overall by resource competition with invaders (Barrat-Segretain 2005) or invader 

allelopathy (Bieberich et al. 2018b). Finally, context dependent effects of invasive species may 

occur for some native species but not others. For example, fast-growing, resource-acquisitive 

native species may be more susceptible to invader impacts in resource-poor years, whereas slow 

growing resource-conservative native species may be more susceptible to invader impacts in 

high-resource years (LaForgia et al. 2020). Altogether, previous work suggests that the presence 

and magnitude of context dependence in invasive-native interactions depend on native species’ 

characteristics and may vary across life stages.  

In systems where invasive and native species have different tolerances to drought, the 

effects of drought on invasive species impacts may be predictable. For example, in the Great 

Plains, native C4 bunchgrass species are thought to be well-adapted to moderate drought 

conditions, maintaining higher water use efficiency and productivity under reduced precipitation 

(Pearcy and Ehleringer 1984, Taylor et al. 2014). In contrast, invasive grasses in the Great Plains 

are frequently C3 species, which tend to decline in density under drought (Cully et al. 2003, 

Cristiano et al. 2012). In this system, because drought reduces invasive species’ density, we 

might expect their impacts on native species to be context dependent. Namely, invasive effects 

on natives should be higher under ambient rainfall (when invasive densities are high), but weaker 

under drought conditions (when their densities are reduced; Figure 3.1A. Similar effects could 

arise if invasive species’ water or nutrient uptake strategies differ under ambient rainfall vs. 

drought. In a system where invasive species can maintain high densities under both ambient 

rainfall and drought, invasive species effects will be strong under all rainfall conditions (Figure 

3.1B), resulting in no context dependence.  
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Context dependent effects of invasive species on native species could increase the 

variation in restoration outcomes. In many grassland systems, abiotic conditions during 

restoration affect subsequent community composition, largely by determining which native 

species successfully establish (MacDougall et al. 2008). Similar results have been found in other 

systems, with the community composition of restorations depending strongly on initial abiotic 

conditions (Stuble et al. 2017, Xing et al. 2025). Such results are usually attributed to differential 

impacts of drought on native seed germination and seedling survival (Eckhoff et al. 2023, Ren et 

al. 2024), rather than due to abiotic effects on invasive-native competition (i.e., context 

dependence). However, there is some evidence that climatic context may alter invader effects: 

drought in particular affects the relative success of invasive species, in some cases increasing 

competitive pressure on native species (Ott et al. 2016, Garbowski et al. 2021). Differentiating 

between these two mechanisms allows us to better predict variation in restoration outcomes; if 

native species’ response to abiotic conditions alone drives variation in restoration outcomes, we 

can predict variation in restoration outcomes using information on native species alone. If abiotic 

conditions affect native-invasive interactions, we must quantify both native and invasive species’ 

responses to abiotic conditions.  

In this study, we test whether invasive plant species’ effects on native plant species are 

context dependent by conducting a grassland restoration experiment under ambient rainfall and 

drought conditions. Specifically, we test whether the effect of Bromus inermis (hereafter, 

brome), a widespread invasive C3 grass in the Great Plains (Salesman and Thomsen 2011, 

Mackiewicz-Walec et al. 2024), on performance of five native C4 grasses varies with drought 

conditions. We used a split-plot design to manipulate drought and brome density. We quantified 

how the degree of context dependence varies with native species identity across two life stages, 
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as well as for a unified demographic metric of early life success, which includes multiple life 

stages to approximate fitness. Understanding how the effect of brome on native species’ 

demographic rates changes under drought will clarify how the effects of plant invaders on 

restoration may shift with increasing drought under climate change. 

 3.3 Methods 

 3.3.1 Study site 

We worked at the Harold and Olympia Lonsinger Sustainability Research Farm (LF), a 

2,300-acre agricultural research site in Alton, Kansas (39.52348, -99.00378). LF receives 613 

mm of rainfall annually, primarily in the growing season (Fick and Hijmans 2017), and plant 

performance in this system is strongly dependent on variability in rainfall (Fay et al. 2011). 

Common invasive plants at this site include brome, eastern red cedar (Juniperus virginiana), and 

musk thistle (Carduus nutans), and common native plants include plains prickly pear (Opuntia 

macrorhiza), little bluestem (Schizachyrium scoparium), sideoats grama (Bouteloua 

curtipendula), and blue grama (Bouteloua gracilis). Like many of the agricultural lands in the 

region, LF currently supports livestock production and has historically undergone periods of 

overgrazing and drought. At LF, we worked in a heavily invaded field with well-drained silt 

loam soils (Natural Resources Conservation Service, United States Department of Agriculture 

2018) where brome was the dominant species, with a mean of 70.1% (SE= 6.0%) above ground 

percent cover in our 40 3m x 3m experimental plots. 

 3.3.2 Experimental design 

In February 2023, we fenced a 100 x 100-meter area at LF to exclude cattle from the 

study plots. Within this fenced area, we established 40 regularly spaced 3 m x 3 m plots (Figure 

3.2). We randomly assigned plots to one of two rainfall treatments: drought or ambient rainfall 
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treatments. In drought treatment plots, we erected passive rainout shelters in July 2023; shelters 

were designed to intercept and redirect rainfall away from plots. We modeled our shelters after 

those used at the Río Mayo Experimental Station (Yahdjian and Sala 2002) and Konza Prairie 

Biological Station (Broderick et al. 2022). Each shelter consisted of a 3 m x 3 m metal frame, 

mounted 1 meter above the ground on t-posts. Evenly spaced clear polycarbonate slats 

intercepted ~66% of rainfall (Broderick et al. 2022), and we angled shelters to channel 

intercepted water into a drainage system that directed runoff outside the plots. We conducted 

intermittent maintenance to address damage from seasonal high winds. Ambient rainfall 

treatments were left undisturbed. 

We divided each 3 m x 3 m plot into four 1.5 m x 1.5 m subplots (Figure 3.2). We 

randomly assigned 2 contiguous subplots to one of two competition treatments (reduced brome 

density or ambient brome density, hereafter “low competition” and “high competition”; Figure 

3.2). In April 2023 (before rainout shelters were erected and before competition treatments were 

applied), we measured percent cover of brome in each plot x competition treatment by 

haphazardly placing a 50 cm x 20 cm quadrat three times within each competition treatment and 

taking the average (placements of quadrat were non-overlapping). In May 2023, we established 

our competition treatments by manually removing all above-ground vegetation in the low 

competition treatment subplots, taking care to avoid disturbing the soil. To suppress brome 

regrowth, we carefully applied glyphosate (Roundup®) to the exposed brome stems. To assess 

the efficacy of brome removal, we remeasured the percent cover of brome in March 2024 by 

haphazardly placing a 50 cm x 20 cm quadrat three times in each of the four subplots and 

computing the average percent cover for each subplot. While brome cover decreased slightly 

across both treatments during our experiment (likely due to low ambient rainfall), our 
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competition treatments were effective: low competition subplots had a 30% greater reduction 

brome cover than high competition subplots (Appendix B; Appendix Table 1; Appendix Table 

B.6; Appendix Figure B.1).   

Within each competition treatment, we conducted two types of native plant additions. 

Namely, in 34 plots (divided equally between drought and ambient rainfall treatments), we 

randomly assigned one of the two subplots within each competition treatment to a seed addition 

treatment; the other subplot was assigned to a plug addition treatment (Figure 3.2). For both seed 

and plug additions, we added five native bunchgrass species (hereafter, focal species) common to 

the region: big bluestem (Andropogon gerardii, hereafter ANGE), sideoats grama (Bouteloua 

curtipendula, BOCU), blue grama (Bouteloua gracilis, BOGR), little bluestem (Schizachyrium 

scoparium, SCSC), and Indiangrass (Sorghastrum nutans, SONU). In plug addition subplots, we 

planted 16 live individuals of our focal species, randomly selected from greenhouse-grown plugs 

of all species, in a 4 x 4 grid pattern, and in seed addition subplots, we sowed seeds of our focal 

species (see “Plug and Seed Additions” below for details). We left a 30cm buffer around the 

edge of each subplot (Figure 3.2). The remaining six plots (three drought and three ambient 

rainfall plots) did not receive any plant additions and were designed to quantify background 

levels of seed germination; hereafter we call these plots germination control plots. We analyzed 

the results from plug addition and seed addition separately, such that our study consists of a split-

plot factorial design housing two concurrent experiments. Rainfall treatments were applied at the 

plot level, competition treatments were applied at the subplot level, and we analyzed seed and 

plug data separately.  
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 3.3.3 Plug and seed additions 

For the plug addition subplots, we planted live plants that we grew from seed (Prairie 

Moon Nursery; Winona, MN) in the Kansas State University greenhouse. To grow plants from 

seed, in March 2023, we sowed 360 cells per species, at a rate of 10-15 seeds/cell, into 72-cell 

plug trays. Locations of trays were randomized in the greenhouse. We used a 1:1 mixture of Pro-

Mix All Purpose Planting Mix and Miracle-Gro ® Seed Starting Potting Mix. We watered cells 

biweekly. Two weeks after planting, we thinned germinants to 1 individual/cell. In April 2023, 

we reduced watering for all trays to once per week. In June 2023 (before rainout shelters were 

erected but after competition treatments were applied), we planted 1088 of the surviving plugs, 

randomly assigned plugs to subplots and grid positions. Sample sizes among species differ to 

reflect the number of surviving plugs of each species. We watered plugs intermittently during the 

first two weeks following planting to encourage establishment. Plugs that failed to establish due 

to transplant shock during the first two weeks were replaced with a randomly selected plug from 

the greenhouse that was not included in the initial planting (all planted plugs were started from 

seed in March 2023 and thus were of similar ages. In total, this process resulted in the planting of 

1088 plugs (135 ANGE, 115 BOCU, 205 BOGR, 332 SCSC, and 301 SONU. In September 

2023 and November 2024, we returned to plots to score the survival of each plug. Hereafter, we 

call survival over the first 4 month period (June 2023 - September 2023) “first growing season 

survival” and survival over the remaining span of the experiment (September 2023 - November 

2024) “annual survival”.  

In seed addition subplots, we sowed local variants seeds of our five focal species (Sharp 

Bros Seed Co.; seeds were collected locally near Healy, KS). Local variants should exhibit 

locally adapted climate-dependent germination probabilities (Johnson et al. 2015, Gallagher and 
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Wagenius 2016, Galliart et al. 2019). We conducted seed additions in March 2024, hand 

broadcasting seeds at rates designed to yield 600 live seeds/ m2 for each species: 2.052 g/m² 

(ANGE), 2.481 g/m² (BOCU), 0.500 g/m² (BOGR), 2.052 g/m² (little bluestem), and 1.499 g/m² 

(SONU). We repeated the removal of above ground biomass for the low competition seed 

addition subplots immediately prior to seed addition. In July 2024, we returned to count 

germinants of each species in the two seed addition subplots (germinant counts were summed 

across two non-overlapping haphazardly placed 50 cm x 20 cm quadrats). We used identical 

methods to count germinants in germination control plots.  

 3.3.4 Data analysis 

We conducted all analyses in R (version 4.4.2) using the lme4 package (version 1.1-

35.5). We used generalized linear mixed effects models to estimate the effects of competition 

treatment, rainfall treatment, species identity, and all two-way interactions between these terms 

on plug survival. For these models, we treated plot identity as a random effect and used a 

binomial distribution. We used AICc to compare all possible subsets of a global model and 

present results from the best-fit models in our results (Burnham and Anderson 2002, Lavergne et 

al. 2008). Note that competition treatment, rainfall treatment, and species identity were crossed 

factors, and plot identity was implicitly nested within rainfall treatment. We repeated this model 

selection procedure for both first growing season survival (June 2023-September 2023) and 

annual survival (September 2023-November 2024). Survival analyses did not include data from 

germination control plots and seed addition subplots.  

We used a similar approach to test for the effects of rainfall and competition treatments 

on germinant counts. We first corrected for background germination (i.e., from a seed bank) by 

calculating the species-specific germinant counts for each competition treatment x rainfall 
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treatment combination in our six germination control plots, averaged across the three replicates 

(hereafter, “background germinant counts”). We then obtained corrected germinant counts by 

subtracting background germinant counts from the germinant counts in corresponding seed 

addition subplots. We used a generalized linear model with a negative binomial distribution to 

estimate effects of competition treatment, rainfall treatment, species identity, and all two-way 

interactions among the terms on corrected germinant count, treating plot identity as a random 

effect. We used AICc to compare all subsets of this global model and present the best fit model 

in the results. We excluded data for ANGE, SCSC, and SONU due to very low corrected 

germinant counts which impeded model convergence (Appendix Figure B.2). 

To estimate the net effect of competition and drought on early life success, we combined 

data from corrected germination counts, growing season, and annual survival. Namely, for each 

species, we quantified early life success as the product of competition treatment x rainfall 

treatment specific germination rates (corrected germinant count/m2 divided by the number of live 

seeds/m2), averaged across plots, plot x competition treatment specific growing season survival, 

and plot x competition treatment specific annual survival. We estimate the effects of competition 

and rainfall treatment (note that rainfall treatments differ among plots), on early life success 

using a model selection approach. We first fit a global model including competition and rainfall 

treatments, species identity, and all two-way interactions between these terms. We used a 

generalized linear model with a zero-inflated beta distribution, with plot identity as a random 

effect. Lastly, we used AICc to compare all subsets of the global model and present the best fit 

model in the results.  
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 3.4 Results 

 3.4.1 Plug additions 

Both high competition and drought treatments reduced plug survival, but the effects of 

treatments varied across species and across years. The best-supported model describing first 

growing season survival included competition, species, and their interaction (Figure 3.3; AICc 

model weight = 0.53; Appendix Table 2; Appendix Table B.7), but not rainfall treatment, 

suggesting that competition influenced survival and that the strength of competitive effects 

varied among species. The absence of a rainfall effect suggests that the effect of brome 

competition did not vary with abiotic context. Across all species, competition reduced survival: 

first growing season survival was, on average, 47.3% lower in high competition subplots 

compared to low competition subplots (SE = 0.252; Figure 3.3). BOCU was most strongly 

affected by competition, experiencing approximately twice the reduction in survival observed for 

BOGR, SCSC, and SONU, and nearly three times the reduction observed for ANGE (Appendix 

Table B.7). Regardless, high competition significantly reduced survival in the first growing 

season for most species (with the exception of ANGE), as evidenced by non-overlapping 95% 

confidence intervals for the mean predicted species-specific survival between competition 

treatments (Figure 3.3). Differences in the strength of brome competition effects across species 

resulted in changes in the rank ordering of species survival in the low vs. high competition 

treatment. Namely, in the low competition treatment, first growing season survival was higher 

for BOCU, BOGR, and SONU (who did not significantly differ form one another, as evidenced 

by overlapping confidence intervals; 95% CIs= [0.818, 0.969], [0.811, 0.938], [0.785, 0.911] 

respectively; Figure 3.3) compared to SCSC and ANGE (who did not significantly differ from 

one another; 95% CIs= [0.519, 0.707] and [0.309, 0.580] respectively). Under high competition, 
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survival was uniformly low across most species (Figure 3.3), with almost all species pairs having 

overlapping confidence intervals (only SCSC was significantly different from BOGR; SCSC< 

BOGR; 95% CI for SCSC = [0.059, 0.161]; 95% CI for BOGR = [0.265, 0.488]). 

The best-fit model for annual survival (September 2023-November 2024) included 

competition treatment and rainfall treatment, as well as species identity (Figure 3.4, AICc model 

weight=0.36; Appendix Table 3; Appendix Table B.8), but no interactions among these effects, 

suggesting that the effect of brome competition did not vary with abiotic context. While 

competition was included in the best fit model, with 30.3% lower survival in the presence of 

competitors (SE=0.595; Figure 3.4A), approximate confidence intervals for the mean predicted 

survival in each treatment overlapped, suggesting non-significant differences (95% CI for low 

competition = [0.309, 0.518]; 95% CI for high competition = [0.488, 0.639]). Drought was also 

included in the best-fit model, with lower annual survival  in the drought treatment than in the 

ambient rainfall treatment (Figure 3.4B; mean reduction of 8.27%, SE= 2.65); again, however, 

the approximate confidence intervals for mean predicted survival within the treatment 

overlapped, indicating a lack of significance (95% CI for ambient rainfall= [0.452, 0.651]; 95% 

CI for drought= [0.323, 0.526]). Across species, survival was highest for BOGR, followed by 

BOCU, SONU, SCSC, and ANGE (Figure 3.4C). Confidence intervals for many species 

overlapped, indicating broadly similar survival rates; only the 95% CI of BOGR’s survival 

([0.552, 0.752]) differed from any other species (SCSC and SONU; 95% CIs = [0.298, 0.518] 

and [0.326, 0.516], respectively).  

 3.4.2 Seed additions 

The best-fit model for corrected germinant counts included competition treatment, 

rainfall treatment, and their interaction (AICc model weight=0.15; Appendix Table 4; Appendix 
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Table B.9), indicating that the effect of competition from brome varied with abiotic context. 

There was no effect of species in the best-fit model, suggesting that germination rates did not 

differ across species. Although competition was included in the best fit model, in the ambient 

rainfall treatment, approximate confidence intervals for mean predicted germinant counts across 

competition treatments overlapped, suggesting non-significant differences (95% CI for low 

competition = [0.555, 2.021]; 95% CI for high competition = [0.621, 2.23]). Within the drought 

treatment, however, competition reduced germination: germinant counts were significantly lower 

in the high competition treatment compared to low competition treatment (mean reduction of 1.8 

germinants/plot, SE=0.61; 95% CI for high competition= [0.289, 1.196]; 95% CI for low 

competition = [1.326, 4.388]; Figure 3.5). 

 3.4.3 Early life success 

The best-fit model for early life success included competition treatment, rainfall 

treatment, species, and all two-way interactions among these variables (AICc model weight = 1; 

Appendix Table 5; Appendix Table B.10), suggesting that rainfall, species and competition 

influenced early life success. Further, this finding suggests that species differed in their 

responses to both competition and rainfall, and that the effect of competition from brome was 

driven by abiotic context. Under ambient rainfall levels, high brome competition significantly 

reduced early life success for ANGE, BOGR, and SCSC, evidenced by non-overlapping 

confidence intervals for treatment-specific predicted early life success rates (Figure 3.6). By 

contrast, for BOCU high brome competition increased early life success under ambient rainfall 

level (Figure 3.6; 95% CI for BOCU under low competition = [0.0067, 0.007] and high 

competition = [0.010, 0.014]. Under ambient rainfall, high competition similarly increased early 
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life success for SONU (95% CI under low competition= [0.00015, 0.00044] and high 

competition= [0.0013, 0.0019]).  

The influence of brome competition also depended on abiotic context. For ANGE, 

BOGR, and SCSC, as outlined in the previous paragraph, competition significantly reduced early 

life success under ambient conditions; however, these effects changed under drought. For 

BOGR, the significant negative effect of competition was larger under drought conditions 

(Figure 3.6; 95% CI under low competition= [0.0198, 0.0216] and high competition= [0.00182, 

0.00323]). For ANGE, however, competitor effects weakened under drought, although this 

difference remained significant (95% CI under low competition= [0.000438, 0.000902] and high 

competition= [0.0000258, 0.0000968]). For SCSC, rather than having negative effects, 

competition had significantly positive effects under drought conditions (low competition; 95% 

CI= [0.00685, 0.0237] compared to high competition (95% CI= [0.000577, 0.00135]). For 

BOCU and SONU, as outlined in the previous paragraph, competition significantly increased 

early life success under ambient conditions, but these effects changed under drought. For BOCU, 

competition significantly decreased early life success under drought (Figure 3.6; 95% CI under 

low competition = [0.0162, 0.0185]; 95% CI under high competition= [0.00715, 0.0114]). 

Finally, for SONU, competition continued to increase early life success under drought, though 

the effect was comparatively weak (Figure 3.6; 95% CI under low competition = [0.000475, 

0.00725]; 95% CI under high competition= [0.000751, 0.00152]) 

 3.5 Discussion 

Invasive species can have strong negative effects on native species, but the magnitude of 

these effects can differ substantially with abiotic conditions, or across species or life stages of the 

native species (Vasquez et al. 2008, Lu et al. 2016, LaForgia et al. 2020). In our study, 
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competition from brome significantly changed the survival of native grass plugs for many 

species during the first growing season (shortly after being transplanted), but did not 

significantly affect survival annually (Figure 3.3, Figure 3.4), indicating a lack of context 

dependent effects of brome competition (Figure 3.1B). In contrast, greater competition from 

brome reduced germinant counts only within the drought treatment, reflecting context dependent 

effects of brome competition (Figure 3.5, Figure 3.1A). When considering the net effect of 

brome on plant performance (i.e., early life success), multiple species experienced context 

dependent effects of brome competition (Figure 3.6). Namely, abiotic conditions caused either 

stronger or weaker effects of brome on native plant performance, which manifests into context 

dependent effects on overall early life success. Overall, these results suggest that the native 

grasses in our study were strongly affected by brome and that these effects were context 

dependent (i.e., the magnitude of their effects depends on abiotic conditions). Below we discuss 

each of these findings within the context of current literature. 

We found that the effect of invasive species on native species differed with rainfall 

treatments for some demographic rates but not others, meaning that context dependent effects 

might be missed if only one life stage or demographic rate is considered. This finding is 

particularly important given that effects of competitors on early life success were context 

dependent in most species. For example, in BOGR and ANGE, the magnitude of competitor 

effects differs under drought vs. ambient conditions (becoming, in the case of BOGR, stronger 

under drought, and in the case of ANGE, weaker under drought). Such species-specific responses 

likely reflect differences in how drought alters the performance of both the invader and the 

native species. Reduced brome densities under drought (a 9% greater decline in cover from 2023 

to 2024, although this difference is not statistically significant; Appendix Table 1; Appendix 
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Table B.6, Appendix Figure B.1) could have lessened competitive pressure, thereby amplifying 

the benefits of reduced competition under drought for species like BOGR, which otherwise 

performed well under ambient conditions. In contrast, ANGE exhibited low early life success 

under ambient conditions, suggesting that site conditions were suboptimal for its establishment. 

For this species, any reduction in brome density under drought may provide little benefit, while 

the additional negative effect of drought on survival could further limit early life success, 

potentially explaining the weaker competitive effects observed under drought. 

We expected to see negative effects of both drought and competition on native grasses. 

Thus, the positive effect of competitors on early life success under ambient rainfall (in BOCU 

and SONU, Figure 3.6) was quite surprising. This positive effect seems to be driven by positive 

effects of competitors on germination rate (Figure 3.5), because competitor effects on survival 

are largely negative (Figure 3.3, 3.4). We can think of three possible explanations for why 

competitors would increase germination and why that positive effect only occurs under ambient 

rainfall. First, brome may facilitate BOCU and SONU by reducing soil surface temperatures and 

increasing moisture availability for germinants (similar to Wright et al. 2014, Leverett 2017). If 

aboveground brome biomass is greater under ambient rainfall compared to drought, faciliative 

effects would be stronger under ambient rainfall. Given that there is higher cover of brome 

within ambient rainfall treatments (though not significantly higher; Appendix Table B.6, 

Appendix Figure B.1), this explanation could be affecting germination. Alternatively, this result 

could reflect the drought conditions in the year our study was conducted. LF received low 

precipitation and high temperatures for the 5 months prior to the collection of germinant counts, 

compared to historical averages (“Monthly National Climate Report for June 2024” 2024). Thus, 

newly germinated native seedlings were likely experiencing significant evapotranspirative water 
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loss across both drought and ambient rainfall treatments. If facilitation occurs under moderate 

but not extreme drought (consistent with modern formulations of the stress gradient hypothesis; 

Holmgren & Scheffer, 2010), in ambient rainfall treatments, faciliation would occur, but in 

drought plots, where seedlings contend with both LF weather and experimentally imposed 

drought, facilitation would not occur. Finally, these effects may have been driven by seed 

predation. In the low competition treatment (without brome cover), seeds may have been more 

visible and accessible to granivorous birds, reducing germinant count (similar to Doust, 2011; 

Joyce et al., 2024). However, in the drought treatment, the rainout shelter roofs might have 

deterred seed predation. In this scenario, we would expect highest germinant counts in the 

drought treatment (where seeds are shielded from predation) and in the low competition 

treatment (where seedlings face fewer competitors). 

We found that the effects of brome on early life success differed across species. Effects 

of brome were strongest in BOCU and BOGR, but ANGE, SCSC, and SONU experienced 

weaker impacts of brome. Much of this effect appears to be driven by very low germinant counts 

for these species (Appendix Figure B.2). While many restoration studies show low native 

germination rates in invaded systems (Mangla et al. 2011, Kimball et al. 2014), low germination 

in these species may also be due to abiotic tolerance. Namely, while Bouteloua spp. are well-

adapted to dry conditions (Albertson and Weaver 1946, Lauenroth et al. 1987, LeCain et al. 

2006), ANGE, SCSC, and SONU are commonly found in more mesic tallgrass prairies (Gibson 

and Hulbert 1987), and are likely perform best under higher moisture availability. Abiotic 

tolerance appears to underlie the strength and direction of context dependence in competitive 

effects. The two more dry-adapted species, BOCU and BOGR, exhibited the strongest context-

dependent responses to brome: for BOGR, brome reduction had a stronger positive effect under 
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drought compared to ambient rainfall, whereas for BOCU, the effect of brome shifted from 

positive under ambient rainfall to negative under drought. In contrast, species more characteristic 

of tallgrass or less drought-prone prairies (ANGE, SCSC, and SONU) showed consistently low 

early life success across treatments, resulting in more limited context dependence. 

One of the key caveats of our study is that we cannot attribute competition treatment 

effects solely to changes in resource competition between brome and focal species; instead, other 

mechanisms may also have contributed. For example, non-native grasses frequently reduce the 

germination and survival of native grasses through allelopathy (Greer et al. 2014, Singh and 

Daehler 2023), which can either directly inhibit native grass growth or inhibit growth through 

changes in the soil microbial community. If such effects were operating in our system, then the 

negative impacts of brome on native performance may have arisen not only from direct 

competition for light, water, or nutrients, but also from chemical inhibition of recruitment. 

Alternatively, seed predation may have played a role in outcomes, leading to stronger or weaker 

context dependent effects on germination depending on the presence of obstacles to birds (i.e., 

shelters discouraging birds from landing and consuming seeds). These possibilities complicate 

the interpretation of our results and highlights the importance of considering both resource-based 

and non-resource-based mechanisms when evaluating invasive species’ impacts. 

In our study, both drought and brome affected native plant performance, and effects of 

brome were often context dependent. These results suggest that previous studies showing strong 

effects of climate in the year of restoration on the trajectory of restoration communities might be 

due in part to context-dependent effects of invasive species, rather than abiotic tolerances of the 

native plants alone. We also found that context dependent effects were common in species that 

have high drought tolerance, and particularly at the germination stage, suggesting that the 
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outcome of restoration projects in invaded systems might be more predictable if land managers 

use plugs rather than seeds. While broadcasting seed is relatively easy and inexpensive, planting 

plugs is time-intensive and costly; thus, managers might consider planting plugs specifically for 

species with greater sensitivity to environmental changes to increase the reliability of 

management. Overall, our work highlights the importance of evaluating multiple life stages and 

species in restoration studies; focusing on a single stage or species could misconstrue the 

importance of context dependence and reduce the reliability of predictions for restoration 

outcomes.  
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 3.6 Figures 

 

Figure 3.1. Hypotheses explaining the combined effects of drought and competition from 

invasive species on native species performance. “Low” indicates a treatment were invasive 

competitors have been reduced; “High” indicates a treatment where invasive competitors are not 

reduced (present at ambient high densities). In (A), we show context dependent effects of 

invasive species. Namely, the reduction of invasive species strongly increases performance under 

ambient conditions, but has much weaker positive effects under drought conditions, where 

invader densities are already low. In (B) we show no context dependence (i.e, additive effects): 

drought and the presence of invasive species both reduce native species performance, with no 

change in invader effects depending on rainfall treatments.  
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Figure 3.2.  Diagram of experimental design. We randomly assigned 34 plots to an ambient 

rainfall or drought treatment; here we show only one plot. Within each plot, we assigned two 

contiguous subplots (S1, S2, S3, S4) to one of two competititon treatments, either “Low 

competition” (light grey), where we removed aboveground brome cover, or “High competition” 

(dark grey), where we left brome intact. In 34 plots, we randomly assigned subplots within a 

competition treatment to either seed addition or plug addition, in which we either hand-broadcast 

seeds or planted 16 evenly spaced plugs of our five focal species: big bluestem (Andropogon 
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gerardii; ANGE), sideoats grama (Bouteloua curtipendula; BOCU), blue grama (Bouteloua 

gracilis; BOGR), little bluestem (Schizachyrium scoparium; SCSC), and Indiangrass 

(Sorghastrum nutans; SONU). In sum, our study consists of a split-plot factorial design with 

concurrent sub-experiments, wherein rainfall treatments are applied at the whole-plot level, plant 

additions and competition treatments are applied at the subplot level, and seed and plug data are 

analyzed separately. 
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Figure 3.3. First growing season plug survival (June 2023–September 2023). Our best-fit 

model for survival included competition treatment, species identity, and their interaction; here, 

we show effects of only terms included in the best-fit model (Appendix Table B.7). Black points 

represent predictions of the best fit model, with error bars indicating 95% confidence intervals on 

those predictions. Other points indicate observed plot-level survival rates. Panel headings 

indicate species: big bluestem (Andropogon gerardii, ANGE), sideoats grama (Bouteloua 

curtipendula, BOCU), blue grama (Bouteloua gracilis, BOGR), little bluestem (Schizachyrium 

scoparium, SCSC), and Indiangrass (Sorghastrum nutans, SONU). Rainfall treatments include: 

ambient (plots that received ambient rainfall); and drought (plots under rainout shelters that 

excluded ~66% of ambient rainfall). Competition treatments include: high (no change in brome 

cover) and low (aboveground brome cover was reduced via cutting and herbicide).  
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Figure 3.4. Annual plug survival (September 2023–November 2024). Our best-fit model for 

survival included competition treatment, rainfall treatment, and species; here, we show effects of 

only terms included in the best-fit model (Appendix Table B.8). Black points represent 

predictions of the best fit model, with error bars indicating 95% confidence intervals on those 

predictions. Other points indicate the observed plot-level survival rate. Species include: big 
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bluestem (Andropogon gerardii, ANGE), sideoats grama (Bouteloua curtipendula, BOCU), blue 

grama (Bouteloua gracilis, BOGR), little bluestem (Schizachyrium scoparium, SCSC), and 

Indiangrass (Sorghastrum nutans, SONU). Rainfall treatments include: ambient (plots that 

received ambient rainfall); and drought (plots under rainout shelters that excluded ~66% of 

ambient rainfall). Competition treatments include: high (no change in brome cover) and low 

(aboveground brome cover was reduced via cutting and herbicide).  
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Figure 3.5. Corrected germinant counts (March 2024-July 2024). Our best-fit model for 

corrected germinant counts included competition treatment, rainfall treatment, and their 

interaction; here, we show effects of only terms included in the best-fit model (Appendix Table 

B.9). Black points represent predictions of the best fit model, with error bars indicating 95% 

confidence intervals on those predictions. Other points indicate observed plot-level corrected 

germinant counts. Rainfall treatments include: ambient (plots that received ambient rainfall); and 

drought (plots under rainout shelters that excluded ~66% of ambient rainfall). Competition 

treatments include: high (no change in brome cover) and low (aboveground brome cover was 

reduced via cutting and herbicide).  
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Figure 3.6. Effect of competition, rainfall treatment, and species on early life success. Our 

best fit model for early life success included competition treatment, rainfall treatment, and their 

interaction (Appendix Table B.10). Early life success was the product of species- and treatment-

specific germination rates and plot, species, and treatment-specific annual survival. Black points 

represent predictions of the best-fit model, with error bars representing approximate 95% 

confidence intervals on those predictions. Other points indicate the observed plot-level early life 

success. Rainfall treatments include: ambient (plots that received ambient rainfall); and drought 

(plots under rainout shelters that excluded ~66% of ambient rainfall). Competition treatments 

include: high (no change in brome cover) and low (aboveground brome cover was reduced via 

cutting and herbicide).  
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Chapter 4 - Relative and interactive effects of fire, grazing, and 

climate on eastern red cedar invasion speed 
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 4.1 Abstract 

Temperate grasslands are one of the most threatened ecosystems worldwide due to land 

use changes, climate change, and species invasions. Woody encroachment represents a process 

of invasion in which (often native) woody species displace grasses and forbs. Eastern red cedar 

(Juniperus virginiana; hereafter, ERC) is an evergreen tree species native to the eastern and 

central regions of North America which has encroached at a rapid rate in the Great Plains region 

over the last several decades. While human plantings, changes in dominant megaherbivores, 

changes in fire regimes, and climate change have all been cited as reasons for woody 

encroachment, less is known about the relative effect size of each driver, as well as how drivers 

may interact to affect woody encroachment rate. This project utilizes a demographic model 

parameterized by field-collected data coupled with realistic dispersal rates to estimate the relative 

response of ERC invasion speed (i.e., shifts in the location of waves of invasion over time) to 

changes in fires, grazing, and climate. Because the population model is a function of climate, fire 

frequency, and grazer presence, we can compare effects of fires, grazers, and climate on woody 

encroachment rates using a unified modeling framework. Our results suggest that interactions 

among drivers play a large role in determining the invasion speed. As expected, frequent fires 

strongly reduced ERC invasion speed. Despite increasing survival during fires, cattle had largely 

negative effects on invasion speed. Climate shaped demographic responses by altering the 

strength of fire and grazer effects. These results suggest that effective control of ERC 

encroachment will require coordinated fire and grazing management strategies that account for 

climate context. We note that these results are provisional, as the analysis is ongoing and the 

model continues to be refined.  
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 4.2 Introduction 

Species invasions are one of the leading drivers of changes in biodiversity and are 

expected to have adverse effects on ecosystems worldwide (Sala et al. 2000). Although classical 

literature on invasion ecology usually focuses on non-native species, it is now recognized that 

the rapid population growth of some native species may also have detrimental effects on 

ecosystem function (Nackley et al. 2017). Woody encroachment  (Archer 1994b), represents a 

process of invasion in which native woody species expand into ecosystems previously dominated 

by grasses. Much like invasions by non-native species, this process involves the rapid spread and 

establishment of species outside their historical distribution or habitat. Across grasslands 

worldwide, woody encroachment has become increasingly problematic and, without proper 

management, threatens to reduce grassland diversity (Horncastle et al. 2005, Frost and Powell 

2011) and disrupt biogeochemical cycles (McKinley et al. 2008, Zou et al. 2018).  

Woody encroachment in North America has accelerated in the past century due to a 

variety of anthropogenic effects. For example, widespread fire suppression (Daubenmire 1968), 

has contributed toward an increased abundance of woody plant species in Great Plains grasslands 

(Archer 1994b, Briggs et al. 2002, Van Auken 2009). Fires reduce woody cover in grasslands 

primarily by killing vulnerable juvenile plants that have not achieved a large enough size or bark 

thickness to protect their vascular tissue (Lawes et al. 2011). In addition, changes in grazing 

regimes in the Great Plains have likely contributed to woody encroachment. Namely, the region 

has seen a shift from widely dispersed, bison-dominated grazing to intensive, cattle-dominated 

grazing. Cattle can promote woody encroachment: because intensive cattle grazing dramatically 

reduces grass cover, woody seedlings have more light available to establish (Van Auken 2009), 

and suffer lower mortality during less-intense fires (Briggs et al. 2002). Other studies suggest 
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that cattle grazing could reduce woody encroachment, potentially by reducing woody plant 

recruitment via trampling (Owensby et al. 1973, Schmidt and Stubbendieck 1993). Finally, 

climate change (i.e., reduced precipitation and increased temperatures) may affect woody 

encroachment (Scheiter and Higgins 2009, Tu et al. 2024), though the direction of the effect is 

unclear. While drought may reduce woody seedling survival (Schmidt and Stubbendieck 1993), 

it may also reduce fuel load and thus temper the negative effects of fire on woody plants 

(Kimball et al. 2024).  

While the effects of fire suppression, cattle grazing, and climate change on woody 

encroachment are relatively well understood, the relative effect size of each of these 

environmental drivers is debated (Fuhlendorf et al. 2008). Factorial experimental manipulations 

of each of these drivers are unrealistic within a reasonable time scale, and studies showing 

different levels of woody cover under different management histories do not implicate causality. 

Neither of these approaches allow us to estimate non-linearities in woody plant response to 

drivers that could arise due to driver effects on multiple demographic rates. Similarly, we cannot 

readily compare how specific drivers affect adult and seedling demographic processes, limiting 

our ability to weigh, for example, the negative impacts of fire on juvenile survival against the 

positive effects of post-disturbance recruitment opportunities. An understanding of which of 

these environmental drivers most strongly influence woody encroachment rates (and ideally, the 

relative effects of each toward different life stages) would allow us to prioritize conservation and 

management efforts on one particular management action and/or one life stage.   

In addition to an understanding of their relative effect size, we also have a poor sense of 

how these environmental drivers might modulate one another’s’ effects. Many studies show that 

controls on woody plant cover are spatially variable (Archer et al. 2017, Fogarty et al. 2022), 
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suggesting that spatial variability in environmental characteristics might modify the effects of 

other drivers. Similarly, dynamic simulation models suggest that grazing can alter the effects of 

fire, with weaker grazing impacts under frequent burning (Fuhlendorf et al. 2008). Yet, we still 

lack studies that quantify how climate modulates these drivers’ effects on underlying vital rates, 

which is particularly important within the context of climate change. This gap limits our ability 

to predict woody encroachment rates under changing management regimes and within the 

context of future climate conditions and also limits our ability to understand how combinations 

of management actions might jointly affect woody encroachment rates. Because woody 

encroachment represents a process of invasion by native woody species, frameworks developed 

for understanding invasion dynamics can provide new insight into its mechanisms and rate of 

spread. Here, we apply a spatially- and demographically- explicit modeling framework (Neubert 

and Caswell 2000, Caswell et al. 2011) to estimate the invasion speed of an encroaching woody 

species. This approach allows us to mechanistically link field-measured demographic responses 

to fire, grazing, and climate with predicted rates of spatial expansion, as well as construct what-if 

scenarios that reflect alternative management strategies of interest. Our work will provide insight 

into how environmental drivers and their interactions shape woody encroachment dynamics. 

 4.3 Methods 

 4.3.1 Study system 

Eastern red cedar (Juniperus virginiana, hereafter ERC) is a long-lived coniferous 

evergreen tree species native to North America (Gilman and Watson 1993). In the last century, it 

has begun to invade grassland habitat in the Great Plains. This invasion has reduced plant, 

mammalian and avian diversity and modified hydrological function and biogeochemical cycles 

(McKinley et al. 2008, Horncastle et al. 2004, Frost and Powell 2011, Zou et al. 2018). ERC 
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does not resprout, meaning that topkill from fires can be effective at reducing densities (Burns et 

al. 1990). While small trees suffer high mortality from fire, adult trees may experience lower 

mortality due to fire, especially in cattle-grazed areas with low fuel loads (Briggs et al. 2002).  

 4.3.2 Fire, climate, and cattle effects on ERC demographic rates 

To quantify each drivers’ impact on demographic rates, we quantified ERC demographic 

rates (Figure 4.1) at multiple sites within specific study locations across the Great Plains 

(Appendix Figure C.1). We selected sites to maximize the variability in climate and fire histories 

and cattle presence/absence and included only sites that harbored populations of ERC. When 

possible, we tried to find study locations that included sites with all possible combinations of 

these drivers; for example, BESS1, BESS2, BESS3, and BESS4 were close together, and thus 

experienced similar climate conditions, but differed in their fire and cattle grazing histories. We 

describe these sites in more detail in Appendix Table C.1. 

Within each study location, each site served as a replicate that differed in its fire and 

grazing histories. At each of these 13 sites (distributed across eight study locations), we 

established 3–9 10 × 10 m plots that were representative of that site’s ERC density (the number 

of plots depended on ERC density). Within each plot, we measured the height and basal diameter 

of all ERC present. We used these data to estimate survival using a three-step method. First, we 

quantified the relationship between size (i.e., height, basal diameter) and age. Next, we use that 

regression to predict the ages of all ERC in the plot. Finally, we quantified fire, cattle, and 

climate effects on survival using a population modeling approach, where we compared the age 

structure observed at each site to age structures that would arise for different levels of survival 

(Udevitz and Ballachey 1998, Doak and Morris 1999). We describe each step in more detail 

below.  



68 

First, we generated a size-age regression model. We obtained tree ages using 

dendrochronological methods. To develop the size–age regression, we collected increment cores 

from a haphazardly selected subset of adult trees (>10 cm diameter at breast height) within each 

study location. Core sampling was conducted at the level of the study location rather than 

exhaustively within each individual site. In total, we extracted 143 increment cores, with sample 

sizes varying by study location depending on the availability of suitable adult trees at a study 

location (27 from KNZ; 31 from BESS; 11 from ALA; 10 from CB; 22 from LS; 10 from MCK; 

8 from TAPR; and 25 from NIO). If a tree had more than one stem, we chose to obtain cores 

from the larger stem. Cores were taken at breast height using Haglöf 5.15 mm increment borers, 

then dried, mounted, and sanded with increasingly finer grades of sandpaper (80-1500 grit; 

Stokes and Smiley 1996). Prepared cores were scanned at 2000 dpi and analyzed in CooRecorder 

9.4 for ring identification. We also used CDendro (ver. 9.4) and xDateR (Bunn 2008) to build 

site-specific chronologies (Appendix Figure C.2) and crossdate cores (Stokes and Smiley 1996), 

reducing the probability of false rings, which are common in ERC (Appendix Figure C.3). False 

rings were identified with a combination of crossdating procedures and comparison of ring 

structure (Appendix Table C.2). For juvenile trees (<=10 cm DBH), we harvested 5-10 

haphazardly selected individuals at each site, equally arrayed among plots, and examined stem 

cross sections under a dissection scope to count the number of rings. We assumed that these 

juvenile trees did not have false rings. In total, we assessed the ages of 205 individual trees 

across sites (Appendix Table C.2).   

To generate our age–size regression, we fitted a series of generalized linear models 

predicting age from log-transformed diameter and height, using a log-link Gamma error 

distribution to reduce heteroskedasticity, and using site as a fixed effect. Using AICc, we 
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compared all hierarchical subsets of models containing linear, quadratic, and polynomial terms 

for height and diameter. Higher-order terms were only considered in models that also included 

their lower-order counterparts (Appendix Table C.3). The best-supported model included the 

cubic effects of both height and diameter (Appendix Table C.4) and was a good fit to the data 

(McFadden’s pseudo-R2=0.997). 

Finally, we used a population modeling approach to estimate age-specific survival rates 

as a function of fire history, climate conditions, and history of cattle presence at each site. This 

approach involved generating a series of hypothesized relationships of survival to age and 

environmental drivers, then using each hypothesized relationship to generate a predicted age 

distribution using a population model paired with site- and year-specific environmental 

conditions, and then testing the goodness of fit of each hypothesized relationship by comparing 

the predicted age distribution to the age distribution observed in the field (Doak and Morris 

1999). All hypothesized relationships describing survival assume effects of age, annual 

precipitation and mean annual temperature (from ClimateNA; Wang et al. 2016), age x annual 

precipitation, age x mean annual temperature, years since a burn has occurred (hereafter, “time 

since burn”, both linear and quadratic effects), cattle presence, the interaction between time since 

burn x cattle presence, the interaction between time since burn x age, and the interaction between 

cattle presence and age. We also include a categorical effect of whether or not a site burned in a 

given year; we note that we are “double counting” time since burn effects in our analysis, and 

thus our results should be interpreted with caution.  

We used Bayesian rejection sampling to estimate which coefficient values best predicted 

age distributions (i.e., the posterior distributions of the associated parameters). We used 

minimally informative uniform priors that were bounded according to known ecological 
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relationships. The prior for the age coefficient was restricted to positive values to reflect 

increasing survival with age in long-lived plants (Harper 1977). Similarly,  priors for age x 

temperature and age x precipitation coefficients were both restricted to positive values to reflect 

less vulnerability of older trees to changing climates (Trouillier et al. 2019). The priors for the 

coefficient for the effect of fire was restricted to negative values to reflect reductions in survival 

due to fire (Briggs et al. 2005). For all other parameter values, priors were drawn from a uniform 

distribution of positive and negative values. These randomly drawn priors comprised a 

“candidate parameter set”. 

For each replicate draw from the priors, we used the resultant survival rates to simulate 

site-specific age distributions using an integral projection model (IPM; described in the next 

section) that projected population dynamics from the estimated site-specific germination year of 

the oldest tree to either 2022, 2023, or 2024 (the site-specific year in which we quantified age 

structure). Site-specific histories of temperature and precipitation were extracted from annual 

records (ClimateNA; Wang et al. 2016; calculated as mm rainfall/year and degrees Celsius), and 

histories of fire and cattle presence were obtained through consulting with land managers. We 

initiated simulations using the stable size distribution of the IPM kernel corresponding to the 

site-specific germination year of the oldest tree. These simulations produced a predicted age 

distribution for that year. Draws from the prior were retained in the posterior distribution if the 

mean error across all sites fell below arbitrarily predefined thresholds (≤50 for ages 1-10 and ≤5 

for ages 11-101), for a total of 5000 draws from prior distributions. This approach resulted in a 

function for survival that included age, fire, climate, and cattle effects (any of which could be 

estimated near zero, reflecting minimal effect of that driver), with the posterior distribution 

representing the best estimate for each coefficient in the survival function.  



71 

We used both field data and literature data to estimate cone production and germination. 

To quantify the probability of producing cones (hereafter, fruiting probability), for each tree 

within our field plots, we used field data; for each measured tree, we scored whether or not the 

tree had cones. We assessed the effect of temperature and precipitation (calculated as above), 

age, and all 2-way interactions between these factors, as well as the effects of the presence of 

cattle and the interaction between cattle and age on the probability of fruiting using a model 

selection approach. Climate data were site-specific averages from 1970–2000 obtained from 

WorldClim (Fick and Hijmans 2017). We compared all possible subsets of a global model 

containing these effects (fit using a generalized linear model with a binomial error distribution; 

Appendix Table C.5), evaluated model fit using AICc, and used the best-fit model in our 

subsequent analyses (Appendix Table C.6). We use the literature-derived average cone crop of 

an adult female ERC as a metric of number of cones (given a plant produced cones; Table 4.1). 

We used germination rates (from newly-produced cones and the seedbank) and first-year 

germinant survival rates derived from the literature (Table 4.1). 

 4.3.3 Modeling invasion 

 4.3.3.1 Model overview 

We used an integrodifference equation model (IDE) to estimate invasion speed and 

quantify response of invasion speed to environmental drivers (Neubert and Caswell 2000, 

Neubert et al. 2000). This model includes an IPM and a dispersal kernel. We used the 

demographic rates described in the previous section to construct an age-structured IPM with 

multiple stages: trees of age 1 (first year germinants) through age 100, seedbank stage, and two 

cone classes: “bird cones” (cones which will be dispersed by birds) and “tree cones” (cones that 

will fall close to the tree). The age-structured part of the kernel had one year mesh points. We 
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used the midpoint rule to approximate kernels and used bounds on the kernel reflective of 

observed age distributions.  

We combined the IPM and the dispersal kernel into an IDE, where population dynamics 

are described as the combined effects of demography and dispersal across space and time: 

𝑛(𝑥, 𝑡 + 1) =  ∫ 𝐴𝑛(𝑦,𝑡)  ∘ 𝐾(𝑥 − 𝑦)
+∞

−∞

𝑛(𝑦, 𝑡)𝑑𝑦 (1) 

Here, 𝑛(𝑦, 𝑡) is the vector of individuals at location 𝑦 and time 𝑡, 𝐴𝑛(𝑦, 𝑡) represents an 

IPM kernel, and 𝐾(𝑥 − 𝑦) is the age-dependent dispersal kernel describing movement from 𝑦 to 

𝑥. Only individuals in the “bird cone” stage dispersed. We assumed that dispersal was 

exponential, using a relationship derived from previous work (Holthuijzen and Sharik 1985a). 

We used a Laplace transformation to generate a two-sided moment generating function 𝑚(𝑠); all 

other transitions were modeled as local (i.e., the moment generating function was a Dirac delta 

function). The format of these matrices is described in Appendix Figure C.4. 

 4.3.3.2 Invasion speed  

We estimated invasion speed under multiple climate and management scenarios defined 

by combinations of fire return interval (2, 10, and 20 years), cattle presence (present or absent), 

mean annual temperature (cool: 9 °C; moderate: 10°C), and mean annual precipitation 

(moderate: 1100 mm; wet: 1200 mm). Within each scenario, precipitation, temperature, and 

cattle presence were held constant, while fire was represented as a periodic disturbance with a 

defined fire cycle of length 𝑝 years.  

We estimated the asymptotic invasion speed for each scenario following Caswell et al. 

(2011). In periodic environments, the combined effects of demography and dispersal over the p 

years of a fire cycle are captured by the periodic kernel 𝐻𝑝𝑒𝑟(𝑠) = 𝐻1(𝑠)𝐻2(𝑠) ⋯ 𝐻𝜌(𝑠), where 



73 

each year-specific kernel 𝐻𝑖(𝑠) is defined as the Hadamard product of the demographic matrix 

𝐴𝑖 and a matrix of moment-generating functions 𝑀𝑖(𝑠) (i.e., 𝐻𝑖(𝑠) = 𝑀𝑖(𝑠) ∘ 𝐴𝑖). 

The dominant eigenvalue of 𝐻𝑝𝑒𝑟(𝑠), denoted 𝜌𝑝𝑒𝑟(𝑠), describes the multiplicative 

effects of demography and dispersal over the cycle given 𝑠, the shape parameter of the Laplace 

distribution. The asymptotic invasion speed 𝑐∗is then given by: 

𝑐∗ =
1

𝑝
mins>0 (

1

𝑠
log 𝜌𝑝𝑒𝑟(𝑠)) (2) 

We evaluated this function over a range of 𝑠 values (0 to 1/mean dispersal distance from 

Holthuijzen and Sharik 1985a). We generated confidence intervals on the c* estimates by 

sampling from the posterior distributions of the survival function coefficients 500 times and 

recalculating invasion speed. We estimated the relative response of invasion speed to each driver 

(fire, climate, cattle presence) by quantifying the change in invasion speed effected by a given 

driver by iteratively changing one driver at a time, recalculating invasion speed, and calculating 

the change in invasion speed per unit change in a driver. For example, to quantify response of 

invasion speed to fire cycle length, we subtracted invasion speed under the shortest observed fire 

return interval (𝑐𝑠ℎ𝑜𝑟𝑡 𝐹𝑅𝐼
∗ ) from invasion speed under the longest observed fire return interval 

(𝑐𝑙𝑜𝑛𝑔 𝐹𝑅𝐼
∗ ) while holding cattle presence and climate conditions at constant values, to get the 

change in invasion speed ∆𝑐∗; namely, 𝑐𝑙𝑜𝑛𝑔 𝐹𝑅𝐼
∗ − 𝑐𝑠ℎ𝑜𝑟𝑡 𝐹𝑅𝐼

∗  . We then divided ∆𝑐∗by ∆𝐹𝑅𝐼, the 

difference between the longest and shortest FRI (i.e., long FRI – short FRI), to estimate 

∆𝑐∗ ∆𝐹𝑅𝐼⁄ , the change in invasion speed per unit change in FRI. Finally, we divided all 

∆𝑐∗ ∆𝑑𝑟𝑖𝑣𝑒𝑟⁄  values by the mean invasion speed across all FRI, climate, and cattle scenarios for 

a particular draw from the posterior of the survival function coefficients. Dividing by the mean 

invasion speed in a draw allowed us to express driver effects as relative changes that were 
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comparable across draws. For brevity, we show the overall effects of drivers under moderate 

climate conditions (1100 mm rainfall and 10 ºC temperatures).  

 4.3.4 Sensitivity to survival and fruiting 

We evaluated the sensitivity of population growth rate to the probability of producing 

cones and survival via perturbation. Namely, we used the medians of the posterior distributions 

of parameters for the survival rate equation to parameterize the IPM kernel. Then, for each of our 

driver scenarios, we perturbed age-specific survival rates or fruiting rates by 5% and recalculated 

population growth rate, by multiplying the p-1 kernels together, obtaining the dominant 

eigenvalue from this kernel, and then taking the p-1’th root of this eigenvalue. This approach 

allowed us to compare the effect of probabilities survival and fruiting on population growth rate 

under different driver conditions. For brevity, we present here the sensitivity to survival and 

fruiting under moderate climate conditions (1100 mm rainfall and 10 ºC temperatures).  

 4.4 Results 

 4.4.1 Overall effects of drivers on survival and fruiting 

The best-fit model for probability of fruiting included the effects of age, precipitation, 

mean annual temperature, and all 2-way interactions between these factors (Appendix Table 

C.7). The probability of fruiting for ERC increased with age (β = 0.28 ± 0.066, p < 0.001), with 

greater precipitation (β = 7.55 ± 1.85, p < 0.001, Appendix Table C.7) and with warmer 

temperatures (β = 3.98 ± 0.88, p < 0.001, Appendix Table C.7). The positive effect of age on 

probability of fruiting was weaker under warmer temperatures (β = -0.019 ± 0.0043, p <0.001, 

Appendix Table C.7). However, the positive effect of age on probability of fruiting increased 

with greater precipitation (β = 0.013 ± 0.0067, p =0.055, Appendix Table C.7). Similarly, the 

positive effect of precipitation on probability of fruiting declined with greater temperatures (β = -
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0.68 ± 0.15, p <0.001, Appendix Table C.7). As a result, under moderate climate conditions (10 

°C temperature and 1100 mm precipitation), the model predicts lower fruiting probabilities 

earlier in life, followed by a steep increase in fruiting probability which levels off at 1 around age 

35 (Figure 4.2A). 

 Survival probability of ERC increased with age and was strongly influenced by 

interactions among age, fire, grazing, and climatic factors (Figure 4.2B). Overall, the prior 

distributions of survival equation parameters indicated that survival increased with age (median β 

= 0.097 ± 0.0011 SE), being low during early life stages and leveling off at older ages. Survival 

also increased with precipitation (median β = 1.19 ± 0.015 SE), and this positive effect became 

stronger with age (median β = 0.050 ± 0.00052 SE). Higher temperatures reduced survival 

(median β = −1.54 ± 0.029 SE), but this negative effect weakened with increasing age (median β 

= 0.049 ± 0.00053 SE). Fire had a strong negative effect on survival (median β = −15.8 ± 0.156 

SE), resulting in low predicted survival following a fire. Time since a burn occurred had a 

negative effect on survival (median β = -0.693 ± 0.02 SE), and the quadratic effect of time since 

burn also had a negative effect on survival (median β = -0.0072 ± 0.00069 SE). However, the 

negative effect of time since burn was weaker for older trees (median β = 0.026 ± 0.00079 SE). 

Grazing effects on survival were context dependent. Although the main effect of grazing was 

positive (median β = 10.9 ± 0.15 SE), grazing decreased survival with increasing time since burn 

(median β = -0.61 ± 0.014 SE). Together, these effects produced an age-dependent survival 

pattern in which, under moderate climate conditions, younger individuals are on average less 

likely to survive a fire in the absence of cattle, are more likely to survive a fire in the presence of 

cattle, and experience positive effects of cattle in the years after a fire which decline with 

increasing time since burn (Figure 4.2B). 
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 4.4.2 Sensitivity to survival and fruiting 

Under ambient climate conditions, sensitivity of population growth (λ) to perturbations in 

vital rates varied with burn interval and cattle presence (Table 4.2). Across all scenarios, 

population growth was more sensitive to changes in survival than to changes in fruiting. In the 

presence of cattle, sensitivity to survival was highest with moderate fire intervals (10-year burn 

interval; sensitivity = 1.34), followed by infrequent fire intervals (20-year burn interval; 

sensitivity = 1.31), and lowest with frequent fire (2-year burn interval; sensitivity = 1.16). In the 

absence of cattle, however, sensitivity to survival declined with increasing fire frequency (Table 

4.2). Sensitivity to fruiting was greater on average in the presence of cattle and declined with 

increasing fire frequency (Table 4.2). 

 4.4.3 Invasion speed  

 4.4.3.1 Overall invasion speed across scenarios 

Mean invasion speed varied across climate and management scenarios (Figure 4.3). 

Across all scenarios, invasion speed was significantly higher in the absence of cattle (mean 

across scenarios = 405, 95% CI: 392–418; Figure 4.3A-D) compared to when cattle were present 

(mean across scenarios = 301, 95% CI: 289–313; Figure 4.3E-H).  

Burn interval also influenced invasion speed, but the strength of burn treatments 

depended largely on cattle presence. Without cattle, invasion speed tended to be higher with less 

frequent fires, but 20- (mean across scenarios = 412, 95% CI: 389–434), 10- (mean across 

scenarios = 413, 95% CI: 390–436), and 2-year burn regimes (mean across scenarios = 390, 95% 

CI: 368–411; Figure 4.3A-D) did not significantly differ from one another. By contrast, in 

landscapes with cattle, burn interval was highest for the 20-year burn cycle (mean across 

scenarios = 355, 95% CI: 333–377), and lower but not significantly different for 10-year burn 
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cycle (mean across scenarios = 314, 95% CI: 292–336). Finally, invasion speed was strongly 

reduced under 2-year burn cycles (mean across scenarios = 233, 95% CI: 214–251; Figure 4.3E-

H). 

Climate scenario also played a strong role in determining invasion speed. On average, 

invasion speeds were reduced under cooler temperatures (mean across scenarios = 347, 95% CI: 

334–359; Figure 4.3A-B, E-F) compared to more moderate temperatures (mean across scenarios 

= 358, 95% CI: 346–371; Figure 4.3C-D, G-H), but these differences were not significant. 

Invasion speeds were significantly greater under moderate precipitation (mean across scenarios = 

368, 95% CI: 355–380; Figure 4.3A,D,E,H) compared to wetter conditions (mean across 

scenarios = 338, 95% CI: 325–350; Figure 4.3B,C,F,G). Climate also interacted with other 

drivers, though these effects were largely non-significant. In the absence of cattle, frequent burns 

reduced invasion speeds more under cooler temperatures compared to warmer temperatures, 

though this difference was not significant (mean reduction due to frequent burns across scenarios 

under cooler temperatures= -5.07%, 95% CI: -9.1– -1.04; mean reduction under moderate 

temperatures = -1.28 %, 95% CI: -5.37-2.8). Similarly, frequent burns reduced invasion speeds 

slightly more under moderate precipitation compared to high precipitation, but this difference 

was not significant (mean reduction due to frequent burns across scenarios under moderate 

rainfall= -3.43%, 95% CI: -7.7– 0.842; mean reduction under higher rainfall = -2.92 %, 95% CI: 

-6.76-0.913). When cattle were present, frequent burns reduced invasion speeds more under 

cooler temperatures compared to warmer temperatures (mean reduction due to frequent burns 

across scenarios under cooler temperatures= -19.3%, 95% CI: -24.1– -14.6; mean reduction 

under moderate temperatures = -15.9%, 95% CI: -20.4– -11.4), but this difference was not 

significant. Frequent burns also reduced invasion speeds more under moderate precipitation 
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compared to wetter conditions (mean reduction due to frequent burns across scenarios under 

moderate rainfall= -18.4%, 95% CI: -23.1– -13.7; mean reduction under higher rainfall = -16.9 

%, 95% CI: -21.4– -12.3), and this difference was not significant. 

 4.4.3.2 Sensitivity of invasion speed to drivers 

Under moderate climate conditions (1100 mm rainfall and 10 ºC temperatures), 

sensitivity of invasion speed to the addition of cattle was largely similar (not significantly 

different) across burn intervals (Figure 4.4A). The effect of cattle was negative, and negative 

effect of cattle on invasion speed was slightly stronger under 2-year burns (mean sensitivity 

across draws=-0.14 , 95% CI: -0.28– -0.032) compared to 10-year burns (mean sensitivity across 

draws=-0.109 , 95% CI: -0.20– -0.022) and 20-year burns (mean sensitivity across draws=-0.108 

, 95% CI: -0.20– -0.019).  

 The effect of increasing temperatures on invasion speed varied depending on burn 

interval (Figure 4.4B). Greater temperatures tended to decrease invasion speeds under 10-year 

burn cycles, both with (mean sensitivity across draws=-0.18, 95% CI: -0.22– -0.13) and without 

cattle (mean sensitivity across draws=-0.10, 95% CI: -0.16– -0.046; Figure 4.4B); these effects 

did not differ depending on the presence of cattle. This negative effect held true under 20-year 

burn cycles as well, both with (mean sensitivity across draws=-0.13, 95% CI: -0.18– -0.069) and 

without cattle (mean sensitivity across draws=-0.10, 95% CI: -0.16– -0.047; Figure 4.4B), again, 

not varying depending on the presence of cattle. Under 2-year burn cycles, increasing 

temperatures did not significantly affect invasion speeds when cattle were present (mean 

sensitivity across draws=0.027, 95% CI: -0.043– 0.096). However, when cattle were absent, 

increasing temperatures significantly increased invasion speeds (mean sensitivity across 

draws=0.14, 95% CI: 0.071– 0.21; Figure 4.4B); due to overlapping confidence intervals, 
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however, sensitivity to increasing temperatures did not differ significantly in the presence or 

absence of cattle. Overall, the confidence intervals for 10- and 20-year burn cycles overlapped, 

indicating similar sensitivity to increasing temperatures in these treatments. In contrast, the 

confidence intervals for 2-year burn cycles did not overlap with other burn cycles, indicating 

more positive sensitivity to temperature increases under frequent burning. 

 The effect of increasing precipitation on invasion speed was often weak but depended on 

burn cycle and cattle presence (Figure 4.4C). Under 2-year burn cycles, increasing precipitation 

did not affect invasion speeds, neither with (mean sensitivity across draws=0.036, 95% CI: -

0.021– 0.093) nor without (mean sensitivity across draws=-0.020, 95% CI: -0.083– 0.044; Figure 

4.4C) cattle. Under 10-year burn cycles, precipitation did not affect invasion speeds when cattle 

were absent (mean sensitivity across draws=0.033, 95% CI: -0.021– 0.087). However, when 

cattle were present, precipitation had positive effects on invasion speeds (mean sensitivity across 

draws=0.081, 95% CI: 0.038– 0.13; Figure 4.4C), though these effects did not differ significantly 

in the presence vs. absence of cattle. Finally, under 20-year burn cycles, precipitation 

significantly increased invasion speeds both with (mean sensitivity across draws=0.074, 95% CI: 

0.022– 0.13) and without cattle (mean sensitivity across draws=0.057, 95% CI: 0.0034– 0.11; 

Figure 4.4C), and these effects did not differ significantly depending on cattle presence. 

 Under moderate climate conditions (1100 mm rainfall and 10 ºC temperatures), the effect 

of having more frequent burns on invasion speed was negative (Figure 4.4D). When cattle were 

present, having more frequent burns reduced invasion speeds (mean sensitivity across draws=-

0.012, 95% CI: -0.017– -0.0066); similarly, having more frequent burns reduced invasion speeds 

when cattle were absent (mean sensitivity across draws=-0.0057, 95% CI: -0.011– -0.00072; 

Figure 4.4D). However, sensitivity did not differ significantly depending on the presence or 
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absence of cattle. We caution that these results are preliminary, subject to change with improved 

modeling frameworks, and land managers should not use our predictions to inform management 

decisions.  

 4.5 Discussion 

Understanding the processes that drive and constrain woody encroachment is critical for 

predicting where and how encroachment will occur and for developing effective management 

strategies. Our model demonstrates that woody encroachment of ERC is shaped by complex, 

demographically driven interactions among fire, grazing, and climate. As expected, fire 

frequency was a strong driver of invasion speed, with frequent burning slowing invasion speeds 

(Figure 4.4D). The presence of cattle contributed to these dynamics, leading to lower invasion 

speeds overall (Figure 4.4A), though they did not significantly change invasion speeds across 

different burn intervals. While fire and cattle exerted the most direct and consistent effects on 

invasion speed, climatic factors such as temperature and precipitation also influenced key 

demographic rates, modulated the strength of management effects, and contributed to variation in 

invasion speed outcomes. These findings highlight the importance of considering multiple 

drivers simultaneously, as their interactions can produce unexpected effects on encroachment. 

 Fire and cattle emerged as the most consistent drivers of invasion speed (Figure 4.3), 

producing negative effects regardless of other drivers. Frequent burns slowed invasions primarily 

by reducing survival, consistent with previous work showing that fire strongly limits the spread 

of ERC because it lacks the ability to resprout after topkill (Burns et al. 1990). These effects are 

most pronounced for young individuals, which are especially vulnerable to fire (Briggs et al. 

2002) due to their smaller stature and thinner bark (Lawes et al. 2011). After burning, however, 

we saw that survival increased (Figure 4.2), potentially reflecting increases in recruitment 
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following fires due to greater resource availability (Pausas and Keeley 2014). In contrast, cattle 

increased survival rates in the presence of burns (Figure 4.2). Higher survival during fires when 

cattle are present is driven by reduced fuel loads, which can decrease fire intensity (Briggs et al. 

2002, 2005). Importantly, despite increasing survival in the presence of burns, the overall effect 

of cattle on invasion speeds was still negative regardless of fire interval (Figure 4.4A). This 

finding supports other studies which have found reduced survival of ERC in cattle presence, and 

may arise because of their ability to trample juvenile trees (Owensby et al. 1973, Schmidt and 

Stubbendieck 1993). Our results suggest that the reduction in fire intensity caused by grazing is 

insufficient to offset the broader negative effects of cattle on population dynamics. Together, 

these results suggest that both fire and grazing independently suppress ERC expansion, and their 

combined influence leads to slower ERC spread in frequently burned, grazed grasslands. 

Climate played an important role in shaping vital rates. The production of cones in other 

coniferous species is influenced by environmental conditions (Bravo Oviedo et al. 2017, Chen et 

al. 2022), possibly due to greater resources in years with favorable climates (i.e., higher rainfall 

levels; Mutke et al. 2005) triggering masting events. ERC crops vary considerably from year to 

year for individual trees, though it is unclear whether the tree is considered a masting species 

(Holthuijzen and Sharik 1985b). Regardless, in our model, fruiting probability increased with 

greater precipitation and warmer temperatures, potentially because these conditions may lead to 

less resource limitation. Survival was similarly responsive to climate, for instance decreasing 

with temperature, and these effects were strongest for younger individuals. This pattern is 

consistent with other studies showing heat-related mortality disproportionately affecting early 

life stages of trees (Stevens-Rumann et al. 2022, Lalor et al. 2023). The strong negative effect of 

higher temperatures on survival was mirrored in sensitivity analyses, which showed that 
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warming reduced invasion speeds when burning was infrequent (Figure 4.4B). In contrast, 

precipitation benefited survival in our model, though the actual effect of precipitation on 

invasion speeds was comparatively weak. Precipitation only consistently increased invasion 

speeds under 20-year burn cycles, or under 10-year burn cycles when cattle were present (Figure 

4.4C). ERC is known to be highly drought tolerant due to its ability to resist embolism (Volder et 

al. 2010, Giddens 2021); thus, this weaker response may reflects the species’ ability to maintain 

performance under a wide range of moisture conditions. Together, these results suggest that 

while precipitation exerts limited influence on ERC invasion speed, warming generally 

constrains population growth except under conditions of frequent fire where its effects may be 

offset. 

Climate also modulated the strength of management effects on invasion. In both the 

presence and absence of cattle, burning more frequently slowed invasion (Figure 4.4D); although 

this effect tended to be stronger under cooler conditions (Figure 4.3), the difference in burn 

effectiveness across temperature conditions was not statistically significant. Sensitivity analyses 

further showed that under frequent burns without cattle, increasing temperatures tended to 

accelerate invasion speeds (Figure 4.4B), suggesting that warming reduces the effectiveness of 

fire as a control mechanism. These patterns aligns with previous work showing that in 

grasslands, the efficacy of fires is dependent on the amount of available fuel (Briggs et al. 2005, 

Krawchuk and Moritz 2011). In hotter environments, where grass productivity may be limited, 

we might expect fuel loads to be generally lower, so fires are less effective at slowing 

encroachment. By comparison, greater precipitation had no significant effect on invasion speeds 

under frequent burns (Fig. 4.4C). Other studies have shown that precipitation may affect fuel 

conditions: dry periods can increase fire efficacy because drier vegetation is more flammable 
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(Stavi 2019). Critically, however, dry conditions may also reduce fuel availability if grass 

productivity declines, thereby limiting how much fire can suppress woody encroachment (Liu et 

al. 2013). Thus, the lack of a consistent precipitation effect under frequent burns may reflect the 

variable influence of precipitation on both flammability and fuel availability across sites. 

Several limitations of our modeling approach should be considered when interpreting 

these results. First, model predictions are constrained by the range of site conditions and tree 

densities represented in our data, which limits the ability to extrapolate to areas with 

substantially different environmental or demographic contexts. Second, while the model focused 

on key drivers such as climate, fire, and cattle, other unmeasured factors, such as soil properties, 

competition from other species, or topography (i.e., the slope/aspect of a site), may also 

influence invasion dynamics. Second, we modeled invasion speed under constant climate 

scenarios, whereas in reality, both the mean and variability of climate are expected to shift under 

climate change, potentially altering the relative importance of different drivers. Third, multiple 

vital rates were obtained from literature rather than directly from the study system, and these 

rates likely vary across environmental gradients and population densities. Finally, we emphasize 

that this analysis represents a work in progress; the model is still being refined, and additional 

validation is underway, so results should be interpreted as extremely provisional projections 

rather than as definitive predictions.  

Our findings demonstrate that woody encroachment is governed by dynamic and 

interacting demographic processes that are strongly shaped by fire, grazing, and climate. 

Frequent fire emerged as the most consistent mechanism in decreasing invasion speeds due to its 

strong effects on survival. Cattle limited invasion speeds, despite positive effects on survival 

during burns. Climate further shaped these interactions, with warmer temperatures reducing 
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invasion speeds when fires were infrequent but increasing invasion speeds when fires were 

frequent and cattle absent. In contrast, precipitation effects on invasion speeds were positive but 

comparatively weak, reflecting both ERC’s high drought tolerance and the variable influence of 

moisture on fuel accumulation and fire behavior. Collectively, these results indicate that no 

single factor drives invasion trajectories; rather, ERC expansion is regulated by the combined 

and context-dependent influences of management and climate. Anticipating and managing future 

encroachment therefore requires an integrated approach that explicitly considers how changing 

climate conditions will interact with fire and grazing regimes to shape demographic processes.  
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 4.6 Tables 

Table 4.1. Vital rates collected from literature to parameterize population model of ERC. 

Symbol indicates the abbreviation used for the rate indicated in the life cycle diagram (Figure 

4.1). 

Vital rate Source Value Symbol 

Average cone crop of an adult tree (averaged 

across high and low fecundity years) 

(Holthuijzen and 

Sharik 1985b) 

805,000 C 

Proportion of cones which will be dispersed by 

birds 

(Holthuijzen et al. 

1987) 

0.653 Rbird 

Proportion of cones which will be dispersed by 

gravity (near tree) 

(Holthuijzen et al. 

1987) 

0.116 Rtree 

Germination rate (if bird-dispersed) (Holthuijzen and 

Sharik 1985b) 

0.413 Grb 

Germination rate (if not bird-dispersed) (Afanasiev and Cress 

1942) 

0.1 Grnb 

Rate at which seeds germinate from the 

seedbank 

(Holthuijzen and 

Sharik 1984) 

0.055 Grsb 

Spring-Summer survival of germinants (Walton 2020) 0.8545 Srseed 
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Table 4.2. Sensitivity of population growth rate to survival and fruiting rates under 

moderate climate conditions (1100 mm rainfall and 10 ºC temperatures). Sensitivity 

assessed by perturbing a rate by 5% while holding others constant and assessing the proportional 

change in population growth.  

Rate Cattle Presence/Absence Burn interval Sensitivity 

Fruiting With Cattle 20-year 0.054 

Fruiting With Cattle 10-year 0.062 

Fruiting With Cattle 2-year 0.034 

Fruiting Without Cattle 20-year 0.023 

Fruiting Without Cattle 10-year 0.013 

Fruiting Without Cattle 2-year 0.0072 

Survival With Cattle 20-year 1.31 

Survival With Cattle 10-year 1.34 

Survival With Cattle 2-year 1.16 

Survival Without Cattle 20-year 1.06 

Survival Without Cattle 10-year 0.977 

Survival Without Cattle 2-year 0.705 
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 4.7 Figures 

 

Figure 4.1. Conceptual life cycle of ERC as represented in the invasion speed model. Solid 

bubbles represent states present during t, while dotted bubbles represent transient states not 

present during t. At each timestep t, trees of age x may survive at age-specific rates (Srₓ) and 

reproduce at rates (Frₓ), producing cone crops of size C (total cones = Frₓ*C). Cones produced 

by trees (dotted state, not present during t) enter either the gravity-dispersed (Rtree) or bird-

dispersed (Rbird) cone pools (solid states, present during t) immediately. Cones in these pools may 

germinate (Grnb for gravity-dispersed; Grb for bird-dispersed), passing through the “newly 

germinated seedling” state (dotted, not present during t) and then survive as seedlings (Srseed) to 

recruit into the age-structured tree population by the following timestep. Alternatively, cones 

may enter the seed bank (present during t) with probabilities 1 – Grnb and 1 – Grb. Seeds in the 

seed bank germinate at rate Grsb. 
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Figure 4.2. Predicted fruiting and survival probability across age under moderate climate 

conditions (1100 mm rainfall and 10 ºC temperatures). (A) Predicted probability of fruiting as 

a function of age under moderate climate conditions. Fruiting probabilities were estimated from a 

binomial generalized linear model fit to empirical fruiting data. Lines indicate mean predicted 

values and shaded ribbons represent 95% confidence intervals. (B) Predicted survival probability 

across age, estimated using all posterior draws from the fitted survival model. Line colors 

indicate fire treatment (with red representing a burn-year, yellow representing 2 years since burn, 

and green representing 20 years since burn), and line type distinguishes grazing treatments (with 

vs. without cattle as dashed and solid respectively). Shaded ribbons represent 95% confidence 

intervals. 
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Figure 4.3. Median invasion speed (𝐜̅𝐩) across burn interval, temperature, and rainfall 

scenarios with and without cattle grazing. Invasion speeds were estimated using posterior 

draws from the fitted survival equation to propagate uncertainty in survival rates. Bars represent 

median predicted invasion speeds across simulations, and error bars 95% confidence intervals. 

Panels show the four climate scenarios (columns) crossed with grazing treatments (rows): A–D 

illustrate invasion dynamics in the absence of cattle, and E–H in the presence of cattle. Burn 

interval treatments (2, 10, and 20 years) are displayed on the x-axis. 
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Figure 4.4. Sensitivity of invasion speed (𝐜̅𝐩) to changes in drivers. Panels show the mean 

sensitivity of 𝒄̅𝒑 to changes in (A) cattle presence, (B) temperature, (C) precipitation, and (D) 

burn interval. Sensitivities were calculated using parameter draws from the posterior distribution 

of survival, with all other drivers held constant. For each posterior iteration, sensitivity was 
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estimated as the proportional change in 𝒄̅𝒑 over the range of each driver (e.g., presence vs. 

absence of cattle, 10–9 °C temperature, 1200–1100 mm for precipitation, and 20–2 year burn 

intervals for fire). Points indicate mean sensitivity across iterations, and error bars represent 95% 

CIs. Positive values indicate that increasing the driver increases 𝒄̅𝒑 (faster spread), whereas 

negative values indicate slower spread. Dashed horizontal lines at zero denote no effect. 

Sensitivities are shown under moderate climate conditions (1100 mm rainfall and 10 °C 

temperature); if assessing the sensitivity to one climatic variable, the other was held at its 

moderate value. 
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Chapter 5 - Conclusions 

Invasive species are one of the leading causes of biodiversity loss globally and under 

future climate scenarios, their influence is expected to intensify, driving profound and 

irreversible changes in ecosystem structure and function (Mainka and Howard 2010, Early et al. 

2016b, Catford and Jones 2019, Hald-Mortensen 2023). However, the ecological impacts of 

invasive species are far from uniform; instead, they are highly context-dependent, with outcomes 

varying across a range of abiotic factors (e.g., temperature, precipitation, nutrient levels) as well 

as across biotic contexts, including the degree of competition with native species (Shannon-

Firestone and Firestone 2015, Sapsford et al. 2020, Catford et al. 2022). Moreover, the 

demographic performance of invasive species (including their growth, reproduction, and 

survival) can vary widely across sites, being influenced by both climate conditions, biotic 

interactions, and the effectiveness of different management strategies (Buckley et al. 2003, 

Biswas et al. 2015). This variability makes it challenging to reliably predict how invasive species 

will spread and what impacts they will have in future climates. 

 In Chapter 2, I used data from a large-scale herbivore exclusion experiment along a 

rainfall gradient in central Kenya to test how large mammalian herbivores influence 

demographic compensation in Hibiscus meyeri. Demographic compensation occurs when vital 

rates vary in opposing directions across space, such that increases in some rates offset declines in 

others, buffering changes in population growth across a species’ range (Villellas et al. 2015). 

Using integral projection models built from multi-year demographic data, I quantified how 

herbivory influenced vital rates along an environmental gradient, and how correlations between 

vital rates changed with varying levels of herbivore exclusion. I found that demographic 

compensation driven by negative correlations among demographic rates was absent when all 
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large herbivores were present, but emerged when megaherbivores were excluded. This shift was 

driven by herbivore-induced changes in the variability of vital rates across sites, which decreased 

the total number of significant correlations between vital rates. These findings demonstrate that 

large herbivores can play a powerful role in shaping the demographic mechanisms underlying 

population stability across environmental gradients. More broadly, this work suggests that 

commonly observed patterns such as demographic compensation (Doak and Morris 2010, Yang 

et al. 2022) may have been less prevalent when megafaunal communities were intact. 

In Chapter 3, I examined how the effects of invasive competitors on demographic rates of 

native C₄ bunchgrasses in the Great Plains are influenced by abiotic context. Using a factorial 

design combining rainfall manipulation and Bromus inermis removal, I measured seed 

germination and plug survival across multiple native species to evaluate whether invader effects 

were context dependent. Both drought and high brome competition reduced native plug survival, 

but their effects were largely additive rather than interactive. By contrast, invader impacts on 

germination were context dependent: brome presence had no effect on germination under 

ambient rainfall but reduced germination under drought, indicating that invader effects can shift 

with abiotic context. These findings indicate that context dependence may be strongest during 

early life stages, such as at the germinant stage. This pattern aligns with previous research 

showing greater variability in performance among younger life stages of plants due to 

vulnerability to stress (Eriksson and Ehrlén 2008, Gross and Mackay 2014). Collectively, this 

work demonstrates that restoration outcomes depend not only on invader density but also on 

climatic conditions and life stage, underscoring the importance of restoration strategies that 

explicitly integrate both competitive and environmental contexts. 

  



94 

 In Chapter 4, I utilized a demographic model to estimate how fire, grazing, and climate 

interact to influence the invasion speed of Juniperus virginiana across the Great Plains. Using a 

combination of field-derived and literature-derived demographic rates, I developed a spatially-

explicit demographic model which predicts invasion speed under varying fire regimes, cattle 

presence, and climatic conditions. Model results revealed interactions among drivers: frequent 

fires consistently slowed invasion, and the negative effects of cattle increased this effect on 

invasion speed. Moreover, the efficacy of fire management depended on climate: cooler, wetter 

conditions amplified the slowing effect of fire, whereas warmer or drier conditions reduced it. 

This pattern aligns with fire ecology theory, which predicts that in already-dry ecosystems like 

grasslands, fire intensity will be limited in more arid environments due to decreased fuel 

availability (Krawchuk and Moritz 2011). Together, these findings demonstrate that no single 

management intervention can effectively constrain woody encroachment across all contexts. 

Instead, coordinated fire and grazing management strategies that explicitly account for climatic 

variability are needed to curb invasion rates and sustain grassland ecosystems. 

 Together, the chapters of this dissertation advance our understanding of invasion ecology 

by demonstrating that the demographic processes underlying invasion and encroachment are 

inherently context dependent and shaped by interactions among climate, biotic pressures, and 

management regimes. By integrating experimental, observational, and modeling approaches 

across multiple systems, this work illustrates that the outcomes of invasion are not fixed but 

emerge from the dynamic interplay between environmental conditions and species’ demographic 

responses. In an increasingly globalized world where species introductions and range shifts are 

all but inevitable (van Kleunen et al. 2015, Early et al. 2016b, Pyšek et al. 2020), these findings 

underscore the importance of moving beyond static, one-size-fits-all management frameworks 
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toward adaptive strategies that account for variability across space, time, and life stage. Effective 

management in this era will require acknowledging that invasions cannot always be prevented, 

but their impacts can be mitigated through flexible, evidence-based approaches that respond to 

ecological context.  
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Appendix A - Chapter 2 Appendices 

Appendix Table A.1.   Best-fit models for demographic rates of Hibiscus meyeri. We show fixed 

and random effect coefficients included for generalized linear models (probability of survival, probability 

of fruiting; binomial error term) and linear models (growth, variance in growth, log-transformed number 

of fruits). Demographic rate models were fit for each site (Arid, Intermediate, or Mesic) and herbivore 

exclusion treatment (LMH, complete large mammalian herbivore exclusion; MEGA, megaherbivore 

exclusion; MESO, mega- and mesoherbivore exclusion; and control, no large mammalian herbivore 

exclusion). Biomass in the initial timestep was treated as a potential fixed effect in the global model. 

Block and transition were treated as potential random intercepts; if the inclusion of either resulted in 

singularity for the global model, the global model was refit with block and transition as fixed effects. 

Thus, models may or may not be mixed effect models depending on whether random effects were 

included in the final model. Dashes indicate coefficients not present in the best-fit model. “F” indicates a 

coefficient was present in the best-fit model as a fixed effect, and “R” indicates a coefficient was present 

in the best-fit model as a random effect. If there are no indicated fixed or random effects, the model was 

intercept-only. 

Model Specification Parameter to Include 

Demographic Rate Site Treatment Biomass Block Timepoint 

Survival Arid Control F - - 

Survival Intermediate Control - - - 

Survival Mesic Control - R R 

Survival Arid LMH F R R 

Survival Intermediate LMH F - - 

Survival Mesic LMH - - - 

Survival Arid MEGA F R R 

Survival Intermediate MEGA - R R 

Survival Mesic MEGA - R R 

Survival Arid MESO F R R 

Survival Intermediate MESO - R R 

Survival Mesic MESO - R R 

Growth Arid Control F R R 
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Growth Intermediate Control F - - 

Growth Mesic Control F R R 

Growth Arid LMH F R R 

Growth Intermediate LMH F - - 

Growth Mesic LMH F R R 

Growth Arid MEGA F R R 

Growth Intermediate MEGA F - - 

Growth Mesic MEGA F - - 

Growth Arid MESO F R R 

Growth Intermediate MESO F - - 

Growth Mesic MESO F R R 

Variance in Growth Arid Control F R R 

Variance in Growth Intermediate Control F R R 

Variance in Growth Mesic Control F R R 

Variance in Growth Arid LMH - R R 

Variance in Growth Intermediate LMH F R R 

Variance in Growth Mesic LMH F - - 

Variance in Growth Arid MEGA F R R 

Variance in Growth Intermediate MEGA F R R 

Variance in Growth Mesic MEGA F - - 

Variance in Growth Arid MESO F R R 

Variance in Growth Intermediate MESO F - - 

Variance in Growth Mesic MESO F R R 

Probability of Fruiting Arid Control F - - 

Probability of Fruiting Intermediate Control F - - 

Probability of Fruiting Mesic Control F R R 

Probability of Fruiting Arid LMH F R R 

Probability of Fruiting Intermediate LMH F R R 

Probability of Fruiting Mesic LMH F R R 

Probability of Fruiting Arid MEGA F - - 

Probability of Fruiting Intermediate MEGA F R R 

Probability of Fruiting Mesic MEGA F R R 

Probability of Fruiting Arid MESO F R R 

Probability of Fruiting Intermediate MESO F R R 

Probability of Fruiting Mesic MESO F R R 

log(Number of Fruits/Biomass) Arid Control - - - 

log(Number of Fruits/Biomass) Intermediate Control F - - 

log(Number of Fruits/Biomass) Mesic Control - R R 

log(Number of Fruits/Biomass) Arid LMH - R R 

log(Number of Fruits/Biomass) Intermediate LMH - R R 

log(Number of Fruits/Biomass) Mesic LMH - R R 
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log(Number of Fruits/Biomass) Arid MEGA - R R 

log(Number of Fruits/Biomass) Intermediate MEGA - - - 

log(Number of Fruits/Biomass) Mesic MEGA - R R 

log(Number of Fruits/Biomass) Arid MESO - - - 

log(Number of Fruits/Biomass) Intermediate MESO F - - 

log(Number of Fruits/Biomass) Mesic MESO - - - 
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Appendix Table A.2.  Demographic rate values for each herbivore exclusion treatment (Control, 

LMH, MEGA, and MESO) at each rainfall level (Arid, Intermediate, and Mesic). Herbivore 

exclusion treatments either include all large mammalian herbivores (Control), exclude all large 

mammalian herbivores (LMH), exclude megaherbivores only (MEGA), or exclude both meso- and 

megaherbivores while including smaller mammalian herbivores (MESO). All demographic rates are size-

class specific, where size classes are small (S), medium (M), or large (L), with the exception of 

recruitment, which describes the recruitment of seedlings from fruits. For transitions among size classes 

(stasis, growth, and regression), we show transitions from the first size class to the second (e.g., S-M 

growth indicates transition probability from small size class to medium size class). 

  Control LMH MEGA MESO 

Demog

raphic 

Rate 

Arid 
Interm

ediate 

Mesi

c 
Arid 

Interm

ediate 

Mesi

c 
Arid 

Interm

ediate 

Mesi

c 
Arid 

Interm

ediate 

Mesi

c 

S-

Surviv

al 

9.42

E-01 

9.42E-

01 

9.45

E-01 

9.48

E-01 

9.68E-

01 

9.34

E-01 

9.79

E-01 

9.69E-

01 

9.63

E-01 

9.68

E-01 

9.87E-

01 

9.61

E-01 

M-

Surviv

al 

8.11

E-01 

9.42E-

01 

9.45

E-01 

8.32

E-01 

9.16E-

01 

9.34

E-01 

9.20

E-01 

9.69E-

01 

9.63

E-01 

9.25

E-01 

9.87E-

01 

9.61

E-01 

L-

Surviv

al 

5.31

E-01 

9.42E-

01 

9.45

E-01 

5.75

E-01 

7.97E-

01 

9.34

E-01 

7.42

E-01 

9.69E-

01 

9.63

E-01 

8.31

E-01 

9.87E-

01 

9.61

E-01 

S-

Fruitin

g 

4.30

E-01 

3.18E-

01 

4.63

E-01 

9.15

E-01 

2.96E-

01 

9.18

E-01 

5.79

E-01 

3.47E-

01 

1.48

E-01 

8.83

E-01 

4.54E-

01 

3.93

E-01 

M-

Fruitin

g 

4.11

E+00 

1.85E+

00 

6.14

E+00 

5.90

E+00 

3.94E+

00 

5.87

E+00 

6.32

E+00 

4.80E+

00 

3.30

E+00 

5.74

E+00 

7.61E+

00 

4.63

E+00 

L-

Fruitin

g 

8.92

E+00 

1.80E+

00 

1.09

E+01 

1.18

E+01 

7.62E+

00 

1.14

E+01 

1.15

E+01 

8.27E+

00 

6.91

E+00 

1.19

E+01 

1.97E+

01 

8.76

E+00 

S-

Stasis 

1.00

E+00 

1.00E+

00 

1.00

E+00 

9.95

E-01 

1.00E+

00 

1.00

E+00 

9.98

E-01 

9.99E-

01 

1.00

E+00 

9.91

E-01 

9.99E-

01 

1.00

E+00 

M-S 

Regres

sion 

1.68

E-02 

2.82E-

02 

8.85

E-03 

5.79

E-04 

5.76E-

03 

4.96

E-04 

1.88

E-02 

2.32E-

03 

1.59

E-02 

7.28

E-03 

2.19E-

02 

3.75

E-03 

L-S 

Regres

sion 

8.91

E-09 

3.29E-

06 

1.21

E-09 

6.33

E-20 

3.75E-

09 

3.23

E-15 

1.75

E-06 

1.13E-

11 

6.06

E-07 

8.57

E-09 

9.91E-

06 

9.95

E-11 

S-M 

Growt

h 

1.58

E-04 

2.37E-

04 

1.13

E-05 

5.16

E-03 

3.64E-

05 

3.67

E-04 

1.81

E-03 

7.39E-

04 

1.01

E-04 

8.74

E-03 

5.37E-

04 

1.38

E-04 
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M-

Stasis 

9.83

E-01 

9.62E-

01 

9.91

E-01 

9.98

E-01 

9.90E-

01 

9.98

E-01 

9.60

E-01 

9.94E-

01 

9.70

E-01 

9.80

E-01 

9.40E-

01 

9.95

E-01 

L-M 

Regres

sion 

1.66

E-01 

1.15E-

01 

9.08

E-02 

3.00

E-03 

4.03E-

02 

6.56

E-03 

7.92

E-02 

1.70E-

02 

6.42

E-02 

4.52

E-02 

8.35E-

02 

4.10

E-02 

S-L 

Growt

h 

0.00

E+00 

0.00E+

00 

0.00

E+00 

0.00

E+00 

0.00E+

00 

0.00

E+00 

0.00

E+00 

0.00E+

00 

0.00

E+00 

0.00

E+00 

0.00E+

00 

0.00

E+00 

M-L 

Growt

h 

1.95

E-04 

9.34E-

03 

2.84

E-04 

1.09

E-03 

4.13E-

03 

1.42

E-03 

2.14

E-02 

3.98E-

03 

1.46

E-02 

1.25

E-02 

3.86E-

02 

1.21

E-03 

L-

Stasis 

8.34

E-01 

8.85E-

01 

9.09

E-01 

9.97

E-01 

9.60E-

01 

9.93

E-01 

9.21

E-01 

9.83E-

01 

9.36

E-01 

9.55

E-01 

9.16E-

01 

9.59

E-01 

Recrui

tment 

2.12

E-01 

1.71E-

01 

1.21

E+00 

2.12

E-01 

1.71E-

01 

1.21

E+00 

2.12

E-01 

1.71E-

01 

1.21

E+00 

2.12

E-01 

1.71E-

01 

1.21

E+00 
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Appendix Table A.3.  Sensitivity of population growth rate to demographic rates. We show 

sensitivity of the across-rainfall level mean integral projection model kernel to underlying 

demographic rates, estimated via perturbation. Herbivore exclusion treatments include the 

complete absence of large mammalian herbivores (“LMH”), absence of meso- and mega- 

herbivores (MESO), absence of megaherbivores (MEGA), and presence of all large mammalian 

herbivores (“control”). Size-classes include small (S), medium (M), and large (L). For transitions 

among size classes (stasis, growth, and regression), we show transitions from the first size class 

to the second (e.g., S-M growth indicates transition probability from small size class to medium 

size class). Nas indicate rates with a value of zero, meaning that transition was not observed 

during our study. 

 

  Herbivore Exclusion Treatment 
Demographic rate Control LMH MEGA MESO 

S-Survival 1.02 1.03 0.98 0.97 

M-Survival 4.20E-03 3.13E-02 4.57E-02 8.94E-02 

L-Survival 3.70E-05 1.81E-04 2.67E-03 7.59E-03 

S-Fruiting 0.38 0.32 0.38 0.32 

M-Fruiting 1.92E-04 1.49E-03 1.50E-03 3.14E-03 

L-Fruiting 1.21E-06 5.18E-06 5.99E-05 1.39E-04 

S-Stasis 0.81 0.75 0.81 0.74 

M-S Regression 4.06E-04 3.49E-03 3.21E-03 7.30E-03 

L-S Regression 2.56E-06 1.42E-05 1.28E-04 3.24E-04 

S-M Growth 5.83 4.24 8.79 6.62 

M-Stasis 3.02E-03 2.01E-02 3.62E-02 6.63E-02 

L-M Regression 1.85E-05 6.87E-05 1.39E-03 2.90E-03 

S-L Growth NA NA NA NA 

M-L Growth 3.37E-03 2.46E-02 4.56E-02 1.17E-01 

L-Stasis 2.14E-05 8.58E-05 1.86E-03 5.26E-03 

Recruitment 0.29 0.44 0.27 0.38 
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Appendix Table A.4. Results of tests for demographic compensation in all herbivore 

exclusion treatments. We assume that a deficit of positive or an excess of negative correlations 

indicates support for demographic compensation for a given herbivore exclusion treatment. 

Namely, if the observed proportion of positive correlations (Pobs,+) is less than the 5th percentile 

of the null distribution of positive correlations (P5,+), that would indicate demographic 

compensation. Similarly, if the observed proportion of negative correlations (Pobs,-) is greater 

than or equal to the upper 95th percentile of the null distributions of negative correlations (P95,-), 

that would indicate demographic compensation. Note that for herbivore exclusion treatments, 

“LMH” excludes meso-, mega-, and smaller herbivores such as dik-dik; “MESO” excludes 

mega- and mesoherbivores and includes smaller herbivores such as dik-dik; “MEGA” excludes 

megaherbivores and includes mesoherbivores and smaller herbivores such as dik-dik; and the 

“Control” includes all three herbivore guilds. 

  

Deficit of positive correlations 

 

 

Excess of negative correlations 

Herbivore 

exclusion 

treatment 

Pobs,+ P5,+ 
Evidence for 

compensation? 
Pobs,- P95,- 

Evidence for 

compensation? 

LMH 0.153 0.071 No 0.200 0.148 Yes 

MESO 0.114 0.033 No 0.095 0.086 

 

Yes 

MEGA 0.105 0.024 No 0.095 0.076 Yes 

Control 0.057 0.024 No 0.038 0.076 No 
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Appendix Figure A.1.  Graph of demographic rates of small (S), medium (M), and large (L) 

plants, as well as recruitment, across Arid, Intermediate and Mesic rainfall levels for all 

herbivore exclusion treatments. Exclusion treatments are Control (all large mammalian 

herbivores included), LMH (all large mammalian herbivores excluded), MEGA (megaherbivores 

excluded) and MESO (meso- and megaherbivores exclude). 
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Appendix Figure A.2.  Steps describing test for demographic compensation in a given 

herbivore exclusion treatment. In A, we test for significant negative correlations between life 

table response experiment (LTRE) contributions C for all pairwise combinations of demographic 

rates. Here, as an example we show a significant negative correlation between Cgr,M  (i.e., LTRE 

contributions for the growth of medium plants) and Cfr,M (LTRE contributions for the fruit 

number of medium plants. We then calculate Pobs,-, the observed proportion of negative 

correlations (i.e., the proportion of demographic rate pairings whose C values are significantly 

negatively correlated at P<=0.05). In B, we show methods for constructing a null distribution for 

the129roportionn of negative correlations. We randomize all demographic rates’ contributions 

across the rainfall gradient 10,000 times, each time calculating the proportion of demographic 
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rate pairings that are significantly negatively correlated. These 10,000 proportions yield a null 

distribution for the proportion of significant negative correlations. We show growth and fruit 

number of medium plants as an example to illustrate the randomization process for one pair of 

demographic rates. In C, we compare Pobs,- to the null distribution (shown in blue); strong 

evidence for demographic compensation occurs when the observed proportion of negative 

correlations (Pobs,-)  is greater than or equal to the 95th percentile of the null distribution for 

proportion of negative correlations (P95,-). We conduct a similar analysis to test whether the 

observed proportion of positive correlations is significantly less than we would expect by chance 

(≤5th percentile of the null distribution for the proportion of significant positive correlations). 
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Appendix Figure A.3. Site-specific LTRE (life table response experiment) values for pairs 

of vital rates that were significantly negatively correlated under the LMH treatment (blue; 

complete exclusion of large mammalian herbivores) and uncorrelated in the CONT 
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treatment (pink; all herbivores included). Each point represents the LTRE value for a single 

vital rate at a given site, with circle points corresponding to the left y-axis (y₁) and triangle points 

corresponding to the right y-axis (y₂). Lines connect points of the same vital rate/herbivore 

treatment across sites (solid = y₁, dashed = y₂). These panels illustrate how patterns of site-

specific vital rate covariation differ between treatments, which in turn affects the ability of H. 

meyeri to exhibit demographic compensation. 
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Appendix Figure A.4. Spatial variation in population growth rate (λ) for herbivore 

exclusion treatments. To test whether demographic compensation resulted in significant 

decreases in spatial variation in population growth rate, we asked whether herbivore exclusion 

treatments that showed demographic compensation exhibited significantly lower spatial variation 

in population growth rate than those that did not. Namely, we calculated the variance in 

population growth rate across rainfall levels within each treatment for each of 10,000 sets of 

model coefficients that represented parameter uncertainty (similar to our approach in “Modeling 

demographic rates and population growth rates”), then compared the mean and 95% confidence 

intervals of the variance in population growth rate across herbivore exclusion treatments. Here, 

we show the across-rainfall level variance in log-transformed λ.  Herbivore exclusion treatments 



134 

are the presence of all large mammalian herbivores (“Control”), the complete absence of large 

mammalian herbivores (“LMH”), the absence of megaherbivores (“MEGA”, and the absence of 

meso- and mega- herbivores (“MESO”); of these four treatments, MESO, MEGA and control 

expressed evidence for demographic compensation. Error bars indicate 95% confidence intervals 

(CIs) of log-transformed spatial variation, where CIs incorporate parameter uncertainty in 

demographic rate functions. 
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Appendix B - Chapter 3 Appendices 

 Testing for Efficacy of Competition Treatments 

We used a model selection approach to test for effects of competition treatment, rainfall 

treatment, and their interaction on the percent change in brome cover (averaged across quadrats) 

from year 1 to year 2. We used plot as a random effect. This time period included April 2023 — 

March 2024, with percent cover measured before the March 2024 removal of aboveground 

vegetation in seed addition subplots. We did not measure brome cover in plug addition subplots 

in year 2, because these subplots experienced some soil disturbance from planting. We compared 

all possible subsets of this global model and present results from the best-fit model according to 

AICc (Burnham & Anderson, 2002). The best-fitting model describing the change in brome 

cover included competition treatment (model weight=0.6; Appendix Table B.1; Appendix Table 

B.6). Brome cover was more reduced in the low competition treatment (mean = -48%, SE= 5.58) 

vs. the high competition treatment (mean = -17.4, SE=4.41) and similar in the reduced rainfall 

treatment vs. the ambient rainfall treatment (Appendix Table B.6, Appendix Figure B.1). Thus, 

we found that our competition treatments were effective at reducing brome cover, but the effect 

size of the competition treatment did not differ significantly with rainfall treatment. 
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Appendix Table B.1. Dredge results for model of smooth brome percent cover change 

(2023-2024) in seed addition subplots. The global model included competition treatment 

(Comp), rainfall treatment (Dr), and their interaction, with plot identity as a random effect. 

Percent cover change was calculated from April 2023 to March 2024. All subsets of the global 

model were ranked using AICc. The table reports, for each candidate model, the degrees of 

freedom (df), the log likelihood (logLik), the small-sample corrected Akaike Information 

Criterion (AICc), the difference between each model’s AICc and that of the top-ranked model 

(delta), and the Akaike weight (weight), which reflects the relative support for that model. 

Intercept Comp Dr Comp:Dr df logLik AICc delta weight 

-48.03 30.64 NA NA 4 -372.16 762.34 0 

6.05E-

01 

-43.84 30.64 -8.38 NA 5 -368.60 763.76 1.43 

2.96E-

01 

-44.53 32.02 -6.99 -2.77 6 -365.53 765.98 3.64 

9.81E-

02 

-32.71 NA NA NA 3 -392.66 796.51 34.18 

2.29E-

08 

-28.52 NA -8.38 NA 4 -389.10 797.89 35.56 

1.15E-

08 
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Appendix Table B.2. Dredge results for model of first growing season plug survival (June 

2023-September 2023). The global model included competition treatment (Comp), rainfall 

treatment (Dr), species identity (Spp), and all two-way interactions among these predictors, with 

plot identity included as a random effect and a binomial error distribution. Data from 

germination controls and seed-addition subplots were excluded. All subsets of the global model 

were ranked using AICc. The table reports, for each candidate model, the degrees of freedom 

(df), the log likelihood (logLik), the small-sample corrected Akaike Information Criterion 

(AICc), the difference between each model’s AICc and that of the top-ranked model (delta), and 

the Akaike weight (weight), which reflects the relative support for that model. 

Intercept 
Comp Dr Spp Comp:Dr Comp:Spp Dr:Spp df logLik AICc delta weight 

-0.24 -1.03 NA + NA + NA 11 -551.12 1124.49 0.00 5.26E-01 

-0.12 -1.03 -0.25 + NA + NA 12 -550.72 1125.72 1.24 2.84E-01 

-0.04 -1.18 -0.41 + 0.32 + NA 13 -550.19 1126.72 2.23 1.73E-01 

0.00 -1.05 -0.49 + NA + + 16 -549.99 1132.49 8.00 9.62E-03 

0.08 -1.22 -0.65 + 0.37 + + 17 -549.34 1133.26 8.77 6.56E-03 

0.35 -2.55 NA + NA NA NA 7 -561.61 1137.33 12.84 8.55E-04 

0.48 -2.55 -0.26 + NA NA NA 8 -561.16 1138.46 13.97 4.88E-04 

0.55 -2.69 -0.40 + 0.28 NA NA 9 -560.74 1139.64 15.15 2.70E-04 

0.67 -2.55 -0.66 + NA NA + 12 -560.27 1144.83 20.34 2.02E-05 

0.72 -2.70 -0.75 + 0.29 NA + 13 -559.88 1146.09 21.60 1.07E-05 

1.10 -2.30 NA NA NA NA NA 3 -604.07 1214.16 89.67 1.77E-20 

1.22 -2.30 -0.25 NA NA NA NA 4 -603.59 1215.22 90.73 1.04E-20 

1.29 -2.42 -0.37 NA 0.25 NA NA 5 -603.22 1216.50 92.01 5.52E-21 

-0.69 NA NA + NA NA NA 6 -715.71 1443.50 319.01 2.81E-70 

-0.60 NA -0.19 + NA NA NA 7 -715.26 1444.63 320.14 1.60E-70 

-0.48 NA -0.45 + NA NA + 11 -714.59 1451.42 326.93 5.36E-72 

-0.04 NA NA NA NA NA NA 2 -745.89 1495.79 371.30 1.24E-81 

0.05 NA -0.1846 NA NA NA NA 3 -745.41 1496.84 372.35 7.34E-82 
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Appendix Table B.3. Dredge results for model of annual survival (September 2023-

November 2024). The global model included competition treatment (Comp), rainfall treatment 

(Dr), species identity (Spp), and all two-way interactions among these predictors, with plot 

identity (Plot) included as a random effect and a binomial error distribution. Germination 

controls and seed-addition subplots were excluded. All subsets of the global model were 

evaluated using AICc. For each candidate model, the table provides the degrees of freedom (df), 

the log likelihood (logLik), the corrected Akaike Information Criterion (AICc), the difference 

between each model’s AICc and that of the best-fitting model (delta), and the Akaike weight 

(weight), indicating the relative support for that model. 

Interce

pt 

Com

p Dr 

Sp

p 

Comp:D

r 

Comp:Sp

p 

Dr:Sp

p df logLik AICc delta weight 

-0.03 -0.63 

-

0.53 + NA NA NA 8 

-

346.29 

708.8

6 0 

3.57E-

01 

-0.08 -0.42 

-

0.43 + -0.45 NA NA 9 

-

345.77 

709.8

9 1.03 

2.13E-

01 

-0.29 -0.64 NA + NA NA NA 7 

-

348.00 

710.2

0 1.34 

1.83E-

01 

-0.43 -0.63 0.49 + NA NA + 

1

2 

-

343.72 

712.0

4 3.18 

7.29E-

02 

-0.51 -0.40 0.67 + -0.53 NA + 

1

3 

-

343.03 

712.7

6 3.90 

5.08E-

02 

-0.28 0.07 

-

0.54 + NA + NA 

1

2 

-

344.34 

713.2

8 4.41 

3.93E-

02 

-0.31 0.22 

-

0.44 + -0.41 + NA 

1

3 

-

343.90 

714.5

1 5.64 

2.12E-

02 

-0.55 0.09 NA + NA + NA 

1

1 

-

346.03 

714.5

7 5.71 

2.06E-

02 

-0.24 NA 

-

0.52 + NA NA NA 7 

-

350.34 

714.9

0 6.04 

1.75E-

02 

-0.50 NA NA + NA NA NA 6 

-

352.11 

716.3

8 7.51 

8.34E-

03 

-0.69 0.09 0.49 + NA + + 

1

6 

-

341.73 

716.5

1 7.65 

7.78E-

03 

-0.77 0.30 0.68 + -0.52 + + 

1

7 

-

341.07 

717.3

3 8.47 

5.18E-

03 

-0.63 NA 0.46 + NA NA + 

1

1 

-

347.80 

718.1

1 9.25 

3.50E-

03 

0.51 -0.56 

-

0.50 

N

A NA NA NA 4 

-

358.70 

725.4

8 

16.6

2 

8.77E-

05 
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0.46 -0.37 

-

0.40 

N

A -0.43 NA NA 5 

-

358.20 

726.5

2 

17.6

5 

5.24E-

05 

0.26 -0.57 NA 

N

A NA NA NA 3 

-

360.52 

727.0

8 

18.2

2 

3.94E-

05 

0.36 NA 

-

0.49 

N

A NA NA NA 3 

-

362.28 

730.6

0 

21.7

4 

6.79E-

06 

0.12 NA NA 

N

A NA NA NA 2 

-

364.15 

732.3

3 

23.4

7 

2.86E-

06 
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Appendix Table B.4. Dredge results for model of corrected germinant counts. Corrected 

germinant counts were obtained by subtracting species-specific background germination from 

observed germination in seed-addition subplots. The global model included competition 

treatment (Comp), rainfall treatment (Dr), species identity (Spp), and all two-way interactions 

among these predictors, with plot identity (Plot) included as a random effect and a negative 

binomial distribution. Data for ANGE, SCSC, and SONU were excluded due to extremely low 

corrected germinant counts that prevented model convergence. All subsets of the global model 

were compared using AICc. The table reports, for each candidate model, the degrees of freedom 

(df), the log likelihood (logLik), the corrected Akaike Information Criterion (AICc), the 

difference between each model’s AICc and the top-ranked model (delta), and the Akaike weight 

(weight), which represents the relative support for each model. 

Interce

pt 

Com

p Dr 

Sp

p Comp:Dr 

Comp:S

pp 

Dr:Sp

p 

d

f 

logLi

k AICc 

delt

a weight 

0.06 0.11 0.82 

N

A 

-

1.516347

7 NA NA 6 

-

195.7

1 

404.0

7 0 

1.50E-

01 

0.41 -0.13 NA + NA + NA 6 

-

195.7

7 

404.2

0 

0.1

3 

1.40E-

01 

-0.14 0.55 0.85 + -1.28 + NA 8 

-

193.6

3 

404.3

9 

0.3

2 

1.28E-

01 

0.55 -0.68 NA 

N

A NA NA NA 4 

-

198.2

8 

404.8

7 

0.8

0 

1.00E-

01 

0.20 0.00 0.31 + NA + NA 7 

-

195.3

9 

405.6

5 

1.5

9 

6.78E-

02 

0.05 0.45 0.54 + -1.23 + + 9 

-

193.2

2 

405.8

6 

1.7

9 

6.11E-

02 

0.19 0.02 0.81 + -1.44 NA NA 7 

-

195.5

0 

405.8

7 

1.8

1 

6.07E-

02 

0.75 -0.76 NA + NA NA NA 5 

-

197.8

0 

406.0

7 

2.0

0 

5.52E-

02 
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0.27 NA NA 

N

A NA NA NA 3 

-

200.2

2 

406.6

2 

2.5

5 

4.18E-

02 

0.45 -0.15 -0.06 + NA + + 8 

-

194.8

4 

406.8

1 

2.7

4 

3.80E-

02 

0.47 -0.64 0.12 

N

A NA NA NA 5 

-

198.2

3 

406.9

2 

2.8

5 

3.61E-

02 

0.43 -0.13 0.40 + -1.28 NA + 8 

-

195.0

2 

407.1

7 

3.1

0 

3.18E-

02 

0.11 NA 0.29 

N

A NA NA NA 4 

-

199.8

5 

408.0

1 

3.9

4 

2.09E-

02 

0.66 -0.72 0.16 + NA NA NA 6 

-

197.7

0 

408.0

6 

3.9

9 

2.04E-

02 

0.96 -0.84 -0.35 + NA NA + 7 

-

196.6

5 

408.1

8 

4.1

1 

1.92E-

02 

0.34 NA NA + NA NA NA 4 

-

200.1

1 

408.5

3 

4.4

6 

1.61E-

02 

0.19 NA 0.32 + NA NA NA 5 

-

199.6

9 

409.8

3 

5.7

6 

8.39E-

03 

0.34 NA 

1.94E-

07 + NA NA + 6 

-

199.2

3 

411.1

0 

7.0

3 

4.45E-

03 
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Appendix Table B.5. Dredge results for model of early life success. Early life success was 

calculated as the product of corrected germination rates, growing-season survival, and annual 

survival. The global model included competition treatment (Comp), rainfall treatment (Dr), 

species identity (Spp), and all two-way interactions among these predictors, and was fit using a 

zero-inflated beta distribution with plot identity (Plot) included as a random effect. All subsets of 

the global model were ranked using AICc. For each candidate model, the table lists the degrees 

of freedom (df), the log likelihood (logLik), the small-sample corrected Akaike Information 

Criterion (AICc), the difference between each model’s AICc and that of the best model (delta), 

and the Akaike weight (weight), indicating the relative support for that model. 

Intercept 
Zi Intercept Comp Dr Spp Comp:Dr Comp:Spp Dr:Spp df logLik AICc delta weight 

-6.00 1.34 -1.34 -1.37 + -1.19 + + 19 702.78 -1366.84 0.00 1 

-7.67 1.34 0.36 0.80 + -1.21 + NA 15 669.45 -1308.44 58.40 2.08E-13 

-6.00 1.34 -1.32 -1.39 + NA + + 18 654.85 -1273.06 93.79 4.31E-21 

-6.04 1.34 -1.04 -1.16 + -0.33 NA + 15 632.26 -1234.08 132.76 1.48E-29 

-5.97 1.34 -1.23 -1.21 + NA NA + 14 628.35 -1228.31 138.54 8.26E-31 

-7.49 1.34 -0.13 0.67 + NA + NA 14 614.83 -1201.27 165.57 1.11E-36 

-7.20 1.34 -0.15 NA + NA + NA 13 592.85 -1159.36 207.48 8.83E-46 

-7.24 1.34 -0.76 0.76 + -0.68 NA NA 11 562.51 -1102.78 264.07 4.56E-58 

-7.13 1.34 -1.14 0.68 + NA NA NA 10 550.11 -1080.02 286.82 5.22E-63 

-6.69 1.34 -1.03 NA + NA NA NA 9 507.46 -996.76 370.08 4.34E-81 

-6.33 1.34 NA -0.54 + NA NA + 13 477.32 -928.31 438.53 5.94E-96 

-6.85 1.34 NA 0.52 + NA NA NA 9 450.94 -883.72 483.13 1.23E-105 

-6.56 1.34 NA NA + NA NA NA 8 438.93 -861.72 505.12 2.06E-110 

-4.65 1.34 -0.67 -0.19 NA NA NA NA 6 333.48 -654.87 711.97 2.50E-155 

-4.63 1.34 -0.78 -0.25 NA 0.30 NA NA 7 334.13 -654.16 712.68 1.75E-155 

-4.74 1.34 -0.64 NA NA NA NA NA 5 331.85 -653.65 713.19 1.36E-155 

-4.87 1.34 NA NA NA NA NA NA 4 318.21 -628.39 738.45 4.43E-161 

-4.83 1.34 NA -0.10 NA NA NA NA 5 318.63 -627.20 739.64 2.45E-161 
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Appendix Table B.6.  Coefficients of best-fit model describing smooth brome percent cover 

change (2023-2024) in seed addition subplots. Effect indicates if a term was fixed or random. 

Term indicates the predictor variable. Estimate gives the regression coefficient. Std. Error is the 

standard error. T-value measures the effect size. Lower CI and Upper CI show the 95% 

confidence interval bounds. The Variance and Std. Dev columns show the variance and standard 

deviation for random effects. The low competition treatment was the reference condition for the 

competition effect. 

Effect Term Estimate 
Std. 

Error 

t-

value 

Lower 

CI 

Upper 

CI 
Variance Std. Dev 

Fixed Intercept -48.04 5.03 -9.55 -57.89 -38.17 - - 

Fixed 
High 

competition 
30.64 4.03 7.61 22.74 38.53 - - 

random 
Plot 

(intercept) 
- - - - - 687.34 26.22 

random Residual - - - - - 324.45 18.01 
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Appendix Table B.7.  Coefficients of best-fit model for first growing season plug survival 

(June 2023-September 2023). We list coefficients in the best fit model; Effect indicates if a term 

was fixed or random, Term indicates the coefficient name, Estimate gives the estimated 

coefficient, Std. Error is the standard error, z-value measures the effect size, and Lower CI and 

Upper CI show the 95% confidence interval on the coefficient estimates. The Variance and Std. 

Dev columns show the variance and standard deviation for random effects. Native grass species 

included in the Species term are big bluestem (Andropogon gerardii, ANGE; here, ANGE is the 

reference condition for the species effect, such that the estimate for Species (ANGE) = 0), 

sideoats grama (Bouteloua curtipendula, BOCU), blue grama (Bouteloua gracilis, BOGR), little 

bluestem (Schizachyrium scoparium, SCSC), and Indiangrass (Sorghastrum nutans, SONU). 

Low competition treatment was the reference condition for the competition effect. The AICc 

weight of this best-fit model was 0.53. 

Effect Term 
Estimat

e 

Std. 

Erro

r 

z-

valu

e 

Lowe

r CI 

Uppe

r CI 

Varianc

e 

Std. 

Dev 

Fixed Intercept -0.24 0.29 -0.84 -0.80 0.32 - - 

Fixed High competition -1.03 0.40 -2.61 -1.81 -0.26 - - 

Fixed Species (BOCU) 2.72 0.55 4.96 1.64 3.79 - - 

Fixed Species (BOGR) 2.33 0.40 5.84 1.55 3.11 - - 

Fixed Species (SCSC) 0.72 0.31 2.30 0.11 1.33 - - 

Fixed Species (SONU) 2.06 0.36 5.77 1.36 2.76 - - 

Fixed 

High 

competition:Specie

s (BOCU) 

-2.93 0.71 -4.14 -4.32 -1.54 - - 
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Effect Term 
Estimat

e 

Std. 

Erro

r 

z-

valu

e 

Lowe

r CI 

Uppe

r CI 

Varianc

e 

Std. 

Dev 

Fixed 

High 

competition:Specie

s (BOGR) 

-1.59 0.54 -2.95 -2.65 -0.53 - - 

Fixed 

High 

competition:Specie

s (SCSC) 

-1.66 0.50 -3.32 -2.64 -0.68 - - 

Fixed 

High 

competition:Specie

s (SONU) 

-1.63 0.49 -3.30 -2.60 -0.66 - - 

Rando

m 
Plot (intercept) - - - - - 0.46 

0.6

8 
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Appendix Table B.8.  Coefficients for the best-fit model for annual survival (September 

2023-November 2024). We list only coefficients present in the best fit model. Effect indicates if 

a term was fixed or random, Term indicates the coefficient name, Estimate gives the estimated 

coefficient, Std. Error is the standard error, z-value measures the effect size, and Lower CI and 

Upper CI show the 95% confidence interval on the coefficient estimates. The Variance and Std. 

Dev columns show the variance and standard deviation for random effects. Native grass species 

included in the Species term are big bluestem (Andropogon gerardii, ANGE; here, ANGE is the 

reference condition for the species effect, such that the estimate for Species (ANGE) = 0), 

sideoats grama (Bouteloua curtipendula, BOCU), blue grama (Bouteloua gracilis, BOGR), little 

bluestem (Schizachyrium scoparium, SCSC), and Indiangrass (Sorghastrum nutans, SONU). For 

this analysis, N=1088 and the number of plots= 34. The low competition and ambient rainfall 

treatments were the reference conditions for the competition and rainfall effects respectively. 

The AICc weight of the best fit model was 0.36. 

 

Effect Term Estimate 
Std. 

Error 

z-

value 

Lower 

CI 

Upper 

CI 

Variance Std. 

Dev 

Fixed Intercept 
-0.028 0.37 -

0.075 

-0.75 0.70 - - 

Fixed 
High 

competition 

-0.63 0.22 -2.82 -1.07 -0.19 - - 

Fixed Drought -0.53 0.28 -1.90 -1.08 0.017 - - 

Fixed 
Species 

(BOCU) 

1.02 0.43 2.39 0.18 1.86 - - 
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Effect Term Estimate 
Std. 

Error 

z-

value 

Lower 

CI 

Upper 

CI 

Variance Std. 

Dev 

Fixed 
Species 

(BOGR) 

1.27 0.39 3.29 0.51 2.02 - - 

Fixed 
Species 

(SCSC) 

0.22 0.38 0.57 -0.53 0.96 - - 

Fixed 
Species 

(SONU) 

0.28 0.36 0.77 -0.43 0.99 - - 

Random 
Plot 

(Intercept) 
- - - - - 

0.36 0.60 
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Appendix Table B.9.  Coefficients of the best-fit model for corrected germinant counts. We 

list only coefficients present in the best fit model. Effect indicates if a term was fixed or random, 

Term indicates the coefficient name, Estimate gives the estimated coefficient, Std. Error is the 

standard error, z-value measures the effect size, and Lower CI and Upper CI show the 95% 

confidence interval on the coefficient estimates. The Variance and Std. Dev columns show the 

variance and standard deviation for random effects. The low competition and ambient rainfall 

treatments were the reference conditions for the competition and rainfall effects respectively. The 

best-fit model weight=0.15. 

Effect 
Term Estimate 

Std. 

Error 

z-

value 

Lower 

CI 

Upper 

CI 

Variance Std.

Dev 

Fixed Intercept 0.06 0.33 0.17 -0.59 0.70 - - 

Fixed 
High 

competition 
0.11 0.46 0.23 -0.8 1.01 

- - 

Fixed 
Reduced 

rainfall 
0.82 0.45 1.83 -0.06 1.70 

- - 

Fixed 

High 

competition

:Reduced 

rainfall 

-1.52 0.66 -2.29 -2.82 -0.22 

- - 

Rando

m 

Plot 

(intercept) 

- - - - - 5.22e-09 

 

7.22

e-05 
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Appendix Table B.10.  Coefficients of best-fit model for early life success. We show only 

coefficients present in the best-fit model. Effect indicates if a term was fixed or random, Term 

indicates the coefficient name, Estimate gives the estimated coefficient, Std. Error is the standard 

error, z-value measures the effect size, and Lower CI and Upper CI show the 95% confidence 

interval on the coefficient estimates. The Variance and Std. Dev columns show the variance and 

standard deviation for random effects. Native grass species included in this analysis are sideoats 

grama (Bouteloua curtipendula, BOCU), blue grama (Bouteloua gracilis, BOGR), Big bluestem 

(Andropogon gerardii, ANGE), little bluestem (Schizachyrium scoparium, SCSC), and 

Indiangrass (Sorghastrum nutans, SONU). For this analysis, N=1088 and the number of 

plots=34. The low competition treatment the reference condition for the competition effect, 

ambient rainfall was the reference condition for the rainfall effect, and ANGE was the reference 

condition for species effect. The AICc weight of the best fit model was 1. 

Effect Term 
Estimat

e 

Std. 

Erro

r 

z-

valu

e 

Lowe

r CI 

Uppe

r CI 

Varianc

e 

Std. 

Dev 

Fixed 
(Intercept—

Conditional) 
  -6.00 0.13 

-

47.7

0 

-6.24 -5.75 

- - 

Fixed High competition -1.34 0.25 -5.43 -1.83 -0.86 - - 

Fixed Drought -1.37 0.23 -6.11 -1.82 -0.93 - - 

Fixed Species (BOCU) 1.08 0.13 8.34 0.83 1.33 - - 

Fixed 
Species (BOGR) 1.36 

0.12

7 

10.7

0 
1.11 1.61 

- - 

Fixed Species (SCSC) 0.63 0.13 4.82 0.38 0.89 - - 

Fixed Species (SONU) -2.26 0.30 -7.62 -2.84 -1.68 - - 
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Effect Term 
Estimat

e 

Std. 

Erro

r 

z-

valu

e 

Lowe

r CI 

Uppe

r CI 

Varianc

e 

Std. 

Dev 

Fixed High 

competition:Droug

ht 

-1.19 0.15 
  -

8.00 
-1.48 -0.90 

- - 

Fixed High 

competition:Specie

s (BOCU) 

1.87 0.26 7.14 1.36 2.39 

- - 

Fixed High 

competition:Specie

s (BOGR) 

0.37 0.25 1.46 -0.13 0.87 

- - 

Fixed High 

competition:Specie

s (SCSC) 

-0.15 0.31 -0.50 -0.76 0.45 

- - 

Fixed High 

competition:Specie

s (SONU) 

3.13 0.35 8.91 2.44 3.82 

- - 

Fixed Drought:Species 

(BOCU) 
2.25 0.23 9.91 1.81  2.70 

- - 

Fixed Drought:Species 

(BOGR) 
2.15 0.23 9.55 1.71 2.60 

- - 

Fixed Drought:Species 

(SCSC) 
2.39 0.38 6.25 1.64 3.14 

- - 

Fixed Drought:Species 

(SONU) 
2.19 0.33 6.66 1.55 2.84 

- - 

Fixed 
(Intercept—Zero 

infl.) 
1.34 

0.07

5 

  

18.0

0 

 1.20 1.49 

- - 

Rando

m 
Plot (Intercept) - - - - - 

0.0033 0.05

7 
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Appendix Figure B.1.  Percent change in brome (Bromus inermis) percent cover from 2023-

2024 across rainfall and competition treatments. Here, we show a boxplot of percent change 

in brome cover from April 2023 to March 2024 in “Low competition” (LC) treatments, where 

aboveground brome cover was reduced via cutting and herbicide, and “High competition” (HC) 

treatments, where brome cover was not reduced. “Ambient rainfall” indicates plots which were 

not subject to treatment with rainout shelters, and “Reduced rainfall” indicates plots which were 

subject to rainout shelters. Dark lines indicate sample medians, lower and upper box edges 

indicate the 25th and 75th quartiles respectively, lines represent the spread (maxima and minima 

of Q1 and Q3), and dots indicate outliers. Dotted lines represent 0% change in brome cover. 
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Appendix Figure B.2.  Effect of competition and rainfall treatments on corrected 

germinant count. “Low competition” (LC) indicates that aboveground brome cover was 

reduced via cutting and herbicide, and “High competition” (HC) treatments indicates ambient 

brome cover. “Reduced rainfall” indicates plots that were under rainout shelters that reduced 

~66% of ambient rainfall, and “Ambient rainfall” indicates plots that receieved ambient rainfall. 

Dark lines indicate sample medians, lower and upper box edges indicate the 25th and 75th 

quartiles respectively, lines represent the spread (maxima and minima of Q1 and Q3), and dots 

indicate outliers.  
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Appendix C - Chapter 4 Appendices 

Appendix Table C.1  Sites where data on eastern redcedar (ERC) were collected. Location 

describes the name of an area, which is based on the park/refuge/preserve/research station where 

data collection occurred. Each site is assigned a unique code corresponding to its location and the 

number of unique sites at that location (Site). Latitude (Lat) and longitude (Long) are reported in 

decimal degrees. Temperature type and Precipitation type are based on mean annual temperature 

data and mean annual precipitation data from WorldClim for 1970–2000. For temperature types, 

sites which are, on average, < 9ºC annually are cold, 9-13 ºC are moderate, and >13 ºC are hot. 

For precipitation types, sites receiving <500 mm of annual rainfall are classified as “dry,” sites 

with 500–700 mm as “moderate,” and sites with >700 mm as “wet.” Burn years indicate years 

with known large-scale fires that affected the entire data collection area, based on site burn 

records or communications with land managers. Sites with no known large-scale fires in the past 

50 years are fire-suppressed, with “>50 years” indicating no recorded fires within that time frame 

(though older burns may have occurred). Sites with both known recent burns and an earlier 

period of fire suppression list burn years followed by “>50 years.” Cattle presence reflects site 

grazing history: “none” indicates no cattle throughout the recorded history, “constant” indicates 

long-term uninterrupted cattle presence, and “variable” indicates mixed use over time (periods 

with and without cattle). 

Location Site Lat Long Tempe

rature 

Type 

Precipitati

on type 

Burn years Cattle 

presence 

Alabaster Caverns 

State Park 

AL

A1 

36.6

9872 

-

99.14

997 

Hot Moderate >50 years None 

Bessey Recreational 

Area 

BE

SS1 

41.8

8472 

-

100.3

602 

Cold Moderate >50 years Constant 
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Bessey Recreational 

Area 

BE

SS2 

41.8

8472 

-

100.3

602 

Cold Moderate 2022, >50 years Variable 

Bessey Recreational 

Area 

BE

SS3 

41.8

8472 

-

100.3

602 

Cold Moderate 2022, >50 years Constant 

Bessey Recreational 

Area 

BE

SS4 

41.8

8472 

-

100.3

602 

Cold Moderate 2017, 1965, >50 

years 

Constant 

Cedar Bluff State Park CB

1 

38.7

7533 

-

99.78

108 

Modera

te 

Moderate >50 years None 

Cedar Bluff State Park CB

2 

38.7

7533 

-

99.78

108 

Modera

te 

Moderate 1995, >50 years Variable 

Konza Prairie 

Biological Station 

KP

BS1 

39.0

7472 

-

96.57

758 

Modera

te 

Wet 2017, 1991, 

1973, >50 years 

None 

Konza Prairie 

Biological Station 

KP

BS2 

39.0

7472 

-

96.57

758 

Modera

te 

Wet 2012, 1991, 

1973, >50 years 

None 

Lonsinger 

Sustainability Farm 

LS1 39.5

1097 

 

-

99.00

15 

 

Modera

te 

Moderate >50 years Constant 

McKelvie National 

Forest 

MC

K1 

42.7

7738 

-

101.0

7982 

Cold Dry >50 years Constant 

Fort Niobrara National 

Wildlife Refuge 

NIO

1 

42.9

0486 

-

100.4

8471 

Cold Dry >50 years None 

Tallgrass Prairie 

National Preserve 

TA

PR1 

38.4

3404 

-

96.56

014 

Modera

te 

Wet >50 years None 
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Appendix Table C.2. Site-specific chronology metrics for Juniperus virginiana (eastern red 

cedar). Here, we show the number of cores used to build site-specific chronologies, as well as 

mean sensitivity and mean interseries correlation (± SD). Mean sensitivity reflects the relative 

year-to-year variability in ring-width indices (RWI), while interseries correlation represents the 

degree of common growth signal among trees within each site. Finally, we show the mean 

number of recorded false rings across core samples. 

 

Site Number of 

cores 

Mean 

Sensitivity 

Interseries 

Correlation (mean 

± SD) 

Mean # 

false 

rings per 

sample 

Konza Prairie Biological 

Station 

27 0.84 0.39 ± 0.11 11.5 

McKelvie National Forest 10 0.78 0.35 ± 0.15 4.5 

Cedar Bluff 10 0.78 0.37 ± 0.11 4.75 

Tallgrass Prairie National 

Preserve 

8 0.73 0.35 ± 0.14 9.5 

Alabaster Caverns State Park 11 0.73 0.38 ± 0.10 15.5 

Bessey Recreational Area 31 0.71 0.36 ± 0.16 2.5 

Fort Niobrara National 

Wildlife Refuge 

24 0.69 0.55 ± 0.19 16.5 

Lonsinger Sustainability 

Farm 

22 0.68 0.41 ± 0.15 5.67 
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Appendix Table C.3. Comparison of generalized linear models (gamma, log link) predicting 

tree age (Age) as a function of log-scaled height (Height) and diameter (Diameter) in 

Juniperus virginiana (eastern red cedar), where both variables were originally measured in 

centimeters. The models in this table explore different polynomial structures for height and 

diameter (linear, quadratic, cubic) to identify the functional forms best supported by the data. 

Degrees of freedom (df) and corrected Akaike’s Information Criterion (AICc) are reported for 

each model, with lower AICc values indicating stronger support. Site is included as a fixed effect 

in all models. 

Model df AICc 

Age ~ Height + I(Height²) + I(Height³) + Diameter + I(Diameter²) + 

I(Diameter³) + Site 

15 1770.276 

Age ~ Height + I(Height²) + Diameter + I(Diameter²) + I(Diameter³) + Site 14 1772.703 

Age ~ Height + I(Height²) + I(Height³) + Diameter + Site 13 1773.197 

Age ~ Height + I(Height²) + I(Height³) + Diameter + I(Diameter²) + Site 14 1775.051 

Age ~ Height + Diameter + I(Diameter²) + I(Diameter³) + Site 13 1778.733 

Age ~ Height + Diameter + I(Diameter²) + Site 12 1786.47 

Age ~ Height + I(Height²) + Diameter + Site 12 1787.221 

Age ~ Height + I(Height²) + Diameter + I(Diameter²) + Site 13 1787.358 

Age ~ Diameter + Site 10 1789.38 

Age ~ Height + Diameter + Site 11 1790.199 

Age ~ Height + Site 10 1834.251 
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Appendix Table C.4.  Table describing size-age relationship fit using sizes and 

dendrochronological data across sites. This function was used to predict the ages for remaining 

trees at sites which lacked dendrochronological ages. The model was fit using a generalized 

linear model with a Gamma distribution and a log link response, including first, second, and third 

order polynomial terms for scaled height and diameter values (originally measured in cm) and 

site as a categorical predictor. Columns report the model term (“Term”), estimated coefficient 

(“Estimate”), standard error (“Std. Error), t-value, p value, and 95% confidence intervals 

(“Lower 95% CI” and “Upper 95% CI”). The model was selected as the most parsimonious 

model (i.e., lowest AICc) from a set of models comparing various combinations of polynomial 

terms. 

Term Estimate Std. Error t-value p value 
Lower 

95% CI 

Upper 95% 

CI 

Height 3.937 2.402 1.639 0.102 -0.871 8.672 

I(Height^2) -0.929 0.510 -1.821 0.070 -1.934 0.089 

I(Height^3) 0.071 0.035 2.056 0.041 0.002 0.140 

Diameter 1.453 0.443 3.282 0.001 0.587 2.321 

I(Diameter^2) -0.551 0.211 -2.607 0.010 -0.978 -0.128 

I(Diameter^3) 0.081 0.032 2.560 0.011 0.017 0.146 

site (ALA) -3.427 3.639 -0.942 0.347 -10.593 3.871 

site (BESS) -4.168 3.637 -1.146 0.253 -11.330 3.126 

site (CB) -4.083 3.638 -1.122 0.263 -11.248 3.215 

site (KNZ) -3.854 3.653 -1.055 0.292 -11.047 3.470 

site (LS) -3.806 3.639 -1.046 0.297 -10.977 3.497 

site (MCK) -3.836 3.634 -1.056 0.292 -10.990 3.451 

site (NIO) -4.011 3.635 -1.103 0.271 -11.164 3.274 
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Term Estimate Std. Error t-value p value 
Lower 

95% CI 

Upper 95% 

CI 

site (TAPR) -3.864 3.657 -1.057 0.292 -11.069 3.475 

 



159 

Appendix Table C.5. Model selection results for generalized linear models (binomial) 

describing the probability of fruiting in Juniperus virginiana (eastern red cedar). The global 

model included tree age (“Age”), site-specific cattle presence (“Cattle”), mean annual 

temperature (“MAT”, °C), mean annual precipitation (“MAP”, cm), all two-way interactions 

among MAT, MAP, and age, and the age × cattle interaction. Models were ranked using 

Akaike’s Information Criterion corrected for small sample size (AICc); ΔAICc and AICc 

weights indicate relative support for each model. Climate data represent 1970–2000 averages 

obtained from WorldClim (Fick and Hijmans 2017). The best-supported model was used in 

subsequent analyses. 
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Appendix Table C.6. Results from the best-fit generalized linear model (binomial 

distribution) describing the probability of cone production as a function of tree age, mean 

annual temperature, and total precipitation. The model included all two-way interactions 

among predictors. Parameter estimates (± SE), z-values, and associated p-values are shown., 

where *** indicates significance. 

Term Estimate Std. Error z value Pr(>|z|) 

Intercept -48.63 10.52 -4.62 3.8 × 10⁻⁶ *** 

Age 0.27 0.06 4.45 8.5 × 10⁻⁶ *** 

Precipitation 7.55 1.85 4.08 4.5 × 10⁻⁵ *** 

Temperature 3.98 0.88 4.53 5.8 × 10⁻⁶ *** 

Age × 

Temperature 

-0.0186 0.0043 -4.35 1.4 × 10⁻⁵ *** 

Age × 

Precipitation 

0.0129 0.0067 1.93 0.054 . 

Precipitation × 

Temperature 

-0.682 0.152 -4.47 7.7 × 10⁻⁶ *** 
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Appendix Figure C.1. Map of study locations. Study locations include Fort Niobrara (NIO), 

McKelvie National Forest (MCK), Bessey Recreational Area (BESS), Lonsinger Farm (LF), 

Konza Prairie Biological Station (KNZ), Cedar Bluff State Park (CB), Tallgrass Prairie National 

Preserve (TAPR), and Alabaster Caverns State Park (ALA). Location points are colored by the 

mean of annual SPEI (Standardized Precipitation-Evapotranspiration Index; Beguería et al. 

2010) values calculated over the chronology period of each location. Lower SPEI values reflect 

either a greater frequency and/or intensity of drought. The background map is shaded according 

to total annual precipitation (mm) for the period 1970–2000 (Fick and Hijmans 2017). 
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Appendix Figure C.2. Mean chronologies of eastern redcedar across multiple sites across 

years. Each panel shows a single site, with standard ring width indices (detrended to remove age 

related trends) plotted in dark red. Lower SPEI values in a year indicate greater frequency and/or 

intensity of drought across the months in that year. 
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Appendix Figure C.3. Example of a false ring in eastern red cedar. Here, the false ring is 

labeled with a red arrow, and true rings are labeled with blue arrows.  
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Appendix Figure C.4. Population projection and dispersal matrices used to model spatial 

population dynamics. The population projection matrix 𝑨𝒏(𝒚,𝒕)describes transitions of 

individuals among stages from time 𝒕 to 𝒕 + 𝟏at location 𝒚. Stages include the seedbank, bird-

dispersed cones, tree-dispersed cones, and age classes (1–100). Stage transitions depend on 

survival (𝑺𝒓), fruiting rate (𝑭𝒓), cone production (𝑪), and the proportion of cones dispersed by 

birds (𝑹bird) or dropped near the tree (𝑹tree); these proportions do not sum to 1 because some 

cones are predated. Germination rates (𝑮𝒓) differ by seed source (𝑮𝒓𝒔𝒃
, 𝑮𝒓𝒃

, and 𝑮𝒓𝒏𝒃
for 

seedbank, bird-dispersed, and tree-dispersed seeds, respectively). The dispersal matrix 𝑲(𝒙 − 𝒚) 

describes spatial redistribution between locations. The moment-generating function 𝑴(𝒔) 

represents the Laplace dispersal kernel, which integrates to 𝟏/(𝟏 − (𝒔𝟐𝒃𝟐)) for parameter 𝒃, 

corresponding to a mean dispersal distance of 106.56 m. 𝑴(𝒔) is applied to stages that disperse 

spatially (bird-dispersed cones which either germinate and transition to age 1 or enter the 

seedbank), whereas all other entries are set to 1, representing the Dirac delta function for 

stationary stages that do not disperse. 


