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Confronting biome-scale threats in the 21st century will require new and adaptive 

approaches for conservation. The overarching theme of this dissertation is co-produced 

science for the conservation of grasslands threatened by woody encroachment. Each 

chapter reflects a research question co-developed by scientists and managers to better 

understand and manage the threat of woody encroachment. First, I examine the 

dimensions of grassland risk through a series of field studies. Risk is the outcome of a 

grassland’s sensitivity and exposure to encroaching woody plants. Sensitivity reflects the 

rate and ease of grassland transition to a woodland, while, exposure is driven by 

propagule sources and their dispersal. My findings demonstrate the importance of 

exposure in driving patterns of encroachment and provide a basis for managing the 

spatial dimensions of exposure. Second, I assess the potential impacts of plant invasions 

in grasslands using a participatory ecosystem service assessment. Findings illustrate the 

potential for severe impacts associated with woodland transitions driven by a native-

invasive tree compared to non-native invasive weeds. Third, I assess the sustainability of 

grassland conservation approaches, including the lifespan of restoration treatments. 

Overall, I find unsustainable trends of grassland loss to encroachment across a network of 



 

 

priority conservation areas. Conservation efforts tended to be outpaced by encroachment 

of intact grasslands and re-encroachment of sites undergoing restoration, which rapidly 

transition back to a woodland without follow-up management. Large-scale fire 

management provided the only example of counteracting regional trends of encroachment 

and serves as a model for improving conservation efforts in other grasslands threatened 

by encroachment. However, the viability of this approach will likely depend upon 

broader acceptance of the role of prescribed fire in grasslands. To this end, I developed 

fire management scenarios to contrast air-quality outcomes of large-scale fire 

management versus those of fire exclusion. The scenarios illustrate the inevitable nature 

of fire in flammable ecosystems and provide a basis for communicating the role of 

prescribed fire in avoiding long-term consequences associated with wildfire.  
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CHAPTER 1: INTRODUCTION 

 

Global change and ecosystem transitions are major themes of ecological science 

in the 21st century. Woody plant invasion of grassland and savanna ecosystems is driving 

transitions to shrubland thickets and woodlands (Van Auken 2009; Nackley et al. 2017); 

shrubland ecosystems are undergoing conversion to invasive annual grassland 

(D’Antonio and Vitousek 1992); coral reefs are collapsing and giving way to macroalgae 

(Hughes 1994); productive fisheries have undergone collapse in many parts of the world 

(Roughgarden and Smith 1996); and forests are becoming increasingly vulnerable to 

wildfire and drought-induced collapse (Allen et al. 2010). These transitions, to list a few, 

are driven by a myriad of drivers, ranging from local to global in scale, and have major 

implications on the provisioning of ecosystem services and human well-being. A key 

challenge for ecologists is providing actionable science that confronts the complex issues 

that managers and decision makers now face. How do we prioritize conservation actions 

under the threat of ecosystem transition?  To answer this question, practitioners have 

increasingly turned to science co-production (also termed translational science) 

approaches to better inform conservation planning (Enquist et al. 2017; Norström et al. 

2020).  

The overarching theme of this dissertation is co-production of science for the 

conservation of grasslands threatened by woody encroachment. Grassland biomes across 

the globe are experiencing unsustainable trends of tree invasion by native and non-native 

species that are driving an ongoing biome transition process (Parr et al. 2014; Stevens et 

al. 2017; Jones et al. 2020; Twidwell et al. 2022). Conservation in an era of biome 
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transitions demands new and adaptive approaches that go beyond disciplinary traditions 

of natural resource management. Science co-production has emerged as an action-

oriented research approach that recognizes the value of different perspectives for 

confronting complex problems (Norström et al. 2020). Co-production uses participatory 

approaches, in which scientists and stakeholders work together to identify the problem 

and deliver actionable research that can inform environmental decisions. Key elements of 

co-production include a shared vision between scientists and stakeholders; collaboration 

and recognition of multiple ways of knowing and doing; meaningful engagement that 

promotes mutual understanding and respect between scientists and stakeholders and their 

respective roles; actionable, decision-oriented science that is relevant to the specific 

contexts of the issue at hand; and recognition of co-production as an interactive process 

that requires long-term commitment (Enquist et al. 2017; Naugle et al. 2020; Norström et 

al. 2020). Co-production is a broad framework for conducting science, under which a 

diversity of new and existing tools, methodologies, and frameworks can be applied.  

My dissertation research broadly leverages a framework for understanding 

grassland vulnerability to woody plant encroachment as a basis for science co-production 

to better inform conservation planning (Figure 1.1) (Twidwell et al. 2021). As the focus 

of conservation has shifted to large-scale threats such as climate change, vulnerability 

assessments have emerged as a key element of co-produced adaptation strategies (Turner 

et al. 2003; Williams et al. 2008; Glick et al. 2011). Vulnerability assessments help break 

down complex problems by identifying what resources (e.g., species, populations, land 

units) are vulnerable and why those resources are vulnerable (Glick et al. 2011). In my 
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experience, frameworks for understanding vulnerability can serve as a bridge for uniting 

scientists and practitioners in the face of large-scale threats. Not all chapters will fit 

neatly into the vulnerability framework, but all can be tied back to one of the 

framework’s key elements.  

Chapters 2 and 3 concern the two dimensions of grassland risk: sensitivity and 

exposure. Sensitivity is a measure of whether and how a species or system is likely to be 

affected by a focal threat (Glick et al. 2011). In grasslands, sensitivity reflects the rate and 

ease of grassland transition to a woodland state (Twidwell et al. 2021). Rates of seed 

germination, seedling survival, recruitment, and tree growth are all components of a 

grassland’s sensitivity. Factors like climate, fire and grazing regimes, soils, and 

hydrology influence grassland sensitivity. Exposure is a measure of how much a system 

or species is likely to experience a focal threat (Glick et al. 2011). In grasslands, exposure 

is driven by propagule sources, their dispersal, and persistence in grasslands (e.g., in soil 

seedbanks) (Twidwell et al. 2021).  

Chapter 2 evaluates the relative importance of sensitivity versus exposure in semi-

arid grasslands. Long-held assumptions of equilibrium between woody plants and climate 

have led to expectations that soil moisture barriers preclude woody encroachment in more 

arid grassland regions (Clements 1936). Indeed, a lack of tree cover below hypothesized 

precipitation thresholds in semi-arid grasslands has been interpreted by some as support 

for the primacy of precipitation-based constraints on tree establishment (Sankaran et al. 

2005; Scholtz et al. 2018). Implications of this hypothesis are that these grasslands are 

not sensitive to encroachment and that exposure is therefore not an important component 
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of grassland risk. This chapter uses the Sandhills’ history of tree planting across a semi-

arid gradient to examine this hypothesis against an alternative hypothesis that tree cover 

in many semi-arid grasslands is far below climate potential, and that the current lack of 

tree cover reflects dispersal-based constraints on spread (Brown and Archer 1988). These 

two hypotheses have drastically different implications for managers. Findings 

demonstrate the importance of exposure, from tree plantings in particular, as key source 

of grassland risk, regardless of mean annual precipitation.  

 

Figure 1.1 Vulnerability framework for understanding grassland vulnerability to woody 

plant encroachment. Adapted from Glick et al. (2011).  

 

Chapter 3 examines the spatial dimensions of grassland exposure to Juniperus 

virginiana encroachment. Woody encroachment is the outcome of dispersal and 
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establishment, yet the majority of research on encroachment has focused on 

establishment-based constraints reflecting grassland sensitivity. However, a lack of 

studies on the spatial dimensions of encroachment has constrained scientists’ and 

managers’ ability to understand and manage encroachment as a spatial process. In this 

chapter, I quantify a recruitment curve for J. virginiana to describe the scatter of 

recruitment around seed sources and examine how recruitment patterns drive woodland 

transitions. The findings show recruitment patterns characterized by an abundance of 

local recruitment and a paucity of long-distance recruitment. Together, these different 

modes of dispersal result in a high capacity for woody plant invasion. Local recruitment 

has potential to drive rapid woodland transitions and long-distance recruitment can 

quickly advances the leading edge of encroachment by creating new nodes of spread. Key 

implications are that plans to conserve large grassland regions will require strategies that 

account for both local and long-distance recruitment.  

Chapter 4 examines re-encroachment during grassland restoration. Brush 

management represents one of the most expensive practices implemented in rangelands 

(Tanaka et al. 2011), yet little science is available on what happens after tree removal 

treatments and the requirements for sustaining these investments. This is particularly 

relevant in the Loess Canyons region of Nebraska, where landowners have adopted the 

use of high-intensity prescribed fire as part of a large-scale restoration effort (Bielski et 

al. 2021). A key question in this landscape is how quickly does J. virginiana recover 

following fire-induced woodland collapse. Findings from chapter 4 characterize a 

timeline for re-encroachment after collapse of J. virginiana woodland, which helps 
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inform the design of follow-up management. One of the findings from this research was 

that re-encroachment occurred at a remarkably fast rate, presumably faster than that of 

un-restored grasslands.  

Ultimately, this spawned a new question concerned with the vulnerability of 

restored grasslands. In chapter 5, I examine whether restored grasslands are more 

vulnerable to woody encroachment compared to grasslands undergoing the initial 

encroachment process. Models of hysteresis in restoration ecology consider the ‘path out’ 

to an alternative state to differ from restoration pathways, the ‘path back’, to an original 

state, but do not distinguish between subsequent paths out and back (Scheffer et al. 2001; 

Suding et al. 2004). However, invasion legacies in systems undergoing restoration have 

potential to increase a site’s sensitivity and exposure compared to adjacent grasslands 

undergoing the initial encroachment process (Banks et al. 2018). My findings provide 

evidence of a hysteretic response in grasslands undergoing restoration in that they were 

more vulnerable to shifts back to a woodland. One implication is that management 

frameworks are needed that account for rates encroachment and re-encroachment.  

In chapter 6, I examine the sustainability of conservation approaches in grasslands 

threatened by woody encroachment. Nebraska’s State Wildlife Action Plan outlines 

woody encroachment as a key threat to biodiversity in grasslands and identifies 

corresponding management actions for confronting encroachment in the state’s priority 

conservation areas (Schneider et al. 2011). The plan is meant to build capacity for dealing 

with the threat of encroachment through cost-shared tree removal programs, partnerships, 

and support for prescribed burning (Figure 1.1) (Schneider et al. 2011). This chapter 
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examines how effective these approaches are at offsetting the risk of encroachment at the 

scale of priority conservation areas. I compare trajectories of woody cover over time to 

desired conservation outcomes (e.g., prevention, stabilization, and reversal of 

encroachment). Overall findings show that encroachment outpaced management actions 

in nearly all priority conservation areas. One exception is found in the Loess Canyons 

priority area, where large-scale use of prescribed fire appears to have stabilized a regional 

transition towards woodland dominance. Key implications are that managers in the Loess 

Canyons priority area have been able to build the capacity needed to deal with the threat 

of encroachment and that this priority area provides a model for confronting 

encroachment in other grassland regions.  

One of the challenges of exporting models of large-scale prescribed burning for 

conservation is a lack of social acceptance of prescribed fire and its role in the delivery 

and sustainability of ecosystem services enjoyed by the broader community. The benefits 

of prescribed burning are often viewed as spatially isolated to the confines of a burn unit, 

while air-quality impacts are well-known to reach downwind communities. Indeed, 

tensions often center around air quality concerns and the false premise that fire can be 

removed from flammable ecosystems, when in fact it is inevitable (Schweizer and 

Cisneros 2016; Donovan et al. 2017). In chapter 7, I develop fire management scenarios 

for the Flint Hills tallgrass prairie region to compare air-quality outcomes under 

alternative fire management strategies, including large-scale prescribed burning and fire 

exclusion. Scenario outcomes illustrate key tradeoffs among and within alternative fire 

management strategies. Fire exclusion was shown to trade short-term benefits in air-
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quality for long-term consequences of wildfire and grassland loss. The scenarios help fill 

knowledge gaps from a decision-making standpoint and provide a basis for 

communicating the role of prescribed fire in avoiding long-term consequences of 

wildfire.  

In chapter 8, I use a participatory ecosystem service assessment to compare the 

potential impacts of plant invasion on ecosystem services. Ideally, managers are able to 

prioritize management of species with the greatest potential for negative impacts on 

human well-being. However, a lack of evidence of invasive species’ impacts often limits 

important cross-taxa comparisons (Vilà et al. 2010; Hulme et al. 2013; McLaughlan et al. 

2014). The assessment approach used in this chapter aims to integrate stakeholder- and 

evidence-based knowledge sources to better inform the prioritization of invasive species 

management (Potgieter et al. 2022). The assessment compares the impacts of notorious 

grassland invaders in Nebraska, including noxious weeds as well as eastern redcedar and 

smooth brome, which are both identified as major threats to biodiversity in Nebraska’s 

State Wildlife Action Plan. Findings show that invasive species are not equal in their 

impacts. Eastern redcedar, the only species whose invasion is associated with a transition 

to a woody-dominated state in grasslands, was associated with major ecosystem service 

loss, often substantially greater than that of noxious weeds. The assessment highlights a 

major shortcoming of policies that preclude native-invasive species from being 

considered under management, education, and monitoring programs meant to build 

capacity for dealing with the risk of invasion. In an era defined by global change, 

biological designations of species as invasive, rather than geographic or political, will be 
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better suited for programs and policies intended to minimize impacts on human well-

being.   
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CHAPTER 2: INCIPIENT WOODY PLANT ENCROACHMENT SIGNALS 

HEIGHTENED VULNERABILITY FOR AN INTACT GRASSLAND REGION 

 

ABSTRACT 

Question: What constrains Juniperus virginiana encroachment in semi‐arid 

grasslands: precipitation‐based constraints on establishment or dispersal‐based 

constraints on spread? 

Location: Sandhills grassland, Nebraska, USA. 

Methods: We tracked juvenile and adult stages of J. virginiana encroachment using 

field sampling and remote sensing across a network of 40 sites spanning a wide 

precipitation gradient (399–655 mm). Regional patterns of encroachment were then 

used to assess the relative support for precipitation-based constraints 

on establishment versus dispersal‐based constraints on spread in a region 

transitioning to a more encroached state. 

Results: Woody encroachment was widespread and we found no evidence that low 

precipitation precludes encroachment in the Sandhills. Instead, encroachment 

patterns were best described by proximity to planted propagule sources. However, 

levels of encroachment were highly variable. Encroachment density was low at more 

arid sites that lacked nearby stands of planted J. virginiana, and encroachment 

tended to increase with proximity to plantings and higher mean annual precipitation, 

suggesting that both variables play a role in the rate of encroachment.  

Conclusion: Our results indicate that woody encroachment is constrained by dispersal 

in the Sandhills and that planted propagule sources increase grassland vulnerability 
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to encroachment, regardless of mean annual precipitation. This may be true for other 

intact grassland regions where barriers to woody plant establishment have been 

altered or overcome. A key implication is that programs and policies need to 

consider encroachment risks from planted propagule sources and how to manage 

them to avoid fragmentation of intact grasslands. 

 

INTRODCUTION 

 

Globally, correlations between woody cover and precipitation in grassy 

ecosystems are used to inform predictions of woody encroachment potential (Bond et al. 

2003; Sankaran et al. 2005; Staver et al. 2011; Scholtz et al. 2018). Above precipitation 

thresholds, disturbance regimes are hypothesized to be needed to maintain grassland 

dominance and prevent encroachment; while, little to no encroachment is expected below 

these thresholds (Bond et al. 2005; Sankaran et al. 2005; Bond 2008; Scholtz et al. 2018). 

Global vegetation models predict that over one-half of the world’s C4 grasslands would 

transition to a woodland or forest state in the absence of fire; while, little or no 

encroachment was predicted for more arid grassland regions (Bond, Woodward, & 

Midgley, 2005). The corresponding rationale has been that grasslands in locations below 

precipitation thresholds are immune to woody plant transitions (Bond et al., 2003; Bond 

et al., 2005; Scholtz et al., 2018), do not require fire to maintain grass dominance 

(Sankaran et al. 2005; Higgins et al. 2007; Scholtz et al. 2018), and are ideal sites for 
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introducing trees without the consequences of encroachment (Bastin et al., 2019; 

Grünzweig, Lin, Rotenberg, Schwartz, & Yakir, 2003; Zon, 1935).  

However, grassy ecosystems around the world are exhibiting shifting baselines 

that depart from historical analogues (Stevens et al. 2016; Stevens et al. 2017; Rosan et 

al. 2019; García Criado et al. 2020). Woody encroachment in these systems has been 

attributed to various environmental change drivers, including altered fire and herbivory 

regimes (Fuhlendorf et al. 2008; Rosan et al. 2019), rising atmospheric CO2 

concentrations (Moncrieff et al. 2014), land use changes (Brown & Archer 1988; Rosan 

et al. 2019), altered temperature and precipitation regimes (García Criado et al. 2020), 

nitrogen deposition (Köchy & Wilson 2001), and tree planting (Donovan et al., 2018; 

Richardson, Williams, & Hobbs, 1994). These changes question the validity of long-

standing assumptions that trees are at equilibrium with their resources in more arid 

grasslands and motivate alternative explanations of the factors that limit encroachment.  

One alternative hypothesis is that sparse woody cover observed in many semi-arid 

grasslands is at levels far below their maximum potential, and the lack of encroachment 

reflects dispersal limitations rather than establishment-based constraints. Given interests 

in afforestation programs for reducing atmospheric CO2 concentrations and concerns over 

the risks to other ecosystem services when trees spread from plantings into grassy 

ecosystems (Bond et al. 2019), frameworks are needed to distinguish between dispersal- 

and establishment-based constraints on encroachment. The unified framework for 

biological invasions provides such an approach (Blackburn et al. 2011). The invasion 

framework uses demographic transitions to categorize different points in the invasion 
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process and differentiates between establishment- and spread-based constraints on a 

species’ invasion. Dispersal becomes a primary limiting factor of spread as barriers to 

establishment are overcome (e.g., due to altered disturbance regimes, rising atmospheric 

CO2 concentrations, etc.). Under this framework, no encroachment or the establishment 

of only juveniles signals a potential establishment barrier and is one line of evidence that 

current woody plant distributions reflect maximum woody plant potential. In contrast, 

self-sustaining establishment and spread of adult and juvenile trees signals an ongoing 

encroachment process. In these regions, woody plant abundance is below its maximum 

potential but has been geographically limited due to the lack of establishment 

opportunities (i.e., dispersal).  

Here, we implemented a regional-scale study to determine whether the 

distribution of woody plants in the Sandhills grassland of Nebraska, USA, reflects 

precipitation-based constraints on establishment or dispersal-based constraints on spread 

in a region transitioning to a more encroached state. Trees were historically sparse in the 

Sandhills and limited to steep riparian slopes (Pool 1913); however, cultivation of 

regionally native Juniperus virginiana beginning in the early 20th century has resulted in 

the introduction of woody propagule sources throughout the Sandhills (Pool 1953). The 

long-standing hypothesis is that sparse woody cover in more arid portions of the 

Sandhills reflects a soil moisture barrier to establishment that constrain non-cultivated, 

self-propagating woody populations (Zon 1935; Clements 1936). This hypothesis forms 

the basis for a lack of policy adaptation, because of an expectation that mean annual 

precipitation below 508-mm (often approximated as west of the 100th meridian by natural 
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resource agencies; NSTC, 2019) precludes woody encroachment (Clements 1936). In this 

study, we test this hypothesis against the alternative, dispersal-limited hypothesis based 

on the distribution of juvenile and adult J. virginiana encroachers across a wide 

precipitation gradient in the Sandhills. In addition, we assess the relative importance of 

moisture and propagule availability variables for explaining encroachment patterns. The 

Sandhills’ history of tree planting across a wide precipitation gradient provides a unique 

perspective on the risks of introducing woody propagules in grasslands and has important 

implications for other grassland regions.  

 

METHODS 

 

Study system 

This study was conducted in the 57,778 km2 Sandhills prairie ecoregion located in 

Nebraska, USA (Fig. 2.1). The Sandhills is among the planet’s largest intact grasslands 

and is also the largest sand dune complex in the Western Hemisphere (Johnsgard 2005; 

Scholtz & Twidwell 2022). Soils in the Sandhills are remarkably uniform, well drained, 

and sandy (78-98% sand content; Soil Survey Staff, USDA-NRCS). Differences in soil 

moisture are largely driven by mean annual precipitation (Sridhar et al. 2006), which 

increases along a west to east gradient (399–655 mm, respectively) with an overall mean 

of 527 mm (WorldClim; Fick & Hijmans, 2017) (Fig. 2.1). Seventy percent of 

precipitation occurs during the growing season (Burzlaff 1962). Average annual 
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temperature is 9 °C, with monthly low and high temperatures of -4.2 and 22.9 °C, 

respectively (HPRCC 2020). The primary land use in the Sandhills is cow-calf livestock 

production with a common stocking rate of 0.3 animal unit months (AUM) per hectare 

(Schacht et al. 2011). Dominant grass species in the Sandhills include Schizachyrium 

scoparium (Michx.) Nash, Andropogon hallii Hack., Calamovilfa longifolia (Hook.) 

Scribn., Eragrostis trichodes (Nutt.) Alph. Wood, and Bouteloua hirsuta Lag. Fire was 

historically common in the Sandhills and included both anthropogenic- and lightning-

ignited fires (Axelrod 1985). Mean fire return intervals ranged from 4-8 years prior to 

European settlement (Guyette et al. 2012), however, fire exclusion policies since 

settlement have greatly reduced fire occurrence (Twidwell et al. 2020). From 1984-2017, 

only 2% of the Sandhills area burned by large fires (MTBS Project, 2019).  

The Sandhills has not experienced the level of encroachment that has occurred in 

recent decades throughout the southern and eastern portions of the Great Plains (Engle et 

al. 2008). Yet, the abundance of woody plants has increased due to encroachment by J. 

virginiana and to a much lesser degree, Pinus ponderosa, a native tree species associated 

with more localized increases in abundance (Steinauer & Bragg 1987; Donovan et al. 

2018; Fogarty et al. 2020). Despite being regionally native to the Great Plains and eastern 

North America, non-cultivated J. virginiana were rare in the Sandhills and largely 

restricted to steep riparian slopes during the early 20th century (Pool 1913). Key life-

history traits allowed this fire-sensitive, non-resprouting species to persist within a biome 

characterized by 5,000-8,000 years of frequent anthropogenic-driven fire ignitions 

(Axelrod 1985): (1) A broad abiotic affinity, allowing germination and growth in a range 
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of typically inhospitable environments; (2) prolific seed production, mature trees can 

produce 87,000-1,592,000 seed bearing cones annually (Holthuijzen & Sharik 1985); (3) 

potential for long-distance seed dispersal by birds (Fogarty et al. 2022); (4) a lifespan 

potential of 500 years (Therrell & Stahle 1998); (5) drought tolerance (Eggemeyer et al. 

2006); (6) volatile oils that make Juniperus spp. unpalatable to most herbivores 

(Launchbaugh et al. 1997); and (7) dense canopies that displace herbaceous fuels near the 

canopy (Engle et al. 1987). However, these same traits, coupled with reduced fire 

occurrence, have allowed J. virginiana to encroach previously uninhabitable grasslands. 

Moreover, tree-planting programs promoting the establishment of shelterbelts have 

assisted in the regional expansion of J. virginiana, resulting in increased grassland 

exposure to seed dispersal (Briggs et al. 2005; Fogarty et al. 2022; Hanberry 2022).  

 

Description of study sites 

We selected 40 public land properties to study encroachment across the aridity 

gradient of the greater Sandhills ecoregion (Fig. 2.1). Public lands are distributed across 

the Sandhills and were among the earliest sites to introduce J. virginiana propagules 

(Pool 1953), thereby guaranteeing long-term exposure to seed dispersal from established 

stands. We excluded portions of public land sites that occurred outside of the Sandhills 

ecoregion. Public lands in the Sandhills range in area from 13 to 46,876 ha; five are 

greater than 4500 ha. Most sites were wildlife management areas, state recreation areas, 

or state parks owned by the Nebraska Game and Parks Commission (35 sites), the 

remaining five sites were national wildlife refuges owned by the U.S. Fish and Wildlife 
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Service (3 sites), and national forests and grasslands owned by the U.S. Forest Service (2 

sites). 

 

Sampling 

 

Remote-sensing detection of adult encroachers 

At each study site, we used satellite and aerial imagery repositories from ArcGIS 

and Google Earth (1993-2016) to determine the distribution of adult J. virginiana 

encroachers. All sites < 4500 ha were exhaustively inventoried (35 of 40 sites) using a 

series of 500-m wide belt transects that spanned the entire length of the site. From the 

five remaining large sites (>4500 ha), one site (Crescent Lake National Wildlife Refuge) 

was exhaustively inventoried to ensure that adult encroacher presence/absence was 

accurately recorded because trees were extremely rare at this site; the other larger sites 

were randomly surveyed over an area corresponding to the same sampling effort as 

smaller sites (at least 5% of the total terrestrial area of each larger public land site). This 

resulted in equivalent search efforts across all sites. Remote sensing captured individuals 

at least 1.6-m tall (based on supplemental field verification), which corresponds with 

general size classes of Juniperus spp. in the Great Plains associated with sexual maturity 

(Owensby et al. 1973; Fuhlendorf et al. 1996). We also used satellite image repositories 

to digitize all planted J. virginiana located within or nearby public land sites.  
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Field detection of juvenile encroachers 

To determine the extent of the incipient stage of the encroachment process, we 

conducted a large-scale field inventory study in June 2018 in the western Sandhills to 

detect the distribution of juvenile encroachers (individuals < 1.6 m that go undetected 

from remote sensing imagery and generally below size classes required for sexual 

maturity) (Fig. 2.1). We selected a subset of 10 sites for field inventory. These sites 

included the most arid public lands where soil-precipitation relations are expected to 

function as a barrier to non-cultivated, self-propagating woody plants. Surveys were 

conducted following a purposive (i.e., nonrandom) sampling protocol used for identifying 

rare plant species (Palmer et al. 2002; Chiarucci et al. 2018) to search for the occurrence 

of juvenile encroachers.  

At each site, we established a minimum of three 100-m2 plots in areas deemed 

high candidates for encroachment (e.g., in areas with adult J. virginiana, planted stands, 

and based on previous research of the region; Donovan et al., 2018). Search efforts were 

consistent among all sites. At each site, plots were surveyed using a series of 20, 5-m 

wide belt transects that spanned the entire 100-m length of the plot area. Field surveyors 

searched within the herbaceous layer for seedlings as well as individuals above the 

herbaceous layer but undetectable by remote sensing imagery (individuals < 1.6 m in 

height). The presence and height was recorded for all juvenile J. virginiana encroachers 

less than 1.6 m in height.  
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Statistical Analysis 

Response variables recorded for each of the 40 study sites consisted of the 

presence (binary outcome) and density of adult encroachers. Of these sites, adult 

encroachers were only absent from two. Therefore, statistical analyses were conducted to 

investigate correlates of encroacher density. Adult encroachment data contained a single 

outlier, further investigation of this site showed that high J. virginiana densities were due 

to rapid re-encroachment following tree removal, which is associated with higher tree 

densities compared to the initial encroachment process (Fogarty et al. 2021). We 

therefore removed this site from statistical analyses.  

Linear models were used to describe the effects of moisture and propagule 

availability on the density of encroaching adults (Box-Cox-transformed to meet normality 

assumptions) across 39 sites in the Sandhills. Several measures of moisture availability 

have been used to describe soil-water limitations on trees, and we considered several of 

these measures: mean annual precipitation (MAP) (WorldClim; Fick & Hijmans, 2017), 

effective rainfall (ER) (CGIAR-CSI; Trabucco & Zomer, 2018), and aridity index (AI) 

(CGIAR-CSI; Trabucco & Zomer, 2018). Because these predictor variables are highly 

correlated, we only used the variable that had the highest correlation (r) with the response 

variable in further analyses. We also used proximity to planted J. virginiana stands 

(J.PROXIMITY) as a predictor variable to examine the role of propagule availability on 

the density of encroaching adults. J. virginiana has a male:female sex ratio around 1:1 

and planted stands are known propagule sources (Stoeckler & Slabaugh 1965; 

Vasiliauskas & Aarssen 1992; Fogarty et al. 2022). In the Sandhills, planted J. virginiana 
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stands (e.g., shelterbelts) are common, often represent the sole propagule source for a 

site, and have been shown to contribute to encroachment (Donovan et al. 2018; Fogarty et 

al. 2022). The proximity to planted J. virginiana was calculated in ArcGIS as the mean 

Euclidian distance of site’s terrestrial area (divided in 30-m2 grid cells) to the nearest 

planted J. virginiana stand, following the methods of Benson (2013). 

Candidate models were created to test for both singular and additive effects of 

moisture and propagule availability on the density of adult encroachers 

(TREE.DENSITY; Box-Cox transformed). Model support was compared using Akaike’s 

Information Criterion corrected for small sample sizes (AICc) with model assessments 

based on ∆AICc values (values 0-2 indicate strong relative support) and AICc weights. 

Variable effect size was assessed using averaged parameter estimates, standard errors, 

and confidence intervals. All statistical analyses were conducted using R version 3.5.1 (R 

Core Team, 2018) with the ‘geoR’ (Ribeiro et al. 2020), ‘AICcmodavg’ (Mazerolle 

2017), and ‘bbmle’(Bolker & Team 2017) packages.  

 

RESULTS 

Contrary to predictions that mean annual precipitation would preclude woody 

encroachment at more arid grassland sites, encroaching woody plants were detected at the 

most arid sites that contained nearby propagule sources (Fig. 2.2). We detected juvenile 

and adult J. virginiana encroachers far below the perceived mean annual precipitation 

threshold of 508 mm (Fig 2). Adult encroachers were observed on 38 of 40 sites and 
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across a wide range of mean annual precipitation conditions (from sites with 425 to 605 

mm). This study estimated a total of 269 729 adult encroachers across the 40 public land 

sites, of which 46 899 occurred below the hypothesized mean annual precipitation 

threshold (Table 2.1). The two sites that did not exhibit encroachment by adult J. 

virginiana did not contain on-site propagule sources and on average were 1.3 and 4.2 km 

from the nearest planted propagule source (Table 2.1). All other sites were located in 

areas with nearby propagule sources and contained adult encroachers (Table 2.1). 

Twenty-three sites contained planted J. virginiana propagule sources.  

Juvenile and adult encroachers were detected on the most arid site (425 mm mean 

annual precipitation) with nearby stands of planted J. virginiana (Crescent Lake National 

Wildlife Refuge). We detected juvenile encroachers on seven of 10 sites in the more arid 

portion of the Sandhills where field sampling occurred (Fig. 2.2). Of the three sites where 

we did not detect juvenile encroachers, two sites (Shell Lake WMA and Valentine NWR) 

had low densities of adult encroachers, while one site (Crescent Lake WMA) that was 

4.2-km from the nearest J. virginiana propagule source did not exhibit encroachment by 

juvenile or adult J. virginiana (Table 2.1).  

The density of adult encroachers was best explained by proximity to planted J. 

virginiana and mean annual precipitation (Table 2.2). Proximity to planted J. virginiana 

was the only predictor variable included in both top models (∆AICc
 < 2) (Table 2.2). 

Densities of J. virginiana tended to be higher on public land sites that were in close 

proximity to planted J. virginiana stands (mean = 3.6 trees ha-1) compared to sites with 

proximities greater than 2-km from planted J. virginiana (mean = 0.2 trees ha-1) (Table 
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2.3, Fig. 2.3). Among the moisture availability variables considered, mean annual 

precipitation had the strongest correlation with the density of adult encroachers. 

Although, this variable only received strong support when considered alongside 

proximity to planted J. virginiana. Densities of encroaching adults tended to be higher on 

sites with greater mean annual precipitation, whereas densities were relatively low on 

more arid sites (Fig. 2.2-3). However, the relationship between mean annual precipitation 

and density was highly variable (95% confidence interval overlapped zero; Table 2.3) 

and more arid sites often had encroachment densities similar to more mesic sites when 

propagule sources were nearby (Fig. 2.3). 

 

DISCUSSION 

Globally, low abundances of woody plants in arid and semi-arid grassland 

ecosystems have been interpreted as evidence that these areas have little to no potential 

for woody encroachment (Bond et al., 2003, 2005; Lehmann et al., 2014; Sankaran et al., 

2005; Scholtz et al., 2018). However, our results show no support that sparsely 

distributed woody plants in the Sandhills are reflective of establishment-based 

constraints. Instead, our results support an alternative hypothesis that the distribution of 

woody plants in the Sandhills reflects dispersal-based constraints on spread in a region 

below its maximum woody plant potential (Collins et al. 2021; Hanberry 2022). Even at 

the most arid sites, well below proposed precipitation thresholds, we found juvenile J. 

virginiana as well as demographic transitions to adult trees when planted propagule 
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sources were nearby. These results are supported by ecophysiological studies that have 

shown juvenile and adult J. virginiana to be well suited to survive in the Sandhills’ semi-

arid conditions (Eggemeyer et al. 2006; Bihmidine et al. 2010; Msanne et al. 2017).  

Mean annual precipitation, in tandem with propagule availability, is therefore 

more likely associated with the rate of encroachment in the Sandhills, rather than the 

potential for encroachment to occur. Rates of encroachment tend to decrease with mean 

annual precipitation (Fuhlendorf et al. 2008; Stevens et al. 2016) and moisture-limited 

systems are therefore expected to require longer periods of time for woody plants to 

spread before providing evidence of a maximum potential (Archer et al. 1988; Wakeling 

et al. 2012; Collins et al. 2021). This process may require decades to millennia as barriers 

to establishment and spread are overcome. For instance, the introduction of domestic 

livestock dispersal agents in southwestern U.S. grasslands is associated with a 200-year 

period of unprecedented encroachment (Brunelle et al. 2014). Based on these findings, 

differentiating slow rates of encroachment (i.e., ecosystems in transition) from evidence 

of a maximum potential would alter existing vulnerability models and predictions of the 

extent of grassland loss this century (Bastin et al., 2019; Bond et al., 2005; Scholtz et al., 

2018; Wonkka et al., 2019). Globally, encroachment is widespread across a broad 

precipitation gradient (Stevens et al. 2017) and has already exceeded its proposed 

maximum potential in some moisture-limited regions elsewhere in the world (e.g., South 

Africa: Stevens et al., 2016; Brazil: Rosan et al., 2019). 

Our finding that encroachment was strongly associated with proximity to planted 

propagule sources, indicates that propagule availability plays an important role in limiting 
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encroachment and that J. virginiana planting has increased encroachment pressure in 

ecosystems like the Sandhills where non-cultivated woody plants are rare. This finding 

complements those of a recent assessment that documented a rapid range expansion of J. 

virginiana in the western Great Plains aided by tree plantings, particularly shelterbelts 

(Hanberry 2022). These are important findings because J. virginiana is extensively 

planted in the Great Plains (Ganguli et al. 2008) and tree-planting programs have been, 

and continue to be, rationalized based on the benefits provided by shelterbelts (Zon 1935; 

Brandle et al. 2004). Yet, J. virginiana is among the most notorious encroaching species 

in North America and is associated with severe social-ecological consequences in 

grasslands (Briggs et al. 2002; Twidwell et al. 2013; Bielski et al. 2017; Zou et al. 2018), 

which should be considered as risks of introducing propagule sources. Similar examples 

can be found globally where native and non-native woody species are viewed as 

inconsequential to grassy ecosystems but then encroach later on (Richardson & 

Rejmánek 2011; Nackley et al. 2017). A key lesson from invasion biology is that 

propagule pressure and residence time drive woody invasion (Richardson et al. 2015). 

While this is consistent with the general patterns observed in the Sandhills, it is in 

contrast to assumptions of equilibrium between regionally native woody plants and 

climate and the notion that tree planting programs can disregard the risks of 

encroachment in moisture-limited systems (Grünzweig et al. 2003; Bastin et al. 2019).   

Regional assessments that consider both establishment and spread as limiting factors 

are needed to better understand the extent to which the world’s remaining grassland 

regions are vulnerable to woody encroachment. Consistent trends of encroachment by 
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adult plants are expected in systems where trees are far below their maximum potential 

(e.g., the Sandhills), including systems with slow rates of encroachment. These systems 

are vulnerable to encroachment and require disturbance (e.g., fire) to prevent increases in 

woody plant abundance. Assumptions of equilibrium between woody plant distributions 

and climate are expected to under-predict encroachment potential in these systems and 

lead to unexpected trajectories of grassland loss (e.g., Stevens et al., 2016). Grass-woody 

systems at equilibrium (or dynamic equilibrium) with climate are expected to exhibit 

relatively stable woody plant communities with no consistent trends of recruitment-based 

encroachment (as opposed to canopy expansion) (Browning et al. 2008). In the Sandhills, 

widespread encroachment by juvenile and adult J. virginiana indicates a lack of barriers 

to establishment and signals heightened grassland vulnerability to encroachment. Given 

widespread encroachment documented in this study, beyond a priori expectations, future 

studies on demographic bottlenecks across environmental gradients will provide 

important information for understanding the relative changes in vulnerability across the 

Sandhills grassland.  

 

CONCLUSIONS 

Confusion over the roles of climate and disturbance on the distribution of grassy 

ecosystems have proven to have long-standing consequences for grassy ecosystems 

worldwide (Veldman et al. 2015; Pausas & Bond 2018). A misunderstanding of the 

drivers that sustain grasslands has led to a disregard of the potential for encroachment to 

occur and its consequences. The debate over the potential for encroachment to occur in 
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the Sandhills stems from a view that a climate climax drives as the primary determinant 

of grassland distribution (Clements 1936; Borchert 1950). Here, we found no evidence 

that a precipitation threshold precludes encroachment in the more arid portions of the 

Sandhills. Instead, our findings show that propagule sources play an important role in 

grassland vulnerability to encroachment, regardless of mean annual precipitation. This 

may be true in other intact grassland regions where barriers to encroaching woody plants 

have been altered. Key implications are that (1) tree planting programs should no longer 

be implemented under the notion that spread will not occur, (2) policies and programs 

need to consider the location of propagule sources and how to manage them to prevent 

encroachment from fragmenting intact grasslands, and (3) future research that improves 

our scientific understanding of the extent to which the world’s remaining grasslands are 

vulnerable to woody encroachment will be increasingly important for conservation in 

light of the global changes and pressures affecting these ecosystems. 
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FIGURES 

 

 

 

Figure 2.1 Mean annual precipitation gradient in the Sandhills of Nebraska, USA. Stars 

denote the distribution of 40 public land sites where encroachment by adult Juniperus 

virginiana was inventoried with remote sensing. Solid stars show a subset of 10 sites 

west of the 100th meridian west that were also sampled for juvenile J. virginiana 

encroachers (< 1.6 m in height).
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Figure 2.2 Operating hypothesis showing climate-limited portion of the Sandhills (tan) 

from disturbance-dependent portion (pink) and associated interpretations of woody plant 

encroachment (WPE) compared to observed patterns of Juniperus virginiana 

encroachment in the Sandhills, Nebraska USA. Adult encroachment data reflects 

encroachment from 1993–2016 detected using satellite image repositories. Juvenile 

encroachment data reflects the presence/absence of J. virginiana <1.6 m in height and 

was collected in the field in 2018.  
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Figure 2.3 Relationship between the density of adult encroachers and (top) proximity to 

planted Juniperus virginiana and (bottom) mean annual precipitation. Shaded bands are 

95% confidence intervals. Data is from 39 public land sites in the Sandhills, Nebraska, 

USA, from 1993 to 2016.       
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TABLES 

 

Table 2.1 Mean annual precipitation (MAP) and woody plant encroachment attributes from a network of 40 public land sites in the 

Sandhills, Nebraska, USA. The number of encroaching adult Juniperus virginiana reflects encroachment from 1993 to 2016 that was 

visible from satellite imagery. The number of juvenile encroachers reflects counts from purposive (i.e., non-random) field sampling 

conducted at a subset of 10 sites in 2018.  

Site Name1 MAP 

(mm) 

Area vulnerable to 

encroachment (ha) 

Proximity to 

planted juniper 

(m) 

Location of 

planted juniper 

(on/off site) 

Encroaching Juniperus virginiana 

 

 No. of adult 

encroachers 

No. of juvenile 

encroachers 

American Game Marsh WMA 583 13 367 Off site 7 NA 

Anderson Bridge WMA 479 50 554 Off site 8 NA 

Ballards Marsh WMA 521 401 410 On site 246 NA 

Bessey Ranger District NF (USFS) 556 36,422 1,098 On site 186,0702 128 

Big Alkali Lake WMA 514 13 351 On site 28 NA 

Bobcat WMA 554 78 561 On site 389 NA 

Calamus SRA and WMA 588 2,754 320 On site 20,5812 NA 

Chat Canyon WMA 481 150 1,193 Off site 587 NA 

Cottonwood SRA 464 62 551 On site 14 NA 

Cottonwood/ 

Steverson WMA 

483 802 3,159 On site 2 2 

Crescent Lake National Wildlife 

Refuge 

425 17,365 4,469 On site 5 3 
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Crescent Lake WMA 423 32 4,171 Off site 0 0 

De Fair Lake WMA 466 19 1,250 Off site 0 NA 

Dry Creek WMA 591 117 444 On site 326 NA 

Fort Niobrara National Wildlife 

Refuge 

497 4,314 3,694 Off site 37 NA 

Frye Lake WMA 465 36 1,185 Off site 2 2 

Goose Lake WMA 601 38 751 Off site 321 NA 

Hackberry Creek WMA 603 23 499 Off site 95 NA 

Hershey WMA 486 38 869 Off site 43 NA 

Lake McConaughy SRA and 

WMA 

439 204 204 On site 746 NA 

Long Lake SRA 584 10 73 On site 41 NA 

Merritt Reservoir SRA and WMA 506 2,842 1,660 On site 17,248 91 

Milburn Dam WMA 588 116 355 On site 1,538 NA 

Myrtle E. Hall WMA (east) 603 20 490 Off site 892 NA 

Myrtle E. Hall WMA (west) 600 280 644 On site 168 NA 

Plum Creek WMA 555 525 1,310 Off site 420 NA 

Rat and Beaver Lake WMA 524 76 1,326 Off site 1 NA 

Red Wing WMA 605 91 218 On site 156 NA 

Samuel R. McKelvie NF (USFS)  495 46,438 2,438 On site 23,8992 3 

Schlagel Creek WMA 502 231 522 On site 3,733 NA 

Shell Lake WMA 451 94 721 On site 3 0 

Smith Falls SP 507 29 1,267 Off site 376 NA 

Smith Lake WMA 453 147 162 On site 125 11 

South Twin Lake WMA 582 41 367 On site 275 NA 

Sutherland SRA 478 13 107 On site 71 NA 

Twin Lakes R.C. WMA 597 233 923 Off site 269 NA 

Valentine National Wildlife 

Refuge 

528 22,203 2,558 On site 10,8072 0 

Wellfleet WMA 517 24 542 Off site 15 NA 

Willow Lake B.C. WMA 589 54 421 On site 177 NA 

Yellowthroat WMA 592 189 1,512 Off site 8 NA 
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1Site name abbreviations: wildlife management area (WMA); national forest (NF); United States Forest Service (USFS); state 

recreation area (SRA); and state park (SP).  

2Number of mature J. virginiana estimated from a random sample of 100-m2 plots.  
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Table 2.2 Model selection results for models used to describe the density of adult 

encroachers (Box-Cox transformed) on public land sites from 1993–2016 in the 

Sandhills, Nebraska, USA.  

Model Ka ∆AICc
b ωic 

TREE.DENSITY ~ 

J.PROXIMITY+MAP 

4 0.0 0.60 

TREE.DENSITY ~ J.PROXIMITY 3 0.9 0.39 

TREE.DENSITY ~ MAP 3 9.6 0.01 

NULL 2 16.9 <0.001 

aNumber of parameters in the model  

bDifference in AICc value among model and the most strongly supported model  

cAICc Weight - relative strength of support for model 
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Table 2.3 Parameter estimates (β±SE) and confidence intervals (CI) from top supported 

models used to describe the density of adult encroachers (Box-Cox transformed) on 

public land sites from 1993–2016 in the Sandhills, Nebraska, USA. 

Predictor  β±SE Lower CI (2.5%) Upper CI (97.5%) 

J.PROXIMITY -0.0011 ± 0.0003 -0.0016 -0.0005 

MAP 0.0096 ± 0.0054 -0.0013 0.0205 
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CHAPTER 3: SPATIAL PATTERNS OF WOODY PLANT ENCROACHMENT 

IN A TEMPERATE GRASSLAND 

 

ABSTRACT 

Context: Woody encroachment is the process whereby grasslands transition to a woody-

dominated state. This process is a global driver of grassland decline and is ultimately the 

outcome of increased woody plant recruitment in grasslands. Yet, little is known about 

how recruitment distances structure spatial patterns of encroachment.  

Objectives: Here, we develop a recruitment curve to describe the scatter of woody plant 

recruitment around seed sources and examine how this structures spatial patterns of 

encroachment. Methods We developed a recruitment curve for Juniperus virginiana 

using an encroachment dataset that captures spread from tree plantings into treeless 

grassland sites in the Nebraska Sandhills (USA). In addition, we used height classes of 

encroaching J. virginiana as subsequent time steps of an encroachment process to 

examine how the leading edge of encroachment expanded over time.  

Results: The recruitment curve was characterized by a fat-tailed distribution. Most 

recruitment occurred locally, within 157 m of seed sources (95th percentile distance), 

while, sparse long-distance recruitment characterized the curve’s tail. Expansion of the 

leading edge of encroachment was characterized by two features: (1) a slow moving, high 

density area near tree plantings and (2) rapid expansion of the distribution’s tail, driven 

by long-distance recruitment in treeless areas.  
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Conclusion: Our results show a high capacity for woody plant invasion of grasslands. 

Local recruitment drives transitions to woody dominance, while long-distance 

recruitment generates a rapidly advancing leading edge. Plans to conserve and restore 

grasslands will require spatially informed strategies that account for local and long-

distance recruitment of woody plants. 

 

INTRODUCTION 

 

Grassland ecosystems across the world have experienced increases in the 

abundance and dominance of woody plants, many of which have transitioned to an 

alternative, woody dominated state (Van Auken 2000; Stevens et al. 2017; Rosan et al. 

2019). This process, referred to as woody plant encroachment, is associated with severe 

changes in the provisioning of grassland ecosystem services, including reduced food 

production (Fuhlendorf et al. 2008; Anadon et al. 2014), freshwater supply (Jackson et al. 

2005; Zou et al. 2018), biodiversity (Chapman et al. 2004; Ratajczak et al. 2012), and 

increased risk of large wildfires (Donovan et al. 2020) and vector-borne diseases (Loss et 

al. 2021). While woody encroachment has been attributed to many different causes [e.g., 

altered fire and herbivory regimes, increased seed dispersal, climate change, and rising 

atmospheric CO2 concentrations; Van Auken (2009)], it is the outcome of woody plant 

dispersal and recruitment. Either of these can limit the encroachment process (Brown and 

Archer 1988; Archer et al. 2017; Woods et al. 2019). During the Holocene for example, 

mesquite (Prosopis spp.) encroachment is believed to have been dispersal limited in 
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North America prior to the introduction of domestic livestock, which increased seed 

dispersal and corresponds to a period of unprecedented encroachment (Brown and Archer 

1988; Brunelle et al. 2014). Alternatively, disturbances like fire and herbivory can 

prevent woody plant recruitment despite an abundance of seed dispersal (Hoffmann 

2000; Heisler et al. 2003; Allred et al. 2012). Ultimately, factors influencing recruitment 

such as fire and herbivory, climate, soil, and competition operate against a backdrop of 

dispersal-based limitations (Archer et al. 2017; Woods et al. 2019). That is, dispersal 

regulates opportunities for recruitment. Yet, seldom is dispersal examined as part of the 

encroachment process, a factor that constrains practitioners’ ability to understand and 

manage encroachment as a spatial process. 

One way to account for dispersal in the encroachment process is through 

quantification of recruitment curves. Recruitment curves describe the scatter of trees as a 

function of distance from the seed source. They closely mimic seed dispersal curves 

(Greene and Johnson 2000; McNamara et al. 2019) and almost always follow a 

characteristic form with an abundance of relatively short distance recruitment at one end 

of the curve and a paucity of long distance recruitment at the other (Clark 1998; Clark 

et al. 1999; Nathan et al. 2003). However, specific details of recruitment curves vary 

considerably and lead to variation in the patterns of adult plants. For instance, animal-

dispersed species tend to have longer dispersal distances compared to wind-dispersed 

species, which leads to differences in recruitment patterns at both local and broad scales 

(Clark et al. 2005; Bullock et al. 2017). From an encroachment perspective, rapid 

transitions from grassland to woodland are driven by the most abundant recruitment 
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distances (Archer et al. 1988; Fuhlendorf et al. 1996); whether that distance is 1-m or 

100-m has major implications on the risk of woodland transitions in grasslands. At broad 

scales, long distance recruitment dictates the speed at which woody species can invade 

intact grassland regions (Kot et al. 1996; Clark 1998; Nathan 2006). Recruitment curves 

therefore provide important information for understanding patterns of woody 

encroachment at multiple scales. 

In the central Great Plains grasslands, Juniperus virginiana encroachment is 

leading a large-scale transition towards woody dominance (Briggs et al. 2005; Engle 

et al. 2008; Twidwell et al. 2013b). J. virginiana is a fire-sensitive tree species whose 

high fecundity (Holthuijzen and Sharik 1985a), avian seed dispersal system (Holthuijzen 

and Sharik 1985a; Horncastle et al. 2004), rapid growth rates (Engle and Kulbeth 1992), 

and drought tolerance (Msanne et al. 2017) enable it to rapidly transform undisturbed 

grasslands to a woody-dominated state (Briggs et al. 2002; Fuhlendorf et al. 2008). 

Widespread fire exclusion in the Great Plains has removed the natural barrier to J. 

virginiana recruitment and thereby left dispersal as a key constraint of an impending 

transition to woody dominance (Briggs et al. 2005; Engle et al. 2008; Twidwell et al. 

2013b; Wilcox et al. 2018). In a well-documented example, Ratajczak et al. (2016) 

showed that 56% of the Flint Hills tallgrass prairie region lacked fire-vegetation 

feedbacks required to prevent a transition to woodland, but remained in a tallgrass prairie 

state due to dispersal limitations (see also Collins et al. 2021). Research from North 

America’s temperate forest region indicates that J. virginiana seed dispersal occurs up to 

515 m from seed sources (Holthuijzen and Sharik 1985b); however, no studies have 
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evaluated dispersal or recruitment distances in the Great Plains where dispersal appears to 

be the most limiting factor to this species invasion. 

In this study, we develop a recruitment curve for J. virginiana to better 

understand the limiting role of dispersal in driving woodland transitions. Early 

afforestation experiments conducted in the treeless prairies of the Nebraska Sandhills 

provide a unique opportunity to study the spatial patterns of encroachment. Tree 

plantings often represent the first seed sources present in Sandhills’ landscapes and 

function as distinct nodes of encroachment (Fig. 3.1) (Donovan et al. 2018). We use a 

dataset capturing more than 70 years of encroachment from tree plantings into treeless 

prairie sites to (1) quantify a recruitment curve for J. virginiana, (2) distinguish between 

short (local) vs. long recruitment distances, and (3) characterize how the leading edge of 

woody encroachment, originating from tree plantings, develops and expands over time. 

Ultimately, these objectives advance scientific understanding of woodland transitions as a 

spatial process. 

 

METHODS 

 

Study system 

This study was conducted at two sites in the central Sandhills, of Nebraska, USA 

(Fig. 3.2). The Sandhills is a disturbance-dependent grassland region located in the 

central portion of the Great Plains temperate grassland biome, encompassing a 57,778 

km2 area of vegetated sand dunes (Johnsgard 2005). Despite early trends of woody 
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encroachment in the Sandhills (Roberts et al. 2018; Fogarty et al. 2020), the region 

remains one of the most intact grassland regions in the world (Scholtz and Twidwell 

2022). Study sites were located at the Nebraska National Forest at Halsey (36,422 ha) and 

Samuel R. McKelvie National Forest (46,976 ha) (Fig. 3.2). These sites were designated 

as national forests in 1902 to serve as largescale tree planting experiment and 

demonstration sites. Each site contains large, hand-planted forests and windbreaks 

surrounded by native mixed-grass prairie communities (Fig. 3.1). Tree plantings are 

primarily composed of J. virginiana and Pinus ponderosa and represent the first woody 

plants established at these sites. Since establishment, woody plants have spread from tree 

plantings into adjacent prairies with greater levels of encroachment at Nebraska National 

Forest at Halsey compared to the more arid prairies at Samuel R. McKelvie National 

Forest. Rates of encroachment in the Sandhills tend to increase with mean annual 

precipitation which explains the lower level of encroachment observed at Samuel R. 

McKelvie National Forest. The vast majority of encroachment consists of J. virginiana, 

at both sites and in the Sandhills as a whole, with some local instances of P. ponderosa 

spread alongside J. virginiana. 

Mixed-grass prairie communities support an array of grassland-obligate species 

and are dominated by prairie sandreed (Calamovilfa longifolia), little bluestem 

(Schizachyrium scoparium), sand bluestem (Andropogon hallii), and switchgrass 

(Panicum virgatum). Management has focused on fire exclusion tactics to protect tree 

plantings from fire (Stubbendieck and Tunnell 2008) as well as livestock grazing with a 

common stocking rate of 0.3 animal unit months (AUM) per hectare. However, more 
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recent management has focused on grassland diversity by incorporating prescribed fire 

and tree removal within targeted areas (not included in this study). The climate at these 

sites is semiarid continental, with mean annual precipitation of 556 and 495 mm and 

mean annual temperature of 16.7 and 17.3°C for Nebraska National Forest at Halsey and 

Samuel R. McKelvie National Forest, respectively (Fick and Hijmans 2017; HPRCC 

2020). Soils at both sites are dominated by Valentine fine sand and consist of deep, 

excessively drained soil (Soil Survey Staff, USDA-NRCS). 

 

Study design, sampling, and analysis 

We investigated the spatial patterns of woody encroachment using 10, 100-m 

wide belt transects that extended from a treeless grassland area to the nearest J. 

virginiana planting that served as a seed source for spread (Figs. 3.1-2). Transects were 

established by randomly generating a point within candidate treeless areas (identified 

based on previous research at the study sites) and then drawing a line to the nearest J. 

virginiana planting using ArcGIS. This approach was used to ensure that all transects 

captured a wide range of distances from J. virginiana seed sources, which resulted in 

transects of different lengths. We considered areas ‘treeless’ that were at least 515 m 

from the nearest detectable tree using imagery from Google Earth (Visser et al. 2014). 

This distance reflects the maximum seed dispersal distance for J. virginiana based on 

available research (Holthuijzen and Sharik 1985b) and was used to minimize the 

occurrence of J. virginiana seed sources near the transect end point. J. virginiana 

plantings were used as transect starting points because they represent the first seed 
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sources introduced in these landscapes and transects were designed to capture the leading 

edge of J. virginiana encroachment. All transects were at least 1.3 km in length and 

contained no previous woody plant management (based on management histories 

provided by U.S. Forest Service staff). Each study site contained five transects that 

ranged from 1.3–5.5 km in length and started at large J. virginiana plantings established 

from 1950 to 1982 (Fig. 3.1). Transects were independent sample units and were located 

a minimum of 1.7 km from other transects (Fig. 3.2). 

Prior to sampling encroaching J. virginiana, we recorded the location, height, and 

sex of planted J. virginiana located near the transect starting point (Fig. 3.1). 

Encroaching J. virginiana were then sampled using 10, 10-m wide belt transects nested 

within larger, 100-m belt transects. Transects were navigated using GPS units that 

contained transect maps. Characteristics recorded for each J. virginiana consisted of 

location, height, and sex (female, male, or unknown). Sex was determined based on the 

presence/absence of seed or pollen cones. Height was measured using a telescoping 

measuring pole and was used as a proxy for tree age because it is strongly correlated with 

J. virginiana age in semi-arid grasslands (Engle and Kulbeth 1992), can be consistently 

and quickly measured across a wide range of tree sizes, and avoids challenges of other 

measurements (e.g., diameter at breast height) that are not conducive to multi-stemmed, 

low stature trees such as J. virginiana in the Sandhills’ semi-arid climate. J. virginiana 

located outside of 100-m belt transects were also sampled when they were the closest 

seed source to a tree within the transect [following Debain et al. (2007)]. This was done 

to ensure that the nearest seed source was recorded for all trees located within transects. 
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Search effort was consistent among all transects. Field sampling occurred in August and 

September of 2020. 

A recruitment curve was developed based on the scatter of J. virginiana around 

planted and encroaching seed sources. J. virginiana were considered seed sources to 

smaller encroaching J. virginiana when they represented the closest seed bearing tree or 

were of reproductive height (>1.5-m; Owensby et al. 1973 and based on supplemental 

feld data) and lacked pollen cones. This included planted J. virginiana as well as 

encroaching individuals that met the above criteria. J. virginiana is dioecious with 

considerable variation in seed production among years, and unlike pollen cones, seed 

cones are often removed by birds during the growing season (Holthuijzen and Sharik 

1985a). We therefore considered taller trees that lacked pollen cones as potential seed 

sources (given the preceding criteria were met). These criteria were conservative and 

were used to avoid over estimation of long-distance recruitment events that are rare, 

however, these assumptions will undoubtedly under estimate some recruitment distances 

(Nathan and Muller-Landau 2000). The Euclidean distance between seed sources and 

encroaching J. virginiana was calculated using ArcGIS. 

A preliminary analysis of recruitment distances at Nebraska National Forest at 

Halsey and Samuel R. McKelvie National Forest indicated high levels of overlap in 

recruitment curves between sites (Appendix A). We therefore pooled recruitment data 

across sites for all further analyses to provide a general pattern of recruitment distances 

across a range of conditions in the Sandhills (Holthuijzen and Sharik 1985c; Stewart et al. 

1998; Greene and Johnson 2000; McNamara et al. 2019). A candidate set of three 
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probability density functions were used to quantify J. virginiana recruitment curves: 

lognormal, Weibull, and negative exponential. Each are simple decay functions 

commonly used to model dispersal (Greene et al. 2004; Hirsch et al. 2012). Lognormal 

and Weibull are considered fat-tailed distributions in comparison to the negative 

exponential function which has a constant decay rate (Nathan et al. 2012; Table 3.1). Fat-

tailed probability density functions refer to leptokurtic distributions that exhibit a high 

degree of positive skew relative to a normal distribution and have a higher chance of 

extreme events. We used the ‘optim’ function in R (R Core Team 2018) to identify 

parameter values for each probability density function that maximized the likelihood of 

our data (Hirsch et al. 2012). Once model parameters were optimized, we compared the 

relative support for each model using Akaike’s Information Criterion corrected for small 

sample sizes (AICc) and selected the top model based on the lowest ∆AICc score. 

Goodness-of-fit was assessed by comparing predicted and observed recruitment distances 

using a Kolmogorov-Smirnov test. We used the cumulative distribution function and high 

percentile recruitment distances to distinguish between average, short-distance 

recruitment vs. rare, long-distance recruitment characteristic of the distribution’s tail 

(Nathan et al. 2003). 

The leading edge of encroachment was characterized based on the distribution of 

encroaching J. virginiana around tree plantings. Spatial expansion of the leading edge 

over time was examined indirectly using J. virginiana height classes to represent 

subsequent time steps in the encroachment process. J. virginiana height and age are 

strongly correlated, with trees reaching a height of 1-m around 5 years of age (Owensby 
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et al. 1973; Engle and Kulbeth 1992). J. virginiana recruitment data was therefore subset 

in to five height classes to represent time steps of woody encroachment: t1 = individuals ≥ 

5 m; t2 = individuals ≥ 4 m; t3 = individuals ≥ 3 m; t4 = individuals ≥ 2 m; t5 = individuals 

≥ 1 m. The onset of seed production typically starts when J. virginiana are about 1.5 m in 

height between the ages of 6–11 [depending on regional differences in growth rate 

(Owensby et al. 1973; Engle and Kulbeth 1992)]. Time steps therefore captured 

additional dispersal from tree plantings as well as the expansion of seed sources as part of 

the encroachment process. The distribution of encroaching J. virginiana around tree 

plantings was quantified for each time step (t1 – t5) using probability density functions 

(using the same functions and AICc-based selection approach outlined above). This 

allowed us to track the spatial expansion of a woody encroachment leading edge over 

time. Specifically, we tracked how the 50th, 75th, 90th, 98th, and 99th percentile distances 

from the tree planting changed across subsequent time steps to characterize expansion of 

the leading edge. 

 

RESULTS 

 

We sampled a total of 961 encroaching J. virginiana across 10 transects. The 

average height of encroaching J. virginiana was 1.9 m and ranged from 0.03 to 7.75 m 

compared to an average height of 6.75 m for planted J. virginiana (range = 3.19–11.5). 

All planted stands contained mature, seed bearing J. virginiana, representing 49% of 

trees in sampled tree plantings (male:female ratio = 0.95). Most encroaching J. virginiana 
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lacked cones (75%), although, among mature trees with cone development the male to 

female ratio was 1.0. 

Recruitment distances ranged from 0.1 to 966.6 m from the nearest seed source 

with a median and mean distance of 11.4 and 40.1 m, respectively. The recruitment curve 

was best described by a lognormal probability density function (µ = 2.527 and σ = 1.538; 

Table 3.1). Predicted and observed recruitment distances were not significantly different 

(Kolmogorov-Smirnov test; D = 0.03, P = 0.1647), indicating that J. virginiana 

recruitment distances followed a lognormal distribution. The recruitment curve followed 

a characteristic fat-tailed distribution: recruitment density was highest near seed sources 

(1.2 m) and then rapidly declined with increasing distance until recruitment eventually 

became sparse at longer distances (Fig. 3.3). A breakpoint distinguishing average, short-

distance recruitment vs. rare, long-distance recruitment was identified based on the 

cumulative distribution function between the 90th and 95th percentile distances (Fig. 3.3), 

which showed that 95% of recruitment is expected to occur within 157.1 m of a seed 

source (see Table 3.2 for 95% confidence intervals and comparison with observed data). 

Recruitment beyond this distance from a seed source characterized the recruitment 

curve’s tail (Fig. 3.3). 

The spatial distribution of encroachment around tree plantings was positively 

skewed and was best described by a Weibull probability density function (a=0.678 and 

b=516.324; Table 3.1). J. virginiana distance from plantings ranged from 1.8 to 5292.8 m 

with a median and mean of 261.6 and 688.5 m, respectively. Encroachment density was 

greatest near tree plantings and then rapidly declined until J. virginiana became sparse 
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(Fig. 3.4). Development and expansion of a leading edge of encroachment from tree 

plantings was best described by a series of Weibull and lognormal functions 

(corresponding to height classes [t1−t5] used to represent subsequent time steps of 

encroachment from a tree planting). Two main features characterized changes in the 

leading edge over time: (1) A slow moving, high density area near the tree planting and 

(2) a rapidly advancing tail (Fig. 3.4). This dynamic is evidenced by changes in percentile 

distances from tree plantings between time steps (Fig. 3.4). Little movement of the 50th, 

75th and 90th percentile distances between time steps shows an area of high 

encroachment density near tree plantings. While, relatively rapid expansion of the 98th 

and 99th percentile distances represents spatial advancement of the distribution’s tail, an 

area of low recruitment probability. One exception occurred between time steps t4−t5, in 

that the 98th and 99th percentile distances declined. This result appears to be an artifact 

due to a lack of long-distance recruitment data needed to characterize further expansion 

of the distributions tail beyond distances sampled in this study. Consequently, an 

abundance of local recruitment in time step t5 resulted in an artificial contraction of the 

distribution’s tail. 

 

DISCUSSION 

Dispersal regulates opportunities for woody plant recruitment and plays a key role 

in the vulnerability of grassy ecosystems to woody encroachment. The aim of this study 

was to evaluate how recruitment distance structures spatial patterns of encroachment. Our 

results show a high capacity for J. virginiana invasion of intact grassland ecosystems. 
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The recruitment curve was characterized by a fat-tailed distribution with an abundance of 

local recruitment within ~200 m of seed sources (>95% of observed and predicted 

recruitment; Table 3.2), followed by farther, infrequent recruitment that characterized the 

curve’s tail. This recruitment curve is generally consistent with those described for 

invasive trees (Kot et al. 1996; Lewis 1997; Debain et al. 2007) and demonstrates how 

short- and long-distance recruitment play distinct, yet complementary, roles in driving 

woodland transitions in grasslands. 

 In the absence of disturbances, an abundance of local recruitment contributes to 

strong, destabilizing feedbacks that drive rapid woodland transitions (Langevelde et al. 

2003; Twidwell et al. 2013a; Ratajczak et al. 2014). In this process, local recruitment 

begets local recruitment, thereby rapidly increasing woody plant abundance as grasslands 

near seed sources transition to woody dominance (Archer et al. 1988). On the other hand, 

infrequent, long-distance recruitment does little to directly increase abundance; however, 

these events play an important role in the spatial expansion of woody plants into 

grassland. Long-distance recruitment in treeless areas create new nodes of encroachment 

where infilling between nodes can occur over time. Studies from other regions indicate 

that infilling is promoted via two reinforcing pathways: (1) as woody plants develop they 

provide vertical structures that attract birds and thereby increase the probability of 

additional avian seed deposition (McDonnell and Stiles 1983; Archer et al. 1988; Prather 

et al. 2017), and (2) as woody plants mature and develop seed, local recruitment further 

promotes infilling. 
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 In addition to creating new nodes of encroachment, a higher chance of long-

distance recruitment is attributed to plant invasions that may accelerate over time, rather 

than travel at a constant rate of spread, depending on the shape of the recruitment curve’s 

tail (Clark 1998). Results from this study provide two lines of evidence that the leading 

edge of J. virginiana encroachment may accelerate over time. First, the J. virginiana 

recruitment curve quantified in this study is consistent with fat-tailed distributions that 

can lead to accelerating invasions (Kot et al. 1996; Lewis 1997; Clark et al. 1999; Liu and 

Kot 2019). Second, expansion of the leading edge of encroachment advanced more 

quickly from one time step to the next (as evidenced by the 98th and 99th percentile 

distances of the leading edge from time steps t1−t4), until the leading edge presumably 

exceeded what our sampling approach could represent. Nonetheless, our results 

demonstrate a high capacity for invasion. In fact, most studies, including this one, are 

likely to underestimate the speed of the leading edge due to the challenges of capturing 

long-distance recruitment events that are rare (Nathan 2006). In regards to woody 

encroachment, these results help explain how J. virginiana has become so pervasive in a 

grassland biome following fire exclusion. In addition to this species’ capacity for 

invasion, tree planting programs assist the invasion process by functioning as mass, long-

distance recruitment events that establish new nodes of seed dispersal, often far from 

other seed sources (Ganguli et al. 2008; Roberts et al. 2018; Donovan et al. 2018). A 

recent assessment shows that over the last 28 years, tree planting contributed to an 

approximate 54 million ha range expansion of J. virginiana in the western Great Plains 

region (Hanberry 2022). 
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 The recruitment curve developed here allows for an improved understanding of 

encroachment patterns and helps explain dispersal-driven time lags between changes in 

fire regimes and associated woodland transitions in Great Plains ecosystems (Wells 1970; 

Twidwell et al. 2013b; Ratajczak et al. 2014, 2016; Collins et al. 2021). Rates of 

encroachment are ultimately dependent on seed production, the location of seed sources, 

dispersal, seedling establishment, recruitment to adult size classes, and plant growth 

rates. Yet, studies assessing rates of encroachment seldom consider these factors and 

often reflect encroachment rates that are dependent on the local conditions of a site (e.g., 

Briggs et al. 2002; Fogarty et al. 2021; Fuhlendorf et al. 1996). The recruitment curve 

provided here helps bridge gaps between dispersal and recruitment and can be used to 

inform a more generalized understanding of rates of J. virginiana encroachment. For 

instance, grasslands often lack fire-vegetation feedbacks required to prevent woodland 

transitions but remain in a grassland state temporarily due to dispersal limitations 

(Ratajczak et al. 2016). The recruitment curve provides a basis to better understand the 

lifespan of such grasslands based on their proximity to seed sources. We expect rates of 

encroachment to be most predictable within ~200 m of seed sources, where recruitment is 

most common. At farther distances, the intrinsic variability associated with fat-tailed 

distributions indicates that encroachment rates will be more stochastic (Lewis 1997). 

 Our results suggest that recruitment occurs farther from seed sources compared to 

studies conducted in the eastern portion of J. virginiana’s range. In southwest Virginia, 

USA, the maximum seed dispersal distance along a fence line was predicted to be 515 m 

(Holthuijzen and Sharik 1985b); while, a separate study suggested that J. virginiana 
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recruitment in abandoned pastures was possible up to 88 m from seed sources 

(Holthuijzen and Sharik 1985c). There are multiple of explanations for why we observed 

greater recruitment distances. First, differences in study design and context. Our study 

was designed to capture long-distance recruitment events within an intact grassland 

landscape using transects that were up to 5.5 km in length and that ended at treeless sites. 

Hothjuitzen and Sharik’s (1985a, 1985b) studies were conducted in pastures embedded 

within a forested landscape using transects that were no more than 290 m from seed 

sources. Our design was therefore more likely to capture long-distance recruitment 

events. Second, avian disperser communities are expected to substantially differ between 

Nebraska’s Sandhills and southwestern Virginia. Birds are the primary dispersal agent for 

J. virginiana seeds (Phillips 1910; Holthuijzen and Sharik 1985a; Horncastle et al. 2004) 

and their habitat requirements and movement patterns therefore play an important role in 

recruitment patterns (Chavez-Ramirez and Slack 1994; Levey et al. 2005). The avian 

disperser community in the eastern portion of J. virginiana’s range is dominated by 

woodland species (e.g., yellowrumped warbler, American robin, cedar waxwing) 

(Holthuijzen and Sharik 1985a); while, in the Great Plains, grassland birds (e.g., sharp-

tailed grouse, eastern meadowlark; Adams and Thornburg 2010) are expected to be 

common dispersers, although surprisingly little is known about avian disperser 

communities in the Great Plains. We hypothesize that disperser communities with 

grassland birds increase dispersal distance into grassland environments due to these 

species preference for treeless habitats (Cunningham and Johnson 2019). For instance, 
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grassland birds may be more likely to move into treeless areas after foraging on juniper 

cones. 

We expect results from this study to be generally applicable to other grassland 

regions experiencing J. virginiana encroachment with differences in avian disperser 

communities being a major source of variation. Future research is needed to describe 

avian disperser communities across regional and woody cover gradients to better 

understand how these differences influence encroachment patterns. Moreover, our 

recruitment curve was developed based on an ongoing encroachment process with 

multiple seed sources contributing to spread and is therefore most applicable to similar 

instances of encroachment where multiple seed sources exist on the landscape. In this 

approach, recruitment distances are described based on the nearest seed source (Greene 

and Johnson 2000; Debain et al. 2007; McNamara et al. 2019). This assumption is 

consistent with those made in seed dispersal studies as well as remote sensing and 

management applications that consider the most proximate seed sources (Brown and 

Carter 1998), but undoubtedly results in relatively conservative recruitment distances 

(Nathan and Muller-Landau 2000). Nonetheless, these findings advance understanding of 

encroachment as a spatial process and the roles of short- and long-distance recruitment in 

driving woodland transitions. 

 

IMPLICATIONS  

Juniperus virginiana is among the most well documented encroaching woody plants in 

North America (Briggs et al. 2005; Engle et al. 2008; Nackley et al. 2017), yet its 
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behavior has confounded one community after another as it encroaches new areas. 

Research on landowner perception of encroachment illustrates that communities tend to 

underestimate risk during the early stages of encroachment when propagule sources are 

limited and then lack the capacity to manage the problem as encroachment quickly 

worsens (Morton et al. 2010; Harr et al. 2014). Insights from this study on the role of 

short- and long-distance recruitment help explain this phenomenon. In the early stages of 

encroachment seed sources are sparse and recruitment is driven by rare, long-distance 

dispersal, leading communities to potentially underestimate future management 

challenges as local dispersal becomes pervasive and dominates the recruitment process. 

Based on an improved understanding of encroachment as a spatial process, several 

considerations relevant to landscape management and planning follow: (1) Defending 

grasslands from encroachment requires control measures implemented at regular intervals 

that account for local recruits within ~200 m of seed sources as well as early detection, 

rapid response approaches to account for long-distance recruits. (2) Approaches that 

account for long-distance recruits are critical to the maintenance of large, treeless tracts 

of grassland, especially those that lack frequent fire. (3) Small treatments that reduce 

woody cover but remain within range of local recruitment from other seed sources do 

little to reduce a site’s exposure to encroachment and are expected to be short-lived in the 

absence of repeated follow-up treatments (Fogarty et al. 2021). (4) Reducing grassland 

exposure to encroachment will require targeted removal of J. virginiana that serve as 

local seed sources to relatively intact grassland sites. (5) Introduction of seed sources into 

treeless areas greatly increases grassland exposure to encroachment. Tree planting 
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programs should therefore consider the location of introduced seed sources within a 

broader landscape context and the risks of short- and long-distance recruitment to nearby 

areas.                  
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FIGURES  

 

 

 

Figure 3.1 Example of (a) J. virginiana encroachment around a tree planting and (b) an 

encroaching J. virginiana in the Sandhills, NE USA (satellite imagery is from Google 

Earth).  
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Figure 3.2 Map of studies sites (a, b) and transects used to examine spatial patterns of 

woody encroachment in the Sandhills ecoregion of the central Great Plains.  
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Figure 3.3 Recruitment curve (black) characterizing the scatter of encroaching Juniperus 

virginiana around a seed source. The inset plot shows the cumulative probability of 

recruitment as a function of distance from a seed source. Dashed lines mark the 90th and 

95th percentile distances and denote a break between average vs. rare, long-distance 

recruitment distances.  
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Figure 3.4 Percentile distances from tree plantings calculated from the distribution of 

encroaching Juniperus virginiana around tree plantings over five subsequent time steps 

(represented by height classes: t1 = ≥ 5 m; t2 = ≥ 4 m; t3 = ≥ 3 m; t4 = ≥ 2 m; t5 = ≥ 1 m). 

98th and 99th percentile distances from tree plantings show changes in the encroachment 

distribution’s tail compared to the 50th, 75th, and 90th percentile distances representing 

high density encroachment.              
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TABLES 

 

Table 3.1 Candidate set of probability density functions use to describe the scatter of 

recruitment around seed sources and Juniperus virginiana plantings.  

 

Name Probability density function1 

Lognormal 
𝑓(𝑥) =  

1

√2πσx)
ⅇ

−
(ln(x)−μ)2

2σ2  

 

Weibull 
𝑓(𝑥) =

𝑎

𝑏
(

𝑥

𝑏
)

𝑎−1

𝑒−(
𝑥
𝑏)

𝑎

 

 

Exponential 𝑓(𝑥) =  𝜆𝑒−𝜆𝑥 

 

1terms: μ = mean; σ = standard deviation; 𝑎 = shape parameter; 𝑏 = scale parameter; 𝜆 

= rate. 
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Table 3.2 Percentile distances of Juniperus virginiana recruitment calculated from 

lognormal and empirical distribution functions.  

 

Model 90th percentile distance (m) 95th percentile distance (m) 

Estimate 95% CI1 Estimate 95% CI1 

Lognormal 89.9 78.8-102.2 157.1 134.8-181.5 

Empirical  113.8 94.3-145.5 173.0 148.7-196.9 

195% confidence intervals calculated using the bootstrap technique.  
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CHAPTER 4: RAPID RE-ENCROACHMENT BY JUNIPERUS VIRGINIANA 

AFTER A SINGLE RESTORATION TREATMENT 

 

ABSTRACT 

Grasslands across the world are transitioning to woody-dominated states with major 

consequences for ecosystem service provisioning. Managers have consequently turned to 

woody plant removal or “brush management” as a tool for grassland restoration. Yet the 

lifespan of brush management treatments depends on rates of re-encroachment, which are 

often unknown and seldom considered in restoration planning. In this study, we 

determine the rate of re-encroachment for Juniperus virginiana L. after 16 years of fire-

based restoration actions in the Loess Canyons Experimental Landscape in Nebraska. In 

this experimental landscape, reclamation fires are used to collapse J. virginiana 

woodlands and have been applied almost every year since 2002 as part of a regional 

restoration initiative. We observed rapid rates of re-encroachment after fire-based 

restoration. Seedlings re-established within 1−2 years and reached densities similar to 

unburned woodlands in 5−11 years. Cover was low and stable 8−10 years after 

restoration and then transitioned to a rapid growth phase as trees escaped the herbaceous 

layer. The tallest trees reached heights associated with the onset of seed production after 

7−11 years, marking a demographic transition in the re-encroachment process as 

restoration sites become sources of seed exposure. These results suggest that single 

restoration treatments are likely to be short-lived. A key implication is that follow-up J. 
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virginiana treatments are needed to maintain restored grasslands at fairly regular 

intervals. 

 

INTRODUCTION 

 

Woody encroachment is the process in which grasslands transition to an 

alternative, woody-dominated state (Ratajczak et al. 2014; Wilcox et al. 2018). Woody 

transitions result in fundamental changes in the structure, function, and composition of 

grassland systems including reductions in herbaceous biomass and diversity, as well as 

altered nutrient cycles, hydrology, and carbon storage (Scholes and Archer 1997; Jackson 

et al. 2002; Huxman et al. 2005; Archer and Predick 2014). In response to these threats, 

managers have turned to woody plant removal, generally known as “brush management” 

in North and South America, as a restoration tool used to induce a shift back to a grass-

dominated state. Indeed, various forms of brush management have proven to be effective 

in restoring herbaceous biomass and diversity (Archer et al. 2011). However, the lifespan 

of brush management treatments depends on rates of re-encroachment and recovery 

(Archer and Predick 2014). One of the biggest risks to sustaining costly brush 

management programs is if projects are short-lived. Yet rates of re-encroachment are 

currently unknown for some of the most common encroaching species (Archer et al. 

2011), despite substantial investments in brush management. 

Here, we implemented the first study to track Juniperus virginiana L. re-

encroachment following restoration with high-severity fire. J. virginiana is a notorious 



90 

 

 

encroaching species in the North American Great Plains and is driving a large-scale 

woodland transition associated with a suite of social-ecological consequences (Briggs et 

al. 2002; Twidwell et al. 2013b). As the impacts of J. virginiana encroachment become 

more apparent, some managers have turned to high-severity fire as a cost-effective 

restoration method at large scales. In this study, we use a regional restoration initiative to 

quantify rates of J. virginiana re-encroachment 16 years following woodland collapse 

with high-severity fire. This study answers several questions concerning the re-

encroachment process: 1) Does J. virginiana quickly recover following restoration or is a 

slow re-establishment process observed? 2) How long are seedlings present in the 

herbaceous layer before beginning a process of rapid growth in cover? and 3) when does 

J. virginiana reach heights associated with seed production? 

 

METHODS 

 

Study system 

This study was conducted in the Loess Canyons Experimental Landscape located 

in central Nebraska (Fig. 4.1). The Loess Canyons Experimental Landscape spans a 72 

843-ha area and consists of private properties that are connected to form a large 

landowner coalition. Mixed-grass prairie is the dominant vegetation community with an 

average herbaceous plant height of 0.3 m (Fogarty, unpublished data). Dominant grass 

species include big bluestem (Andropogon gerardii Vitman), little bluestem 

(Schizachyrium scoparium [Michx.] Nash), and sideoats grama (Bouteloua curtipendula 
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[Michx.] Torr.). Before European settlement, the estimated fire return interval for this 

region was 6−10 years (Guyette et al. 2012), which limited the distribution of J. 

virginiana to steep canyons where fire was rare. However, fire suppression has since 

allowed J. virginiana to encroach into previously uninhabitable grasslands, resulting in 

woodland expansion (Fogarty et al. 2020). Elevation ranges from 781 to 989 m above sea 

level. Mean annual precipitation is 550 mm, and mean annual temperature is 9.8°C 

(Arguez et al. 2012). 

 Prescribed burning has occurred almost every year in the Loess Canyons 

Experimental Landscape since 2002, with fires averaging 309 ha in size. Prescribed burns 

are conducted by prescribed burn associations to manage woody encroachment and 

restore grassland dominance (Fogarty et al. 2020; Bielski et al. 2021). On the basis of a 

landowner reconstruction of prescribed fire history, 84 fire treatments were implemented 

across 26,191 ha in the Loess Canyons Experimental Landscape from 2002 to 2018 (see 

Fig. 4.1). Prescribed fire treatments were typically implemented between early February 

and late April. All fire prescriptions targeted weather and fuel conditions to create fire 

intensities above juniper mortality thresholds (sensu Twidwell et al. 2013a). To promote 

this, localized tree cuttings were often used to manipulate the fuel structure and were 

stuffed under J. virginiana−dominated patches. 

 

Experimental design, sampling, and analysis  

We used a space-for-time substitution to quantify rates of J. virginiana re-

encroachment. Twenty-two restoration sites were selected for this study (see Fig. 4.1). 
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Restoration at these sites consisted of a single fire treatment and did not include reseeding 

of herbaceous plants or post-fire management of woody plants (Bielski et al. 2021). The 

selected sites spanned an array of time-since-fire history and ranged from 3 months to 16 

years. Within each site, we sampled re-encroachment within a former J. virginiana 

woodland patch that collapsed as a result of the fire treatment. Collapsed J. virginiana 

patches were selected on the basis of the following criteria: 1) all patches were formerly a 

J. virginiana woodland patch (representative of unburned woodland sites; see later), at 

least 1,000 m2 in area; 2) all patches were located on canyon slopes (patches on canyon 

tops and bottoms were avoided to reduce variability across sampling locations); 3) all 

patches were collapsed (i.e., 100% tree mortality) as a result of fires surpassing critical 

surface fireline intensity thresholds necessary for juniper mortality (Twidwell et al. 

2013a), and then 4) shifted back to a herbaceous-dominated state. These criteria were 

confirmed through a combination of remotely sensed imagery and field observations. We 

also selected three intact J. virginiana woodland patches to establish a reference point for 

unburned woodlands in the Loess Canyons Experimental Landscape. 

 A 30-m transect was established at the center of each sampled patch and oriented 

parallel to the canyon top and bottom to minimize differences among sites. Canopy cover 

of J. virginiana was measured along this transect using the line-intercept method. Density 

and tree height were measured in three 10 × 10 m plots centered along the 30-m transect. 

Density measures included all individuals rooted within plots. Seedlings obstructed by 

herbaceous vegetation and woody debris were located by closely searching the 

herbaceous vegetation layer within 1 m of ground level. Survey time was kept consistent 
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across all sampled patches. Height was recorded for all trees using a telescoping 

measuring pole. All field sampling was conducted in July 2018. 

 We used a candidate set of four regression models to determine whether a linear, 

logarithmic (ln[x+1]), second-order, or third-order polynomial trend described the 

relationship between each response variable (density, percent cover, height, and 

maximum height) and time since fire-induced collapse. Cover and density response 

variables were log-transformed (ln[y+1]) to meet normality and heteroscedasticity 

assumptions. We used Akaike’s information criterion corrected for small sample sizes 

(AICc) to identify the top model (i.e., linear, logarithmic, or polynomial) based on the 

lowest AICc value and then used R2 as a measure of the top model’s fit. To account for 

model uncertainty at longer times since fire, 95% confidence intervals were calculated 

based on the 2.5th and 97.5th percentile from a set of 1,000 refitted models using bootstrap 

samples (Toms and Lesperance 2003). All statistical analyses were conducted using R 

version 3.5.1 (R Core Development Team 2018). 

 

RESULTS AND DISCUSSION 

 

J. virginiana re-encroachment began almost immediately after initial restoration 

with fire. Seedlings established 1−2 year after restoration and then increased in density 

following a logarithmic trend (y = exp[0.4259 + 2.9675 ln{x+1}] – 1; R2 = 0.66) (Fig. 

4.2A). Density recovered to levels within the range of unburned woodlands (633−1 267 

trees ha−1) within 5−11 years after restoration (based on bootstrapped 95% confidence 
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intervals), although some individual sites recovered earlier (see Fig. 4.2A). Cover 

increased following a polynomial trend (y = exp[0.064044 – 0.111451x + 0.023644x2] – 

1; R2 = 0.78), in which cover was low and stable in the first 8−10 years after restoration 

and then transitioned to a period of rapid growth as more trees escaped the herbaceous 

layer (see Fig. 4.2B). Mean and maximum tree height increased along polynomial (y = 

0.018684 + 0.00518x + 0.005317x2; R2 = 0.72) and linear (y = −0.82801 + 0.28257x; R2 

= 0.61) trends, respectively (see Fig. 4.2C-D). Eight years after restoration, mean tree 

height was 0.4 m (0.1 m > mean herbaceous plant height) and the tallest trees were 1.4 m. 

Beyond this point in the re-encroachment process, relatively incremental increases in 

mean tree height (0.1−0.2 m yr−1) corresponded to potentially large increases in cover 

(see Fig. 4.2). Between 7 and 11 years after restoration, the tallest trees reached heights 

associated with the onset of seed production (1.5 m; Owensby et al. 1973), marking a 

demographic transition in the re-encroachment process as restored sites become seed 

sources and further contribute to encroachment. Fourteen years or more after restoration, 

sites were dominated by dense stands of J. virginiana (3,900−5,633 trees ha−1 with trees 

up to 5.2 m in height) and resembled a young woodland (see Fig. 4.1C). 

Our results show two stages of re-encroachment after restoration; the first is an 

incipient stage characterized by seedling re-establishment, followed by a second stage of 

rapid growth and demographic transitions to mature (i.e., cone-producing) trees. This 

general pattern of nonlinear recovery is consistent with expectations based on patterns of 

initial encroachment and woodland transition (Briggs et al. 2002). Yet this study provides 

the first evidence of a rapid and nonlinear re-encroachment process for juniper. Results 
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from previous studies of juniper removal in North America are consistent with the 

incipient stage of re-encroachment documented here (e.g., Bates et al. 2005; Ansley et al. 

2006; Alexander et al. 2018). This is an important distinction between this study and 

others because the onset of a nonlinear increase in cover signals that the end of a 

treatment’s lifespan is approaching. Indeed, the timing of a nonlinear increase in J. 

virginiana cover, ∼10 years after initial restoration, is associated with early declines in 

herbaceous biomass (Bielski et al. 2021). This suggests that single restoration treatments 

may be short-lived in the Great Plains due to rapid rates of re-encroachment, compared 

with other juniper encroached systems in the Great Basin where treatment lifespans are 

estimated to range from 40 to 100 years (Bates et al. 2005, 2006). 

Multiple demographic stages, as well as the speed of demographic transitions, 

have potential to limit the rate of re-encroachment (Archer et al. 2017). In the Loess 

Canyons, multiple lines of evidence suggest that re-encroachment is limited by the speed 

of demographic transitions, rather than bottlenecks or traps associated with single 

demographic stages: 1) Seedlings quickly reestablished within 1−2 years and 2) shortly 

thereafter reached densities similar to those of woodlands, suggesting that neither seed 

availability nor seedling establishment are limiting; 3) Tree size steadily increased, 

suggesting an absence of demographic traps limiting transitions to mature size classes; 

and 4) increases in cover were generally consistent with nonlinear growth patterns of 

individual tree canopies (Engle and Kulbeth 1992), suggesting tree growth rates as a 

primary limiting factor. We therefore expect our results to be generally applicable for 

similar grassland systems where re-encroachment is not limited by early demographic 
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stages (e.g., seed availability or seedling reestablishment), with variance in the rate of re-

encroachment based on tree growth rates and local differences in seedling density. For 

instance, density showed considerable variation among our sites, suggesting local 

differences in seed abundance and/or seedling establishment. We expect these differences 

to result in local variation in rates of re-encroachment, including the timing of nonlinear 

increases in cover. However, research is needed to explore how multiple demographic 

stages can limit re-encroachment and the potential management implications. 

 

IMPLICATIONS 

 

Brush management is a widespread restoration practice in global rangelands, and 

our study contributes to a growing body of literature showing that restored lands are 

highly vulnerable to re-encroachment (reviewed by Archer et al. [2011]). A key 

implication is that sustaining restored grasslands will require follow-up management, 

consistent with historical fire return intervals, to promote feedbacks that limit woody 

plants and promote grasslands. Clearly, re-encroachment will influence what it takes to 

scale up conservation success and should be incorporated into future planning efforts.  
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FIGURES 

 

 

Figure 4.1 A, Map of fire treatments (2002–2018) for the Loess Canyons Experimental 

Landscape in Nebraska, used to determine rates of re-encroachment by Juniperus 

virginiana following fire-based restoration. B and C, Example of a recently restored site 

compared with a recovered site 17 years after initial restoration with fire, respectively. 
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Figure 4.2 A−D, Relationship among Juniperus virginiana density, percent cover, height, 

and maximum height and time since fire-induced woodland collapse in the Loess 

Canyons Experimental Landscape, Nebraska, respectively. Modeled fits are shown by 

solid lines and are bounded by 95% confidence intervals calculated using a bootstrap 

technique. Right panels provide a point of reference for unburned woodlands, reflecting 

longer time-since-fire trajectories.
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CHAPTER 5: WOODY PLANT REINVASION SHORTENS THE LIFESPAN OF 

GRASSLAND RESTORATION TREATMENTS 

 

INTRODUCTION 

 

With the global emphasis on ecosystem restoration (UN Decade on Restoration), 

a key question is whether sites undergoing restoration are more vulnerable to shifts back 

to a previous state. Models of hysteresis in ecosystems consider degradation pathways, 

the ‘path out’, to differ from restoration pathways, the ‘path back’, but do not distinguish 

between subsequent paths out and back (Scheffer et al. 2001; Suding et al. 2004). This 

implies an expectation that restored regimes behave in a way that is similar to the initial 

regime, or that restored regimes are equally vulnerable to regime shifts. However, there is 

potential for hysteretic responses in systems that have undergone or are undergoing 

restoration, particularly when legacies of past invasions persist (Banks et al. 2018). 

Restoration practitioners are particularly interested in this because such history-

dependent responses could mean that restored systems or those undergoing restoration 

can easily transition back into a degraded state and therefore require a different set of 

environmental conditions for their maintenance. 

Grassland-woodland regimes are a classic example of alternative states in 

restoration ecology (Scheffer et al. 2001; Suding et al. 2004; Twidwell et al. 2013b; 

Archer and Predick 2014; Wilcox et al. 2018) and provide an ideal system for examining 

whether systems undergoing restoration exhibit history-dependent responses. Grasslands 

are maintained through fire-vegetation feedbacks characterized by high fire occurrence 
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and intensity, while, woodlands are maintained by low fire occurrence and intensity 

(Figure 5.1) (Bond et al. 2005; Twidwell et al. 2013b; Ratajczak et al. 2014). Woody 

plant invasion creates a positive feedback, whereby increased woody plant abundance 

decreases herbaceous fuels, which decreases fire intensity and reinforces a transition to 

woody dominance (Langevelde et al. 2003; Twidwell et al. 2013a). Recent studies 

demonstrate that grassland-woodland transitions exhibit hysteresis. That is, the trajectory 

from grassland to woodland regimes differ from that of woodland back to grassland 

(Collins et al. 2021; Bielski et al. 2021). In particular, more extreme fire conditions are 

needed to shift the woodland regime back to grassland dominance, compared to what is 

needed to maintain grassland regimes and prevent woody transitions (Twidwell et al. 

2020; Bielski et al. 2021).  

Multiple studies suggest that woody plant reinvasion follows a distinct, more 

rapid pathway compared to the initial invasion process. During the initial invasion 

process in grasslands, increased abundance of woody plants is well-known to alter 

ecosystem structure (Norris et al. 2001), species composition (Linneman and Palmer 

2006; Ratajczak et al. 2012; Andersen and Steidl 2019), carbon and nitrogen cycling 

(McKinley and Blair 2008), hydrological processes (Jackson et al. 2005; Zou et al. 2018), 

and arbuscular mycorrhizae communities (Liang et al. 2017; Utaile et al. 2021; Zhao et 

al. 2022). Following woody plant removal, some of these properties are expected to 

remain as invasion legacies that have potential to compromise the grassland undergoing 

restoration, leading to a more rapid reinvasion pathway. Similar to how information and 

material legacies assist in the recovery of natural ecosystems following disturbance 
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(Franklin and MacMahon 2000; Holling and Gunderson 2002; Johnstone et al. 2016; 

Roberts et al. 2019), invasion legacies have been attributed to rapid reinvasion following 

initial control or eradication of an invasive species (Banks et al. 2018). In restored 

sagebrush steppe communities for example, Juniperus occidentalis quickly reinvaded 

from seed and seedlings left behind from the initial treatment (Bates et al. 2005). Similar 

examples can be found in the mixed grass prairie (Wonkka et al. 2016; Fogarty et al. 

2021), alpine meadows (Kremer et al. 2014; Halpern and Antos 2021), and oak savannas 

(Brudvig and Asbjornsen 2007). However, aside from anecdotal evidence that woody 

plant reinvasions follow a more rapid trajectory, direct comparisons with the initial 

invasion process have not been made.  

In this study, I use 17 years of fire-based restoration in an experimental landscape 

to examine whether grassland sites undergoing restoration from an invasive woodland 

state are more vulnerable to shifts back to a woodland (Figure 5.1). The Loess Canyons 

Experimental Landscape, located in the Great Plains mixed-grass prairie region, provides 

a unique setting to compare woody plant invasion and reinvasion pathways. This 

landscape has experienced high levels of juniper invasion and is co-dominated by 

grassland and juniper-woodland regimes (Fogarty et al. 2020). Since 2002, a series of 

extreme fire treatments have been implemented as part of a regional effort to collapse 

juniper woodlands and restore grassland dominance (Bielski et al. 2021). This has 

resulted in a complex landscape where juniper woodland, grassland, and sites at various 

stages of (re)invasion are intermixed within a broader grassland matrix (Figure 5.2). 

Previous research has documented juniper reinvasion following woodland collapse in this 
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landscape and others (Bates et al. 2005; Ansley et al. 2006; Fogarty et al. 2021), but it 

remains unclear whether and how invasion and reinvasion pathways differ. Managers are 

especially interested in the potential for a distinct reinvasion pathway, because this has 

direct implications on how to manage sites undergoing restoration.  

 I answer the following questions: 1) Are grasslands undergoing restoration more 

vulnerable to transitions back to a juniper woodland state, evidenced by faster rates of 

reinvasion following initial removal of woody plants, and if so, how does reinvasion 

compare with the initial invasion process? And 2) do legacies of past woodland regimes 

result in edge effects on the (re)invasion process between sites undergoing restoration and 

surrounding grasslands. I answer these questions using a space-for-time substitution to 

quantify the rate of juniper reinvasion 17 years following a fire-induced shift from 

juniper woodland to grassland dominance and compare reinvasion to the initial invasion 

process in adjacent grassland sites that were also burned at the time of woodland 

collapse. In addition, I characterize unburned juniper woodland and unburned grassland 

sites to represent undisturbed conditions for each regime. I hypothesize that reinvasion 

will occur at a faster rate compared to the initial invasion process in burned grasslands, 

evidenced by earlier seedling establishment and onset of exponential growth in cover 

(Figure 5.1). Regarding edge effects, I hypothesize that juniper reinvasion and invasion 

will be sharply distinguishable based on the spatial boundaries of the past woodland 

regime. 

 

METHODS 
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Study system 

This study was conducted in the Loess Canyons Experimental Landscape located 

in central Nebraska, USA (Figure 5.3). The Loess Canyons Experimental Landscape 

consists of a collection of privately-owned properties where extreme prescribed fire 

treatments have been implemented nearly every year since 2002 as part of an effort to 

address a regional trend of Juniperus virginiana invasion. This landscape encompasses a 

nearly contiguous 74,569 ha and was founded as a partnership between landowners and 

the Institute of Agriculture and Natural Resources at the University of Nebraska. Native 

vegetation communities are characterized by mixed-grass prairie communities. A fire 

return interval of 6-10 years limited the distribution of woody plants in this landscape 

prior to European settlement (Guyette et al. 2012), however, fire exclusion has since 

resulted in the invasion of J. virginiana, a notorious native invader in the central Great 

Plains (Engle et al. 2008; Nackley et al. 2017). Topography in the region consists of steep 

loess hills and canyons with elevation ranging from 781 to 989 m above sea level. 

Climate is temperate with a mean annual precipitation of 550 mm, the majority of which 

occurs during the growing season, and a mean annual temperature of 9.8 °C (monthly 

averages range from -11.1–31.8 °C) (Arguez et al. 2012).  

Prescribed fire treatments in the Loess Canyons Experimental Landscape are 

implemented by landowner-led prescribed burn associations and target conditions 

necessary to collapse juniper woodland patches. Prescribed burn associations are 

landowner-based coalitions where members pool resources to coordinate fire 
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management across a network of properties (Twidwell et al. 2013b; Weir et al. 2016). 

The Loess Canyons Experimental Landscape consists of two prescribed burn 

associations, the Loess Canyons Rangeland Alliance operating in the western portion of 

the experimental landscape since 2002 and the Central Platte Rangeland Alliance 

operating in the eastern portion of the landscape since 2011. Based on a landowner 

reconstruction of prescribed fire history, a total of 124 fire treatments were implemented 

from 2002-2019, totaling 34,752 ha. Prescribed fire treatments are typically implemented 

in the spring and target weather and fuel conditions necessary to overcome juniper 

mortality thresholds (sensu Twidwell et al. 2013a). This is often promoted by altering 

fuel structure by adding cut juniper trees around the perimeter of juniper woodlands 

(Crockford et al. 2017). Collapsed juniper woodland sites are then allowed to reorganize 

without immediate intervention. Recovery of herbaceous plants occurs within 1 year of 

the prescribed fire and does not include reseeding (Bielski et al. 2021). As a result of fire-

based restoration efforts, grasslands in the Loess Canyons Experimental Landscape 

represent a wide range in time-since-fire histories and provide a long-term experimental 

setting to compare reinvasion and invasion dynamics.  

 

Sampling and Analysis  

I used a space-for-time substitute to characterize J. virginiana invasion and 

reinvasion 17 years following extreme prescribed fire. Eleven fire treatments were 

selected for this study. Treatments consisted of prescribed fires that consumed above-

ground herbaceous biomass in grasslands and collapsed the juniper woodland regime 
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(100% tree mortality within a patch) (Bielski et al. 2021). Sites used in this study did not 

receive further intervention (e.g., reseeding or post-fire management of woody plants). 

The selected sites represented the full range of time-since-fire history in the Loess 

Canyons Experimental Landscape and ranged from 3 months to 17 years.  

I sampled J. virginiana invasion and reinvasion of burned grassland and collapsed 

woodland patches, respectively, at each site. Grassland and collapsed woodland patches 

were immediately adjacent to each other and were selected based on the following 

criteria: 1) prior to fire treatments, collapsed woodland patches were dominated by 

mature J. virginiana (the final stage of J. virginiana invasion) and grassland patches were 

grass dominated and represented the incipient stage of invasion, characterized by a low 

density of juvenile J. virginiana (representative of unburned woodland and grassland 

sites; see below); 2) fire then induced 100% mortality of J. virginiana and herbaceous 

biomass recovered to similar conditions found in adjacent grasslands (Bielski et al. 

2021); 3) patches were at least 30-m in diameter; 4) grassland and collapsed woodland 

patches were located on the same canyon slope to minimize differences in aspect and 

slope (canyon tops and bottoms were avoided to reduce variability across sampling 

locations). I used a combination of remotely sensed imagery and field observations to 

confirm these criteria. For example, pre- and post-fire conditions were initially examined 

using Google Earth imagery archives and were then confirmed in the field based on the 

presence of dead J. virginiana. In addition to sampling restoration sites, I also selected 

three unburned grassland and woodland patches to establish a reference point for 

undisturbed conditions for both grassland and woodland regimes.  
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J. virginiana invasion metrics were sampled at 11 burned grassland sites, 11 

collapsed woodland sites, 3 unburned grassland sites, and 3 unburned woodland sites. 

The 11 grassland and collapsed woodland sites were burned one of the following years: 

2002, 2005, 2008, 2010-2012, and 2015-2019. Sampling occurred in 5 x 5-m plots 

centered along a transect that extended from the collapsed woodland patch into the 

adjacent grassland. Transects were terminated in the adjacent grassland when a maximum 

distance from collapsed woodland patches was reached (considering the location of other 

nearby collapsed woodland patches) or when the end of a hillside was reached. Thus, 

transect length was variable between sites but contained a minimum of 30 m (6, 5 x 5-m 

plots) in each patch type. I used the line intercept method with a minimum gap size of 0.1 

m (i.e., canopy gaps <0.1 m were not recorded) to measure J. virginiana cover (Bonham 

2013). The line intercept method is well-suited for measuring cover at various stages of 

the invasion process, ranging from seedlings to mature trees. At sites with mature trees, a 

sighting pole was used to measure canopy gaps along the transect tape (Bonham 2013). 

Density was determined for each plot based on the number of J. virginiana rooted within 

the plot. Seedlings obstructed by vegetation were detected by closely searching within the 

herbaceous layer within 1-m of ground level. J. virginiana height was measured to the 

nearest centimeter using a telescoping measuring pole. Field sampling occurred in July of 

2019 and sampling effort was consistent across all sites. 

I quantified the rate of invasion and reinvasion to determine whether sites 

undergoing grassland restoration sexhibited a history-dependent reinvasion response 

(Figure 5.1). (Re)invasion rates were quantified based on relationships between J. 
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virginiana density, cover, and height (response variables) and time since fire 

(independent variable). Response variables were calculated as patch-level averages using 

5 x 5-m plots sampled within grassland and collapsed woodland patches. I used a 

candidate set of four regression models (and a null model) to determine whether a linear, 

logarithmic (ln[x+1]), second-order, or third-order polynomial trend described the 

relationship between (re)invasion response variables and time since fire. These models 

contrasted three hypotheses related the (re)invasion process. Specifically, (1) that 

(re)invasion variables (e.g., density, cover, and height) increase over time by a constant 

amount (linear trend), (2) that they increase at a constant rate (logarithmic trend), or (3) 

that reinvasion variables change along more complex curvilinear trends characterized by 

different rates of change over time (polynomial trend). A logarithmic transformation 

(ln[y+1]) was used for J. virginiana density in collapsed woodlands and cover in 

grasslands to meet normality and heteroscedasticity assumptions. Akaike’s information 

criterion corrected for small sample sizes (AICc) was used to identify top models based 

on the lowest ∆AICc value (Burnham and Anderson 2002). Because, AIC is a relative 

measure of support, I used R2 values as a measure of the top models fit.  

I quantified (re)invasion variables spatially, along the former grass-tree boundary 

to look for potential edge effects of the collapsed woodland following restoration. 

Specifically, I examined whether invasion rates are faster in areas near collapsed 

woodland edges compared to areas farther from the collapsed woodland edge. This was 

done using linear bivariate interpolation, conducted with the ‘interp’ function in R 

package ‘akima’ (Akima and Gebhardt 2022). This method of bivariate interpolation 
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takes an irregular grid of x, y, and z points and generates a contour surface of z values 

based on an algorithm (ACM 751; Renka 1996). In my case, transects represented the x-

axis (space), with 5 x 5-m plots represented as individual grid cells, time since fire 

represented the y-axis, with years represented as individual grid cells, and reinvasion 

variables (density and cover, each separately) represented the z-axis. Transects were 

standardized based on distance to the collapsed woodland edge. This x, y, z grid was then 

imposed on a 100 x 100 cell grid where reinvasion variables were interpolated across 

space (transects) and time since fire (y-dimension). The resultant contour surface 

provides a spatiotemporal map of invasion and reinvasion 17 years following fire.  

 

RESULTS 

 

Increases in J. virginiana after fire treatments occurred faster in collapsed 

woodland patches undergoing grassland restoration, compared to burned grassland 

patches undergoing the initial invasion process. In collapsed woodlands, seedlings 

established 1 year following fire, compared to 4 years before the first seedlings were 

observed in burned grasslands with the same time-since-fire history. Density increased in 

collapsed woodland and burned grassland patches following two distinct trajectories after 

fire (Figure 5.4). In collapsed woodland patches, increases in density followed a 

logarithmic trend (R2 = 0.70) (Table 5.1 and 5.2), were highly variable (as evidenced by a 

wide 95% confidence interval), and rapid. Density in collapsed woodlands reached levels 

similar to that of unburned woodlands (1486–4133 trees ha-1) within 4-11 years and 
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continued to increase beyond the range found in unburned woodlands. In burned 

grasslands, density increased following a polynomial trend (R2 = 0.92) (Table 5.1 and 

5.2) and was relatively low and stable, with steady increases in density starting 11 years 

post-fire. J. virginiana density in burned grasslands reached similar levels to that of 

unburned grasslands 17 years post-fire, but did not obtain densities found in unburned 

woodlands (based on the range of years since fire that were sampled).   

J. virginiana cover increased faster in collapsed woodland patches compared to 

burned grassland patches following fire (Figure 5.4). In collapsed woodlands, increases 

occurred along a polynomial trend (R2 = 0.84) (Table 5.1 and 5.2), in which cover was 

initially stable and then began to increase rapidly 7-years post-fire. Seventeen years post-

fire, predicted J. virginiana cover was 55.2% (95% confidence interval = 39.4–71.0%), 

compared to 84.0–87.7% in unburned woodlands. In contrast to what was observed in 

collapsed woodlands, cover remained low and stable in burned grasslands for the first 14 

years post-fire, with notable increases in cover observed 17 years post-fire (R2 = 0.94; see 

Table 5.1 for model equations). Seventeen years post-fire, predicted cover was 2.2% 

(95% confidence interval = 1.8–2.7%), within the range found in unburned grasslands but 

well below that of collapsed and unburned woodlands. Mean J. virginiana height within 

collapsed woodlands and burned grasslands increased along a similar, linear trajectory 

(R2 = 0.79 and 0.80, respectively). Seventeen years after fire mean tree height was 1.5 

and 1.4 m in collapsed woodlands and burned grasslands, respectively. 
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Initially, J. virginiana reinvasion and invasion was easily distinguishable based on 

the former grassland-woodland edge (Figure 5.5). The transition between reinvasion and 

invasion was initially sharp; however, over time the transition boundary became less 

distinct as trees increased in close proximity to the former grassland-woodland boundary. 

Post-fire increases in J. virginiana occurred earlier in grassland areas that were close to 

the collapsed woodland edge, compared to areas farther from the edge. Initial increases in 

J. virginiana occurred almost immediately and ubiquitously in the collapsed woodland, 

however, in burned grasslands, distance to the collapsed woodland edge appeared to have 

an effect on invasion patterns in addition to time since fire (Figure 5.5). Seedlings first 

established 1 year post-fire in collapsed woodland patches, 4 years post-fire in burned 

grasslands ≤ 40 m from the collapsed woodland edge, and 14 years post-fire in burned 

grasslands > 40 m from the collapsed woodland edge. Increases in cover followed the 

same general pattern but lagged behind that of density (Figure 5.5). 

 

DISCUSSION 

 

Grasslands undergoing restoration were more vulnerable to shifts back to a juniper 

woodland regime compared to grasslands experiencing the initial woody invasion 

process. My results show that this process was driven by high levels of J. virginiana 

reestablishment following woodland collapse, as opposed to increased growth rates 

which I found no evidence of. J. virginiana reestablished at high densities almost 

immediately after fire-induced woodland collapse, which led to an earlier onset of the 
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exponential growth phase. This is an important finding in terms of differentiating 

between the initial invasion ‘path out’ and the reinvasion ‘path back out’. The onset of 

exponential growth signifies strong positive feedbacks whereby increases in woody plant 

abundance quickly narrows the range of fire conditions needed to reverse woody plant 

invasion (Twidwell et al. 2013a, 2016b). That is, low intensity fires on a 10-15 year 

rotation may be sufficient for managing grasslands during the initial invasion process 

when densities and cover are low (Briggs et al. 2002). Yet, these same fire conditions 

may be unable to manage grasslands undergoing reinvasion, where more frequent and/or 

intense fires are needed (Twidwell et al. 2016a). Indeed, previous studies have shown that 

grassland-woodland transitions are hysteretic, in that the trajectory from grassland to 

woodland is different from that of woodland back to grassland (Collins et al. 2021; 

Bielski et al. 2021). My results provide evidence of a hysteretic response in grasslands 

undergoing restoration that characterizes the ‘path back out’ to a woodland regime as 

more rapid than the initial invasion process.  

My finding of a more rapid reinvasion process suggest that legacies from past 

woodland regimes can compromise grasslands undergoing restoration and make them 

more vulnerable to woodland transitions. J. virginiana is a non-resprouting, fire sensitive 

species, yet soil seed banks, standing dead trees, and soil microbial communities are a 

few examples of invasion legacies that may increase a site’s overall risk of transitioning 

back to a woodland state. For example, standing dead trees serve as avian perches and are 

likely to increase avian seed deposition (Prather et al. 2017); fire treatments may leave 

behind juniper seeds in the soil seed bank; and soil microbial communities, altered during 
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the initial invasion process (Liang et al. 2017; Utaile et al. 2021; Zhao et al. 2022) may 

increase seed germination rates. Bates et al. (2005, 2006) demonstrates how juvenile 

juniper, left behind from tree removal treatments, lead to faster rates of reinvasion that 

shorten the lifespan of restoration investments. Similar examples are found from a 

growing literature on reinvasion, which identifies the reinvasion process as distinct from 

the initial invasion due to potential changes in the invader, the invaded environment, and 

species interactions (Banks et al. 2018). That is, a system’s history of invasion and the 

information and material legacies that remain within sites undergoing restoration drive 

key differences between reinvasion and invasion. I suspect that the magnitude of 

difference between juniper invasion and reinvasion is dependent upon the extent and type 

of invasion legacies. Future research is needed to better understand the mechanisms 

driving faster rates of reinvasion, their persistence over time, and how they can be 

managed.  

My results also provide evidence of a lagged edge effect between grassland patches 

undergoing reinvasion and the initial invasion process. Initially there was a stark contrast 

between collapsed woodland and burned grassland patches. High levels of J. virginiana 

reestablishment were initially limited to the collapsed woodland patches, indicating major 

differences in seed occurrence and/or seedling establishment between patches undergoing 

reinvasion versus invasion. However, over time, J. virginiana density increased in 

grasslands near the collapsed woodland edge as the recovering woodland expanded. This 

lagged response of invasion at the grass-woody edge corresponds to the time required for 

reestablished J. virginiana to produce seeds and contribute to spread. The onset of seed 
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production is estimated to occur 7-11 years after fire-based woodland collapse in this 

region (Fogarty et al. 2021). While seed dispersal may be initially limited, the majority of 

seeds are expected to be dispersed close to parent plants, at the grass-woodland edge 

(Holthuijzen and Sharik 1985; Holthuijzen et al. 1987; Fogarty et al. 2022). Thus, the 

lagged response of invasion at the grass-woody edge likely reflects a resumed process of 

woodland expansion driven by local propagule pressure.   

 

Implications for ecosystem management 

I have identified two main implications based on evidence that reinvasion is more 

rapid than the initial invasion process. The first is that evidence of such a hysteretic 

response in grasslands undergoing restoration underscores the importance of proactive 

management that avoids woodland transitions in the first place. Relatively slow rates of 

tree establishment in burned grasslands indicates that the initial invasion process can be 

managed with less intensive treatments compared to reinvasion. Initial establishment of J. 

virginiana in burned grasslands occurred up to 13 years later compared to sites 

undergoing restoration. Thus, proactive investments have potential to impact a larger area 

and have longer lifespans (Roberts et al. 2018). Nonetheless, there remains a vast need 

for restoration and maintenance of grasslands undergoing restoration. The second 

implication then is that management frameworks are needed that explicitly account for 

reinvasion and the potential for history-dependent responses in systems undergoing 

restoration. My results illustrate that grasslands undergoing restoration are more 
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vulnerable to woody plant transitions and therefore require more frequent and/or 

intensive fire treatments as part of the continued restoration process.  

As grasslands undergoing the restoration process become a more common component 

of grassland communities, the incorporation of redundancy in management frameworks 

will be increasingly important for sustaining grassland landscapes at varying stages 

woody plant (re)invasion. A key example of this comes from human-driven fire regimes 

in the Great Plains grassland biome prior to European settlement. Fire return intervals 

ranged from 2-10 years in the central Great Plains and operated over a large range of fire 

intensities (Guyette et al. 2012; Twidwell et al. 2016b). Based on rates of juniper 

(re)invasion documented in this study, Great Plains fire regimes would have been highly 

redundant in terms of fire frequencies and intensities needed to maintain intact 

grasslands, reverse woodland transitions, and maintain grasslands experiencing more 

rapid rates of reinvasion. In contrast, contemporary prescribed fire regimes often 

represent a limited range of fire conditions and therefore have limited potential in terms 

of managing woody plant (re)invasion (Twidwell et al. 2016b, 2019). Ultimately, 

management regimes that can incorporate redundancy for managing woody plants will 

have greater capacity for sustaining grasslands that are vulnerable to woody plant 

invasions.  
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FIGURES 

 

 

 

Figure 5.1 Conceptual framework used to differentiate between the initial invasion 

pathway, the ‘path out’, and the reinvasion pathway, the ‘path back out’ for grassland 

transitions to juniper woodland, adapted from (Twidwell et al. 2020; Bielski et al. 2021). 

I hypothesize that the reinvasion process of restored grasslands exhibits a hysteretic 

response (Ha) due to invasion legacies in the restored system. Hysteresis occurs in 

grassland-juniper woodland systems when the state of the system cannot be predicted by 

fire conditions alone, but requires additional knowledge of the systems recent history.  
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Figure 5.2 Various stages of woody plant (re)invasion in the Loess Canyons 

Experimental Landscape, Nebraska, USA. Photo by Erin McCready. 
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Figure 5.3 Seventeen year fire history in the Loess Canyons Experimental Landscape 

(shaded gray) located in the Loess Canyons ecoregion of Nebraska, USA. Inset map 

shows the study site location within North America’s Great Plains grassland biome.  
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Figure 5.4 Relationships between Juniperus virginiana density (top), cover (middle), and 

height (bottom) and time since fire in collapsed juniper woodland patches and grasslands 

(left panels), compared to unburned grassland and woodland patches (right panels) which 

provide a point of reference for longer time-since-fire trajectories in the Loess Canyons 

Experimental Landscape, Nebraska, USA.
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Figure 5.5 Rate of reinvasion and invasion within collapsed juniper woodland and 

grassland regimes, respectively, following fire in the Loess Canyons Experimental 

Landscape. Top photo shows sampling transect spanning the former grass-tree regime 

boundary. Graphs show spatiotemporal interpolation of (re)invasion variables, density 

(middle) and cover (bottom), in collapsed woodland and grassland regimes (separated by 

dashed line).  
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TABLES  

 

 

 

 

Table 5.1. Equations for top models used to describe relationships between Juniperus 

virginiana density, cover, and height during the initial invasion and reinvasion process in 

mixed-grass prairie in the Loess Canyons Experimental Landscape, Nebraska, USA.  

 

 

 

 

 

 

 

 

 

 

Response variable Model equations 

Density (tree/ha)  

 Reinvasion y = exp[2.4684+ 2.3527•ln{x+1}] – 1 

 Initial invasion y = -56.2216+ 72.7074x – 13.6735x2 + 0.7780x3 

Cover (%)  

 Reinvasion y = 0.7194 – 1.60896x + 0.28333x2 

 Initial invasion y = exp[-0.1430768 + 0.1947002x + -0.0423911x2+ 

0.0023056x3] – 1 

Height (m)  

 Reinvasion y =-0.24744 + 0.1019x 

 Initial invasion y = -0.31786 + 0.09927x 
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Table 5.2 Model selection results for models used to describe relationships between 

Juniperus virginiana (re)invasion variables (density, cover, and height) with time since 

fire in mixed-grass prairie in the Loess Canyons Experimental Landscape, Nebraska, 

USA. 

Model Ka ∆AICc
b ωic 

Density    

 Reinvasion    

  Logarithmic 3 0.0 0.96 

  Linear 3 7.1 0.03 

  Second-order polynomial 4 9.3 0.01 

  Null 2 10.3 0.01 

  Third-order polynomial 5 11.9 <0.01 

 Initial invasion    

  Third-order polynomial 5 0.0 0.69 

  Second-order polynomial 4 1.7 0.30 

  Linear 3 8.5 0.01 

  Logarithmic 3 14.0 <0.01 

  Null 2 14.7 <0.01 

Cover    

 Reinvasion    

  Second-order polynomial 4 0.0 0.80 

  Linear 3 3.5 0.14 

  Third-order polynomial 5 5.3 0.06 

  Logarithmic 3 11.1 <0.01 

  Null 2 13.4 <0.01 

 Initial invasion    

  Third-order polynomial 5 0.0 0.98 

  Second-order polynomial 4 8.1 0.02 
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  Linear 3 15.4 <0.01 

  Null 2 17.7 <0.01 

  Logarithmic 3 19.1 <0.01 

Height    

 Reinvasion    

  Linear 3 0.0 0.76 

  Second-order polynomial 4 2.6 0.21 

  Logarithmic  3 6.8 0.03 

  Third-order polynomial 5 10.2 <0.01 

  Null 2 12.5 <0.01 

 Initial invasion    

  Linear 3 0.0 0.58 

  Null 2 1.1 0.34 

  Logarithmic 3 4.1 0.08 

  Second-order polynomial 4 18.9 <0.01 

  Third-order polynomial 5 ∞ <0.01 

aNumber of parameters in the model  

bDifference in AICc value between model and the most strongly supported model  

cAICc Weight - relative strength of support for model 
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CHAPTER 6: WOODY PLANT ENCROACHMENT AND THE 

SUSTAINABILITY OF PRIORITY CONSERVATION AREAS 

 

ABSTRACT 

Woody encroachment is a global driver of grassland loss and management to 

counteract encroachment represents one of the most expensive conservation practices 

implemented in grasslands. Yet, outcomes of these practices are often unknown at large 

scales and this constrains practitioner’s ability to advance conservation. Here, we use new 

monitoring data to evaluate outcomes of grassland conservation on woody encroachment 

for Nebraska’s State Wildlife Action Plan, a statewide effort that targets management in 

Biologically Unique Landscapes (BULs) to conserve the state’s natural communities. We 

tracked woody cover trajectories for BULs and compared BUL trajectories with those in 

non-priority landscapes (non-BULs) to evaluate statewide and BUL-scale conservation 

outcomes more than a decade after BUL establishment. Statewide, woody cover 

increased by 256,653 ha (2.3%) from 2000–2017. Most BULs (71%) experienced 

unsustainable trends of grassland loss to woody encroachment; however, management 

appeared to significantly reduce BUL encroachment rates compared to non-BULs. Most 

BULs with early signs of encroachment lacked control strategies, while only one BUL 

with moderate levels of encroachment (Loess Canyons) showed evidence of a 

management-driven stabilization of encroachment. These results identify strategic 

opportunities for proactive management in grassland conservation and demonstrate how 

new monitoring technology can support large-scale adaptive management pursuits. 
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INTRODUCTION  

 

Woody plant encroachment is a global driver of grassland loss and represents a 

primary threat to grassland ecosystem services (Jackson et al. 2005; Ratajczak et al. 

2012; Twidwell et al. 2013c; Anadon et al. 2014; Nackley et al. 2017). A combination of 

anthropogenic changes to fire and herbivory regimes, climate, and woody plant 

distributions have led to rapid expansion of woody plants in grass-dominated ecosystems 

at the expense of grassland-dependent species (Bond 2008; Van Auken 2009; Archer et 

al. 2017). In North America, grassland birds have experienced the largest population 

decline across breeding biomes, with a loss of ~700 million breeding birds since 1970 

(Rosenberg et al. 2019). Halting and reversing woody encroachment is therefore a central 

goal in grassland conservation (Archer et al. 2011; van Wilgen et al. 2012a; Twidwell et 

al. 2013c). The risks of failing to halt woody plant encroachment and conserve remaining 

grasslands include a loss of biodiversity (Ratajczak et al. 2012; Parr et al. 2014), reduced 

freshwater supply and quality (Jackson et al. 2005; Zou et al. 2018), increased wildfire 

hazard (de Wit et al. 2001; Donovan et al. 2020b), reduced food production (Anadon et 

al. 2014), and endangerment of livelihoods and human well-being (Swallow and Mwangi 

2008; Twidwell et al. 2013c). These risks are well known and justify major conservation 

expenditures in excess of tens of millions of dollars per year to clear woody plants and 

stabilize and restore grassland ecosystem services (Marais et al. 2004; Tanaka et al. 2011; 

Twidwell et al. 2013a). However, more land area continues to be lost to woody plant 



137 

 

 

encroachment in grassy biomes (Stevens et al. 2017; Jones et al. 2020; Filippelli et al. 

2020). Brush management practices have consequently come under global scrutiny for 

their unproven ability to halt or reverse trends of woody plant encroachment at large 

scales (van Wilgen et al. 2012a; McConnachie et al. 2012; Twidwell et al. 2013a; Roberts 

et al. 2018b). 

Despite rising conservation expenditures and the identification of large-scale 

priority areas (Schneider et al. 2011; Van Pelt et al. 2013; Falkowski et al. 2017), 

outcomes are often unknown at targeted scales and constrain practitioner’s ability to 

scale-up efforts to biologically meaningful scales. However, new geospatial data products 

with broad geographic coverage and fine spatial resolution have bridged gaps between 

vegetation monitoring and large-scale conservation targets (Jones et al. 2018; Reinhardt 

et al. 2020; Filippelli et al. 2020) and made it possible to track annual changes in 

vegetation at scales relevant to large-scale adaptive management pursuits (Jones et al. 

2020). Specifically, opportunities exist to learn from decades of efforts to scale up 

grassland conservation, identify areas that serve as models of conservation success, and 

better inform where adaptive measures are needed. This information is critically needed; 

to date, there are no examples known to have halted or reversed the progression of woody 

plant encroachment at an ecoregion or larger scale. 

Heightened concerns regarding wildlife and habitat loss have helped spur the 

development of regional and statewide blueprints to scale-up grassland conservation 

efforts in priority areas (Van Pelt et al. 2013; Carr et al. 2019; Reinhardt et al. 2020). The 

State Wildlife Action Plan for Nebraska provided an early model for the establishment of 
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large-scale priority areas (termed Biologically Unique Landscapes in the State Wildlife 

Action Plan; established in 2005). These Biologically Unique Landscapes (BULs) 

provide a network of sites for targeted conservation investments and represent a wide 

range of approaches for conserving at-risk species and habitats vulnerable to woody plant 

encroachment (Schneider et al. 2011). This study leverages more than a decade of efforts 

to scale-up conservation actions in these priority areas as a case study to examine the 

effectiveness of brush management practices for controlling woody plant encroachment 

and sustaining grasslands. 

In support of ongoing conservation efforts, we assess the sustainability of 

grasslands in BULs in relation to woody plant encroachment. This assessment comes at a 

critical time; Nebraska is considered to be on the front lines of a woody transition front 

sweeping northward in the Great Plains biome (Engle et al. 2008). We use new rangeland 

monitoring technologies (Rangeland Analysis Platform; [Jones et al. 2018]) to track 

woody plant cover trajectories from 2000 to 2017 and apply a conceptual framework for 

comparing observed trajectories to desired sustainability outcomes. Specifically, we 

compare trends in woody plant encroachment between BUL and non-BUL grasslands, 

quantify woody cover trajectories for all BULs, and assess their sustainability more than 

a decade after initial prioritization. This study showcases new opportunities to leverage 

advanced spatial technologies to more rapidly execute adaptive management and 

spatially-target conservation to achieve large-scale goals. 

 

METHODS 
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The Nebraska Natural Legacy Project 

The Nebraska Natural Legacy Project is Nebraska’s State Wildlife Action Plan 

that aims to (1) reverse the decline of at-risk species, (2) recover currently listed species, 

(3) keep common species common, and (4) conserve natural communities (Schneider et 

al. 2011). The Project was initiated in 2005 as a blueprint for conserving grasslands and 

grassland-dependent species (among other natural communities and species) in light of 

large-scale stressors (Schneider et al. 2011). Priorities are organized around ecoregions 

and BULs embedded within those regions. Ecoregions include the tallgrass, mixedgrass, 

Sandhills, and shortgrass prairie regions, and largely reflect delineations developed by 

Chapman et al. (2001). The BULs are priority areas for conservation that were identified 

as critical to the conservation of the state’s biodiversity due to their relatively intact 

natural communities known to support at-risk species. In this study, we used all BULs 

with grassland communities identified as a conservation priority (21 of 39; Table 6.1). 

Together these BULs represent 39% of Nebraska’s rangeland area. Non-BUL grasslands 

in this study refer to areas in Nebraska that are not included in the state’s 39 BULs and 

represent 54% of the state’s rangeland area (Table 6.1). 

Nebraska is a grass-dominated state in the central portion of the Great Plains 

temperate grassland biome (Figure 6.1) and hosts some of North America’s most intact 

grasslands. Differences in grassland plant communities are largely driven by a 

longitudinal precipitation gradient (Epstein et al. 1998). Mean annual precipitation is 

greatest in the east (max 876 mm) in the tallgrass prairie and declines westward into the 
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mixedgrass and shortgrass prairies (min 385 mm; [HPRCC 2020]). The Sandhills 

ecoregion intersects the above ecoregions and is differentiated by its unique vegetated 

sand dune topography; mean annual precipitation ranges from 457 to 810 mm (HPRCC 

2020). Elevation generally increases from east to west (255–1653 m; US Geological 

Survey). Major land uses include cow-calf livestock production on perennial rangelands 

throughout the state, and row crop production in eastern Nebraska and in locations that 

support the use of center-pivot irrigation. 

Trees were historically maintained as rare species in Nebraska by fire, the primary 

natural obstacle to trees in the Great Plains (Wells 1970; Axelrod 1985). Fire exclusion, 

and tree planting has led to woody plant encroachment, originating from cultivated and 

historic sources of propagules, and expanding into previously treeless grasslands 

(Ganguli et al. 2008; Twidwell et al. 2013c; Donovan et al. 2018). Rates of woody plant 

encroachment vary across the state based on climate, fire and herbivory regimes, woody 

plant species, and interactive effects among these factors (Briggs et al. 2005). The 

Nebraska Natural Legacy Project represents the state’s most comprehensive plan for 

confronting woody plant encroachment and identifies Eastern redcedar (Juniperus 

virginiana) encroachment, as a biodiversity stressor in all ecoregions (Schneider et al. 

2011). Encroachment by other native and non-native woody species such as Osage 

orange (Maclura pomifera), Russian olive (Elaeagnus angustifolia), Siberian elm (Ulmus 

pumila), and honey locust (Gleditsia triacanthos) are identified as biodiversity stressors in 

a subset of BULs (Schneider et al. 2011). 
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Most BUL-based management occurs within Nebraska’s privately-owned (97%) 

land base. Management actions are implemented by private land managers or through 

voluntary conservation incentive programs. Incentive programs leverage technical and 

financial assistance from natural resource agencies to build partnerships with landowners 

and aim to benefit biodiversity and help sustain the profitability of working lands. 

Mechanical tree removal projects applied at small scales (15-20 ha) represent the most 

incentivized practice on private lands and accounts for the vast majority of financial 

assistance, with fewer funds allocated towards prescribed fire and herbicide treatments 

(Twidwell et al. 2013a; Roberts et al. 2018b; Garmestani et al. 2020). Other forms of 

agency assistance include technical guidance and access to resources for prescribed 

burning. 

 

Data and Analysis  

We assessed woody cover change using percent tree cover data taken from the 

Rangeland Analysis Platform (Jones et al. 2018). Tree cover data spanned years 2000-

2017 with an annual temporal resolution, 30-m spatial resolution, and mean absolute 

error for percent tree cover of 4.7 (Jones et al. 2018). The study area includes all 

rangelands in Nebraska based on Reeves and Mitchell’s 2011 classification of US 

rangelands (Reeves and Mitchell 2011). This includes rangeland pixels classified as 

afforested. Afforested rangelands are defined as former rangelands that in 2001 had 

sufficient tree cover (≥ 25%) to be classified as forest by common land classification 

systems (e.g., National Land Cover Database) (Reeves and Mitchell 2011). We combined 
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rangeland and afforested pixels for all analyses, given that afforested rangelands 

accounted for <1% of the total area evaluated statewide and a sensitivity analysis of our 

results showed similar changes in woody cover when separating rangelands and 

afforested rangelands (see Figure B1-2 and Table B1). Wetlands occurring within 

rangeland areas were excluded from this analysis, based on delineations used in the 

National Wetlands Inventory (Reeves and Mitchell 2011). In total, this resulted in an 

analysis that tracked annual changes in woody cover for a total of 170,299,889 30-m 

pixels across 15,326,990 ha. 

We used generalized additive models (‘gam’ function in package mgcv (Wood 

2020) to track woody plant trajectories (modeled as percent cover and woody canopy 

area) from 2000 to 2017 at statewide, BUL, and non-BUL extents to examine grassland 

conservation outcomes. For all generalized additive models, we set percent cover as the 

response variable and time (in years, starting in 2000) as the smoothed predictor variable. 

We then used the Mann–Kendall trend test (Mann 1945) to test for significant increasing 

or decreasing trends in woody cover. The Mann–Kendall trend test is a nonparametric 

method that provides a robust estimate of whether time series data have significant 

increasing or decreasing trends (Yue et al. 2002). We conducted all statistical analyses 

using R version 3.5.1 (R Core Team 2018). 

We assessed grassland conservation outcomes based on the stage of woody plant 

encroachment and whether woody cover trajectories were consistent with desired 

conservation outcomes (e.g., stabilization of woody encroachment trend) (Table 6.2). The 

stage of woody plant encroachment and conservation outcomes were based on the 
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density-impact model for biological invasions (Yokomizo et al. 2009; Roberts et al. 

2018b). Woody plant encroachment stage (none, early, mid, and late) was determined 

based on the level and trajectory of woody cover (none: low and stable woody cover; 

early: low but increasing woody cover; mid: moderate [> 2%] and increasing woody 

cover; late: high and stable woody cover) (Table 6.2). In evaluating conservation 

outcomes, we also considered whether BULs had strategies outlined to control woody 

plants in the Nebraska Natural Legacy Project (Schneider et al. 2011). BULs were 

considered to have a control strategy if they listed woody plant encroachment as a 

biodiversity stressor and outlined strategies to confront it (e.g., increased use of tree 

clearing programs to reduce eastern redcedar). 

 

RESULTS 

 

Comparison of Woody Plant Encroachment in BULs and Non-BULs 

Woody cover area was similar in BUL and non-BUL landscapes before 

Nebraska’s State Wildlife Action Plan, as known as the Nebraska Natural Legacy Project, 

was enacted (ca. 2005; Figure 6.2). Woody plants expanded in both BUL and non-BUL 

landscapes regardless of project goals (Figure 6.2). Non-overlapping 95% confidence 

intervals from years 2008–2017 indicated that woody plant encroachment occurred more 

slowly in BULs (5553 ha year-1) than in non-BULs (8377 ha year-1). Differential rates 

of woody plant encroachment resulted in 46,189 fewer hectares of woody plant cover in 

BULs compared to non-BULs in 2017. 
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Trajectory of Woody Plant Encroachment within BULs 

Assessment of woody cover change from 2000 to 2017 showed an overarching 

trend of woody plant encroachment across the state’s BULs. Overall, woody cover 

increased from 1.0% (± 0.13 SE) to 3.3% (± 0.13 SE) statewide in Nebraska from 2000–

2017, respectively, representing 256,653 ha of grassland area lost to woody plant 

encroachment over that time frame (Figure 6.1; Table 6.1). Most BULs followed the 

statewide trend of increasing woody cover. In general, initial small amounts of woody 

cover in BULs trended higher over time (Table 6.1; Figure 6.3). Significant positive 

trends in woody cover were observed in 17 of 21 BULs, including 100% of BULs within 

tallgrass, mixedgrass, and Sandhills prairie ecoregions (Table 6.1; Figure 6.3; see Table 

B.2 for generalized additive model outputs). Only four BULs, located in the more arid 

shortgrass prairie ecoregion, did not exhibit upward trends in woody cover from 2000 to 

2017 (Table 6.1; Figure 6.3). Woody cover remained relatively low and stable through 

time in these four BULs (Figure 6.3). 

BULs conformed to one of four woody cover trajectories associated with the stage 

of woody plant encroachment (Table 6.2). Among the 17 BULs with significant trends of 

woody plant encroachment, the majority of BULs experienced moderate levels of 

encroachment (n = 12), including all BULs from the tallgrass and mixedgrass prairie 

ecoregions, and one BUL from the eastern portion of the Sandhills (Elkhorn River 

Headwaters) (Table 6.2; Figure 6.3). Woody cover consistently increased for more than a 

decade in these BULs and was greater than 2% in 2017 (Figure 6.3). A total of five BULs 

from the Sandhills and shortgrass prairie ecoregions were in the early stages of woody 
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plant encroachment (Table 6.1). Woody cover was relatively low in these BULs (~1%), 

but significantly increased over time (Table 6.2). 

BULs in the early stages of woody plant encroachment were less likely than 

moderately degraded landscapes to have control strategies outlined in the Nebraska 

Natural Legacy Project (Table 6.2). Assignment of control strategies was inconsistent; 

increasing trends were similar in BULs with and without strategies despite low woody 

cover. Woody plant control strategies were deemed unnecessary in three of five BULs 

despite early and obvious signs of woody plant encroachment.  

Pine Ridge was the only BUL without a trend in woody plant encroachment that 

also had a strategy for controlling Eastern redcedar and reducing tree density in savanna, 

woodland, and forest communities. Despite moderate levels of woody plant 

encroachment, no control strategies were in place in the Rainwater Basin and Willow 

Creek Prairies, two BULs that have been mostly converted to row crop agriculture but 

still but contain a patchwork of prairies and corridors that are transitioning to woody 

plant dominance (Figures 6.1 and 6.3). 

A small subset of BULs with significant trends of woody plant encroachment 

exhibited trajectories more consistent with desired restoration outcomes and grassland 

sustainability. In the mixedgrass prairie ecoregion, trends of increasing woody cover 

were stabilized in the Loess Canyons and Middle Niobrara BULs. In the Loess Canyons 

BUL, Eastern redcedar encroachment of loess mixedgrass prairie communities represents 

the primary biodiversity stressor related to increasing woody cover. From 2000 to 2011, 

woody cover increased in the Loess Canyons at an average annual rate of 0.56% (657 ha 
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year-1), and then stabilized around 10% from 2012 to 2017. The Middle Niobrara BUL is 

situated along a 122-km reach of the Niobrara River where increasing densities of 

Eastern redcedar and ponderosa pine (Pinus ponderosa) in priority grassland, savanna, 

woodland, and forest communities represent the primary biodiversity stressor related to 

increasing woody cover. From 2000 to 2011, woody cover increased in the Middle 

Niobrara at an average annual rate of 0.21% (242 ha year-1) and then abruptly plateaued 

around 9% from 2012 to 2017. No BULs with moderate levels of woody plant 

encroachment reversed their trends of increasing woody cover. None of the five BULs in 

the early stages of woody plant encroachment showed evidence of restoring grassland 

dominance following relatively small increases in woody cover.  

 

DISCUSSION 

 

Overall, our results show an unsustainable trajectory where grasslands were lost 

to encroaching woody plants despite efforts to halt and reverse these trends. Management 

actions to counteract woody plant encroachment tended to be outpaced by the rate of 

encroachment. These results are consistent with trends in grassy biomes throughout the 

world (van Wilgen et al. 2012b; Stevens et al. 2017; Jones et al. 2020) and highlight a 

growing need to learn from past efforts, rethink ‘best practices’, and identify new 

opportunities to scale-up grassland conservation. Current strategies to counteract woody 

plant encroachment adhere to a restoration paradigm of brush management where woody 

plant removal is prioritized over more proactive and preventative practices (Twidwell et 
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al. 2013a; Roberts et al. 2018b). While this strategy appears to have slowed the rate of 

woody plant encroachment in priority areas, our results show that this approach is 

unlikely to sustain grasslands into the future unless more proactive and cost-effective 

strategies are adopted that can match the scale of degradation. Several BULs in the 

Sandhills and shortgrass prairie ecoregions did not have strategies in place for control of 

woody plants but displayed early signs of encroachment. These BULs represent cost-

effective opportunities to move towards more proactive conservation strategies. Further, 

this study identified several BULs with outcomes that were consistent with conservation 

goals and provide a blueprint for scaling-up management in other regions. 

In three BULs, increases in woody cover were counteracted by large areas that 

burned and experienced a reduction in woody cover, representing the only examples of 

woody cover trajectories that were consistent conservation goals (Figure 6.4). These 

BULs demonstrate a strong link between fire and grassland sustainability and echo 

decades of science that has tied fire-vegetation feedbacks to the long-term persistence of 

grassland biomes (Wells 1970; Axelrod 1985; Twidwell et al. 2020; Donovan et al. 

2020a). In comparison to brush management practices (Archer et al. 2011), fire is the 

only process that targets all stages of the woody plant encroachment process (ranging 

from seeds to mature trees) in a single application (Twidwell et al. 2016; Smit et al. 

2016). The Pine Ridge provides the only example of a BUL with stable woody cover that 

also listed woody encroachment as a biodiversity stressor. In this BUL, areas that 

experienced a decline in woody cover were associated with a series of large wildfires 

(Figure 6.4) (Roberts et al. 2019) that likely played a major role in stabilizing woody 
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plants in this landscape. Woody plant encroachment was stabilized in two landscapes that 

experienced moderate levels of encroachment. In the Middle Niobrara, wildfire 

perimeters from 2012 encompass areas that experienced a reduction in woody cover and 

correspond to an abrupt stabilization of woody cover trends following 2012 (Figure 6.4). 

In the Loess Canyons, reductions in woody cover and grassland stability were largely 

associated with prescribed fires that appear to have counteracted trends of woody plant 

encroachment and stabilized grassland resources (Uden et al. 2019). These examples all 

feature large fires that substantially reduced woody cover and demonstrate the types of 

disturbance regimes that can be targeted with management to confront woody plant 

encroachment at large scales. 

The Loess Canyons provides the only example of where management appeared to 

stabilize a grassland landscape undergoing a transition to woody plant dominance and 

offers unique insight on how conservation investments can support large-scale ecosystem 

management in working lands. Conservation investments support landowner-led 

prescribed burn associations in the Loess Canyons (described in Twidwell et al. [2013b]). 

Prescribed burn associations in this region consist of landowner coalitions, where 

members pool resources and coordinate the management of Eastern redcedar 

encroachment across a network of private and public lands. Prescribed burners in the 

Loess Canyons have adopted the use of high-intensity prescribed fire which allows them 

to simultaneously control incipient stages of encroachment as well as collapse dense 

infestations of mature Eastern redcedar. To accomplish this, tree clearing programs are 

often used to cut isolated Eastern redcedar and place them beneath the canopies of larger 
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Eastern redcedar stands, therefore manipulating the fuel structure and generating 

prescribed fire intensities that surpass juniper mortality thresholds (Twidwell et al. 

2013b, 2016). These actions have increased the impact of individual treatments and 

coordination of large treatments across multiple properties appears to have scaled-up 

management to match the rate of woody encroachment. Interest in the use of prescribed 

fire is growing rapidly and further research on conservation partnerships and the 

collective actions of landowners in the Loess Canyons could hold promising clues on 

how to better scale-up conservation in other regions and move towards landscape 

restoration. 

No examples in this study point to traditional brush management (i.e., 

prioritization of mechanical woody plant removal) as a model for sustaining grasslands at 

large scales and our findings challenge the long-held brush management paradigm of 

rangelands (Garmestani et al. 2020). The expense of implementing mechanical removal 

often limits treatments to small-scales when large-scale grassland systems are being lost 

to woody plant encroachment (Tanaka et al. 2011; Twidwell et al. 2013a; Jones et al. 

2020). This counters the actual rationale and goals behind brush management practices. 

Brush management is implemented with the goal of removing woody plants to halt or 

reverse earlier trends of encroachment and restoring desired ecosystem services (Archer 

et al. 2011; USDA NRCS 2017). These goals require woody plant removal to match or 

outpace the rate of encroachment at targeted scales. However, when woody plant 

encroachment outpaces control, prioritization of brush management over more proactive 

management sacrifices more intact grasslands for local grassland restoration projects. Our 
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results indicate that brush management has not kept pace with woody plant encroachment 

in priority areas and suggests that prioritization of restoration has led to an increasing 

need for restoration. From 2004 to 2013, the Natural Resource Conservation Service 

allocated $7,948,116 towards mechanical tree removal in Nebraska (Simonsen et al. 

2015), yet, despite these investments woody cover increased in Nebraska over this time 

period (this study). This illustrates a need to rethink best management practices, 

implement more diverse strategies with realistic outcome potential, and prioritize 

practices that reduce the vulnerability of intact grasslands to woody plant transitions. 

A move towards more proactive strategies could prove to be beneficial in 

Nebraska and elsewhere in the Great Plains where more grasslands are vulnerable to 

woody plant encroachment than can be regained through restoration (Falkowski et al. 

2017). With technological advancements in rangeland monitoring (Robinson et al. 2018; 

Uden et al. 2019; Jones et al. 2020), it is now possible to detect early signals of woody 

plant encroachment at large scales (Falkowski et al. 2017; Roberts et al. 2018a; Filippelli 

et al. 2020) and spatially target early intervention treatments. Our results show that 

opportunities exist for more proactive management across all BULs. Even BULs with 

moderate levels of encroachment still contain intact grassland areas that support at-risk 

species (Schneider et al. 2011). These intact grasslands represent cost-effective areas to 

anchor conservation efforts, reduce their vulnerability to woody encroachment, and work 

towards landscape-scale stabilization of woody plant encroachment. Such efforts are 

already underway in Verdigris-Bazile BUL where proactive management has become a 

top priority. At a statewide scale, our results show early signs of woody encroachment in 
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BULs with low, but increasing woody cover, many of which did not have strategies in 

place for woody plant control. These BULs provide the most cost-effective opportunities 

to conserve grasslands at large scales. More detailed assessments of these areas can be 

used to locate the emergence of woody plant encroachment and identify where 

management can be targeted to stabilize grassland resources (Jones et al. 2020). 

Moreover, proactive approaches are more likely to align with biodiversity conservation in 

grassland ecosystems. Grassland species are highly sensitive to habitat fragmentation by 

woody plants (Fuhlendorf et al. 2002; Cunningham and Johnson 2019) and our results 

indicate substantial rates of habitat loss and fragmentation for grassland-dependent 

species. For instance, Lesser Prairie Chickens (Tympanuchus pallidicinctus) are 40 times 

less likely to use grasslands with 5 trees per hectare compared to treeless hectares 

(Lautenbach et al. 2017). Early intervention strategies to counteract woody plant 

encroachment are therefore prudent for both threat reduction and supporting imperiled 

grassland species. 

 

CONCLUSIONS 

 

Delivery of large-scale conservation goals in light of woody plant encroachment 

will require transitioning from a position of perpetual rehabilitation into a position where 

the most urgent and important investments are prioritized to conserve grasslands. Our 

findings identify significant opportunities to build success, learn from past efforts, and 

adopt more proactive conservation approaches. A key implication is that conservation 
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programs need to consider to how to defend grasslands from woody plant encroachment 

and prevent small increases in woody cover from resulting in large losses in grassland 

over time that are extraordinarily difficult and expensive to reverse. This study illustrates 

how advances in rangeland monitoring can be used to more rapidly execute large-scale 

adaptive management; still, management implementation across networks of private 

lands remains a key challenge. Science co-production serves as a model to better couple 

conservation planning with implementation through science-management partnerships 

and has made substantial progress in working lands conservation (Naugle et al. 2020; 

Reinhardt et al. 2020). In the Loess Canyons, management-science partnerships have led 

to collective actions on private lands that halted trends of woody plant encroachment. 

This example of a community-led approach to managing woody plant encroachment 

provides a model for improving the performance of conservation investments in working 

lands. Further research on how to support and foster management–science partnership in 

working lands will be increasingly important to advancing grassland conservation. 
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FIGURES 

 

Figure 6.1 Change in percent woody cover for Nebraska’s Biologically Unique 

Landscapes (BULs) from 2000–2017. Grey areas represent non-rangeland pixels based 

on Reeves and Mitchell’s (2011) classification of US rangelands. Inset map (top right) 

depicts the Great Plains temperate grassland biome within the coterminous United States.  
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Figure 6.2 Woody cover change in rangelands for grassland BULs and non-BUL 

grasslands from 2000–2017 in Nebraska, USA. 
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Figure 6.3 Woody cover trends in rangelands from generalized additive models for 

Biologically Unique Landscapes in Nebraska, USA (2000–2017). Left and right y-axis 

show woody cover in hectares and percent, respectively. 
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Figure 6.4 Change in percent woody cover from 2000 to 2017 for the Loess Canyons 

(top), Middle Niobrara (middle), and Pine Ridge (bottom) Biologically Unique 

Landscapes (BULs) in Nebraska, USA. Inset map depicts the location of these BULs in 

Nebraska. Red polygons show large wildfire perimeters from 2000–2017 (Monitoring 

Trends in Burn Severity). Black polygons show prescribed burn perimeters in the Loess 

Canyons from 2000–2017. Grey areas represent non-rangeland pixels based on Reeves 

and Mitchell’s (2011) classification of US rangelands. 
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TABLES 

 

Table 6.1 Description of Biologically Unique Landscapes (BULs) and woody cover 

trends in rangelands from 2000 to 2017, Nebraska, USA. 

BUL Conservation priorities1 Area (ha) Rangeland 

area (ha) 

∆Woody 

cover (ha) 

Mann-

Kendall trend 

test (P value) 

Elkhorn 

Confluence 

Bur oak forest and woodland; tallgrass 

prairie 

38,122 19,111 1,604 < 0.001 

Ponca 

Bluffs  

Bur oak-basswood-ironwood forest; bur 

oak forest and woodland; tallgrass prairie 

northern loess/shale bluff prairie; eastern 

sandstone bluff and cliff 

41,721 22,479 1,887 < 0.001 

Rainwater 

Basin 

Cattail shallow marsh; eastern bulrush deep 

marsh; wheatgrass playa grassland; playa 

wetland; cattail shallow marsh 

1,590,738 21,4701 12,424 < 0.001 

Sandstone 

Prairies 

Sandstone bur oak woodland; freshwater 

seep; prairie fen; tallgrass prairie; Dakota 

sandstone tallgrass prairie; southern 

sand/gravel prairie; eastern sandstone bluff 

and cliff 

107,208 54,172 2,218 < 0.001 

Southeast 

Prairies 

Bur oak forest and woodland; eastern 

cordgrass wet prairie; tallgrass prairie 

234,346 134,955 5,196 0.006 

Willow 

Creek 

Prairies 

Eastern cordgrass wet prairie;  

Eastern sedge wet meadow; tallgrass 

prairie; eastern sand prairie 

23,034 12,038 685 0.002 

Verdigris-

Bazile 

Bur oak forest and woodland; freshwater 

seep; tallgrass prairie; northern loess/shale 

bluff prairie; Great Plains gravel-cobble 

prairie; northern chalk bluff and cliff 

283,950 199,422 13,901 < 0.001 

Cherry 

County 

Wetlands 

Sandhills fen; Sandhills wet meadow; 

spikerush vernal pool; cattail shallow 

marsh; Sandhills hardstem bulrush marsh; 

reed marsh; northern pondweed aquatic 

wetland; water-lily aquatic wetland; 

Sandhills mesic tallgrass prairie 

709,202 650,338 4,216 0.001 

Dismal 

river 

headwaters 

Sandhills fen; Sandhills wet meadow; 

spikerush vernal pool; cattail shallow 

marsh; reed marsh; northern pondweed 

aquatic wetland; water-lily aquatic wetland;  

268,448 253,480 1,622 < 0.001 

Elkhorn 

River 

Headwaters 

Cottonwood-diamond willow woodland; 

sandbar willow shrubland; Sandhills fen; 

Sandhills wet meadow; cattail shallow 

marsh; Sandhills hardstem bulrush marsh; 

reed marsh; northern pondweed aquatic 

wetland; eastern sand prairie; Sandhills 

mesic tallgrass prairie 

517,863 449,123 12,102 0.001 

Sandhills 

Alkaline 

Lakes 

Western alkaline meadow; western alkaline 

marsh; saline/alkaline aquatic wetland; 

Sandhills dune prairie 

357,553 330,644 2,842 < 0.001 

Central 

Loess Hills 

Playa wetland; loess mixedgrass prairie 567,610 435,480 11,986 0.001 

Keya Paha Bur oak woodland; northern cordgrass wet 

prairie; eastern sand prairie; Great Plains 

gravel-cobble prairie 

146,599 125,938 2,311 < 0.001 

Loess 

Canyons 

Loess mixedgrass prairie 136,767 118,070 8,295 < 0.001 
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Middle 

Niobrara 

Bur oak woodland; paper birch 

springbranch canyon forest; basswood-

ironwood springbranch canyon forest; 

ponderosa pine open woodland and 

savanna; freshwater seep; cattail shallow 

marsh; Sandhills dune prairie; Great Plains 

gravel-cobble prairie; perennial sandbar; 

sandbar/mudflat 

137,567 117,239 2,312 0.004 

Kimball 

Grasslands 

Threadleaf sedge western mixedgrass 

prairie; rock outcrop 

109,303 67,139 241 0.289 

Oglala 

Grasslands 

Western sedge wet meadow; threadleaf 

sedge western mixedgrass prairie; 

northwestern mixedgrass prairie; western 

floodplain terrace grassland; silver 

sagebrush shrub prairie; greasewood shrub 

prairie; rock outcrop; badlands 

289550 253764 132 0.198 

Panhandle 

Prairies 

Western sedge wet meadow; western sand 

prairie; threadleaf sedge western 

mixedgrass prairie; wheatgrass western 

mixedgrass prairie; rock outcrop  

476,755 431,975 1,157 0.198 

Pine Ridge Green ash-elm-hackberry canyon bottom 

woodland; ponderosa pine forest, open 

woodland, and savanna; Pine-juniper scarp 

woodland; freshwater seep; western sedge 

wet meadow; western sand prairie; 

threadleaf sedge western mixedgrass 

prairie; northern chalk bluff and cliff; 

western sandstone cliff; rock outcrop  

213,151 138,568 260 0.363 

Sandsage 

Prairie 

Loess mixedgrass prairie, Sandsage prairie 418,705 275,892 1,302 0.001 

Wildcat 

Hills 

Ponderosa pine forest, open woodland, and 

savanna; pine-juniper scarp woodland; 

mountain mahogany shrubland; freshwater 

seep; sandsage prairie; western sand 

prairie; threadleaf sedge western 

mixedgrass prairie; wheatgrass western 

mixedgrass prairie; western sandstone cliff; 

rock outcrop; badlands 

169,372 138,154 1,131 0.001 

All BULs -- 6,837,564 4,439,883 94,400 < 0.001 

Non-BULs  -- 21,039,50

4 

6,176,883 142,409 < 0.001 

Nebraska -- 35,788,74

1 

11,424,273 256,653 < 0.001 

1 Listed conservation priorities represent terrestrial communities that are prioritized for 

conservation in each BUL. 
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Table 6.2 Woody plant encroachment (WPE) stages, desired conservation outcomes and associated science-based conservation 

strategies compared to observed woody encroachment stage and trajectory from 2000 to 2017 for each grassland Biologically Unique 

Landscape (BUL) in Nebraska, USA. 

 

 

 

 

 

 

 

 

 

 

 

 

1Abbreviations: TG = tallgrass prairie; MG = mixedgrass prairie; SH = Sandhills; SG = shortgrass prairie; N/A = not applicable.
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CHAPTER 7: EXPLORING THE FUTURE OF WILDLAND FIRE AND SMOKE: 

A CASE STUDY FROM THE FLINT HILLS TALLGRASS PRAIRIE 

 

INTRODUCTION  

 

Fire is an inherent feature of the Earth system that interacts with climate, soils, and 

landforms to shape the structure of ecosystems (Bond et al. 2005a; Bowman et al. 2011; 

Archibald et al. 2013). Fire regimes characterized by high fire occurrence tend to support 

grassy ecosystems dominated by fire-adapted plants, while, fire regimes characterized by 

low fire occurrence tend to support woodlands and forests dominated by fire-sensitive 

species (Tilman et al. 2000; Bond et al. 2005a; Keeley and Rundel 2005; Ratajczak et al. 

2014; Collins et al. 2021). Humans have used fire for centuries to shape their 

environments in ways that suit their community’s natural resource needs (Bowman et al. 

2011; Twidwell et al. 2013c). In other words, fire regimes, alternative stable states, and 

ecosystem services are often tightly coupled and controlled through intentional burning 

(Bond et al. 2005b; Bowman et al. 2011; Twidwell et al. 2013c; Sangha et al. 2021).  

 Prescribed fire, the intentional use of fire to achieve land management objectives, 

is used in grasslands to support biodiversity (Fuhlendorf et al. 2006), enhance livestock 

production (Scasta et al. 2016), reduce wildfire danger (Fernandes and Botelho 2003), 

and control encroaching woody plants that would otherwise convert grasslands to a 

woodland state (Wilcox et al. 2022). In the Great Plains, prescribed fire is largely driven 

by ranching communities that rely on grassland resources for their livelihoods (Twidwell 

et al. 2013c; Weir et al. 2016). However, perceptions of prescribed fire vary drastically 
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between communities (Harr et al. 2014; Kreuter et al. 2019) and the collection of fire-

using communities closely corresponds to regional patterns of woody plant 

encroachment, where woodland transitions are a key threat to grassland resources 

(Twidwell et al. 2013c; Weir et al. 2016).  

Differences in the perception of prescribed fire have led to tension between fire 

users and non-fire users. A key example is when prescribed burning used for ecosystem 

management in one location results in smoke-related impacts to air quality and human 

health in another location (Hanigan et al. 2008; Liu 2014; Williamson et al. 2016). 

Smoke is an inevitable outcome of wildland fire that has well-documented impacts on air 

quality and human health, primarily through fine particulate matter pollution (Hanigan et 

al. 2008; Adetona et al. 2016). Tensions often center around the false premise that fire is 

avoidable in flammable ecosystems and that removing prescribed fire will eliminate 

smoke impacts (Schweizer and Cisneros 2016). However, the reality is that fire, whether 

controlled or uncontrolled, is inevitable (Schweizer and Cisneros 2016; Donovan et al. 

2017, 2020) and that prescribed burning reduces the build-up of volatile woody fuels 

associated with extreme wildfire behavior (Fernandes and Botelho 2003).  

Nonetheless, differing perceptions on the use of prescribed fire has contributed to 

an unresolved policy debate about the tradeoffs between the benefits of prescribed 

burning and the air-quality impacts. As a result, fire users in the Great Plains have come 

under increasing pressure to manage for different ecosystem services. On one end, 

ranchers are encouraged to use prescribed fire to conserve grassland resources and avoid 

the consequences of woody encroachment, including a 75% reduction in livestock 
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production (Fuhlendorf et al. 2008), collapse of grassland biodiversity (Ratajczak et al. 

2012), reduced freshwater supply (Zou et al. 2018) and grassland recreation opportunities 

(e.g., birding, upland hunting), increased risk of threatened and endangered species 

(Walker and Hoback 2007), wildfire danger (De Wit et al. 2001; Donovan et al. 2020), 

and vector-borne disease transmission (Loss et al. 2021). On the other end, there is 

pressure to reduce smoke pollution from prescribed fires due to human health concerns in 

downwind communities. Smoke from wildland fire contains particulate matter less than 

2.5 microns in diameter (PM2.5), which can pose a significant concern from a public 

health standpoint (Jaffe et al. 2020). Exposure to wildland fire smoke can trigger 

exacerbations of asthma and chronic obstructive pulmonary disease, heart attack, stroke, 

worsening heart failure, and abnormal heart rhythms in individuals with pre-existing 

respiratory and cardiovascular disease (Reid et al. 2016; Jaffe et al. 2020). As a result, 

smoke events have been associated with increased mortality, emergency department and 

physician visits, ambulatory care, and medication use (Bowman and Johnston 2005; Reid 

et al. 2016; Gan et al. 2020; Jaffe et al. 2020; Afrin and Garcia-Menendez 2021).  

The challenge policy makers face is balancing near-term tradeoffs between 

prescribed fire benefits and air-quality impacts, while not compromising the long-term 

sustainability of grassland ecosystems. Perhaps nowhere is this challenge more relevant 

than the Flint Hills tallgrass prairie, which is the only ecoregion in the Great Plains where 

the total area burned annually remains within pre-European settlement ranges (Baldwin et 

al. 2022). This region’s persistence as an intact grassland region is largely owed to annual 

burning on private lands over a short period of time in the spring. However, large 
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portions of the Flint Hills are operating below fire frequencies needed to control woody 

plant encroachment (Ratajczak et al. 2016) and rangeland practitioners are working to 

build capacity for additional prescribed burning. At the same time, air-quality impacts in 

downwind metropolitan areas have raised concerns over the use of prescribed fire. 

Balancing these concerns in the Flint Hills and downwind communities has become the 

topic of an interstate working group formed in 2018. Three major policy discussions have 

emerged from the working group: 1) broadening the prescribed burning season as a 

strategy to spread out smoke-related impacts, 2) broader adoption of prescribed fire 

within and beyond the Flint Hills, and 3) uncertainty regarding long-term outcomes of 

prescribed fire exclusion (Figure 7.1). Anticipated smoke impacts for these near and 

long-term fire management strategies represents a key knowledge gap that contributes to 

uncertainty regarding the future of fire management policy. One step for advancing a 

dialog between fire users and fire regulators in an increased understanding of the 

tradeoffs between near-term fire management strategies versus those of long-term fire 

exclusion.  

Scenario analysis has emerged as key tool in sustainability science used to explore 

short-term decisions in the context of long-term outcomes in social-ecological systems 

under considerable levels of uncertainty and complexity (Peterson et al. 2003; Zurek and 

Henrichs 2007; Henrichs et al. 2010). Scenarios provide plausible visions of the future 

and span key uncertainties that have potential to dictate the future trajectory of the system 

(Wack 1985; Peterson et al. 2003; Kok and van Delden 2009). A key element of their 

effectiveness for bridging science and policy comes from the ability to make comparisons 
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across a set of scenarios (Henrichs et al. 2010). In addition, exploratory scenarios can be 

used to help to uncover assumptions and sharpen mental models that often implicitly 

guide decision makers. Here, I develop wildland fire scenarios with regional air-quality 

experts to fill knowledge gaps on air quality and support discussions tied to near- and 

long-term fire management. The objective of this study is to develop wildland fire 

scenarios that contrast 1) air quality outcomes of near-term fire management strategies 

and 2) tradeoffs between near-term fire management strategies versus long-term 

outcomes of prescribed fire exclusion. This scenario exercise broadly uses explorative 

scenarios for decision support with specific goals of 1) challenging the false assumption 

that fire can be removed from flammable ecosystems and 2) providing a more realistic 

basis for advancing policy discussions on the future fire management. This study 

specifically focuses on air-quality dimensions of fire management, a key source of 

uncertainty tied to fire management discussions. However, the scenarios do not represent 

the end of planning efforts in this region. Instead, this study reports on key steps for the 

integration of air-quality into broader ecosystem service assessments on the future of 

wildland fire in the Great Plains.  

 

METHODS 

 

Current Flint Hills fire system (baseline) 

 The Flint Hills is the largest remaining tract of tallgrass prairie in North America. 

Located in the east-central Great Plains, USA, the region encompasses approximately 
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25,000 km2 in eastern Kansas with a relatively small portion extending into Osage 

county, Oklahoma (Figure 7.2). The region is known for its iconic prairie horizons and 

productive grasslands that support both wildlife and livestock production. Land 

ownership is largely private and the primary land use is seasonal cattle grazing on 

perennial rangelands, primarily by stocker cattle that are introduced in the spring and sold 

in late summer or fall (Kollmorgen and Simonett 1965). Two factors are attributed to the 

Flint Hills persistence as an intact tallgrass prairie region since European settlement: 1) 

shallow soils overlaid on a limestone bedrock that preclude row crop cultivation in much 

of the region (Kollmorgen and Simonett 1965) and 2) frequent prescribed fires that limit 

trees and prevent woodland conversion (Hoy 1989; Briggs et al. 2002). The use of fire in 

the Flint Hills dates back to pre-European settlement when Indigenous tribes used fire to 

shape Great Plains ecosystems (Pyne 1982; Axelrod 1985). Soon after European 

settlement of the region, land managers revived the practice of burning the Flint Hills to 

support livestock production on perennial rangelands and control woody encroachment 

(Hoy 1989). Post-settlement revival of burning was unique to Flint Hills. The practice 

was not readily adopted in other Great Plains regions and was widely discouraged by 

rangeland scientists at the time (Kollmorgen and Simonett 1965).  

 Today, prescribed burning in the Flint Hills is a cultural tradition of grassland 

management led by the ranching community (Baldwin et al. 2022). Each year, 

approximately 0.9 million hectares (~1/3 of the region) are intentionally burned (KDHE 

2022). The vast majority of these hectares are burned in the spring dormant season over a 

short period of time. Spring burning is typically conducted on an annual basis as part of a 
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‘graze half, burn half’ grazing management plan (Hoy 1989). After spring burns, over 1 

million stocker cattle are introduced in the Flint Hills which utilize pastures during the 

growing season (Duesterhaus et al. 2008). Low intensity spring fires consume 

accumulated vegetation from the previous year and stimulates abundant growth of high-

quality forage (Allred et al. 2011).  

 While the timing of burning has become the focus of debate in the region (Towne 

and Craine 2016), the practice dates back to the 1880’s (Hoy 1989), and it is well 

recognized to have maintained the region’s grasslands threatened by woody 

encroachment. The Flint Hills humid climate is well suited to trees and grassland 

transitions to woodland states are well documented (Owensby et al. 1973; Briggs et al. 

2002; Ratajczak et al. 2014; Brunsell et al. 2017; Collins et al. 2021). Long-term 

ecological research indicates that fire return intervals between 1 and 3 years are required 

to maintain grasslands and prevent transitions to woody dominance (Ratajczak et al. 

2014). Prescribed fire is therefore largely appreciated as a needed land management 

practice; however, traditions of highly synchronous burning have come under scrutiny 

due to air-quality impacts in nearby metropolitan areas (Liu 2014; Towne and Craine 

2016). Efforts to balance the needs for prescribed fire and clean air consist of a regional 

smoke management plan that provides resources for reducing smoke impacts, advanced 

air-quality monitoring, and public outreach, education, and notification (KDHE 2010). 

Further recommendations for reducing smoke impacts have included fire exclusion, 

burning less frequently, limiting burning on a daily, weekly or monthly basis, and 

spreading out the burn season across spring, summer, and fall seasons (Towne and Craine 
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2016). However, regulation of prescribed fire in the Flint Hills is controversial and is 

viewed as the single biggest threat to prescribed fire (Baldwin et al. 2022). 

 

Scenario development and analysis 

Overview of approach 

Many scenario approaches have been developed, with approaches ranging from 

quantitative to qualitative to mixtures of each depending on the goals and challenges of a 

particular case study (MEA 2003; Carpenter et al. 2006; IPBES 2016). Here, I use 

exploratory scenarios within a six-step approach outlined by Peterson et al. (2003) to 

support large-scale conservation planning. The steps consisted of 1) identification of 

focal issue, 2) assessment, 3) identification of alternatives, 4) building scenarios, 5) 

testing scenarios, and 6) analysis of implications. This approach is designed for small 

focus groups that work through steps iteratively over a series of workshops and meetings. 

The process is not linear and involves frequent revision of earlier steps based on feedback 

from stakeholders. The result is a set of stakeholder informed scenarios that span key 

uncertainties of a focal issue that can be used by a broader group to advance policy and 

management discussions (Oteros-Rozas et al. 2013) and improve public communication 

(Bennett et al. 2003).  

 A prescribed fire roundtable meeting, held twice annually, provided a foundation 

for organizing scenario workshops and meetings. The prescribed fire roundtable focuses 

on prescribed burning in the Flint Hills and air-quality impacts in downwind communities 

and is held each year before and after the spring prescribed fire season. The roundtables 
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have been hosted by the Nebraska Department of Environment and Energy since 2018 

and bring together a group of approximately 60 stakeholders consisting of academics, 

agency administrators, air-quality regulators, fire managers, meteorologists, public 

communicators, and public health officials. Agency participants represent U.S. and state-

level jurisdictions, including Iowa, Kansas, Missouri, Nebraska, and Oklahoma. The 

main focus of the roundtable is smoke impacts from Flint Hill burning. The roundtable 

meeting was used for broader discussion and feedback during key parts of the iterative 

scenario development and analysis process, while, a smaller and more focused working 

group was used during other portions of the scenario development process. The working 

group consisted of a subset of roundtable participants that represented air-quality 

expertise from key agency stakeholders representing the Flint Hills and downwind 

communities.  

 

Identification of focal issue and system assessment  

The existence of the roundtable meeting served as the basis for identification of 

the focal issue (step 1): balancing the benefits of prescribed fire with air-quality impacts, 

while not compromising future grassland sustainability. Assessment of alternative 

grassland and woodland vegetative states, ecosystem services, wildland fire conditions, 

air quality, and fire management within the Flint Hills social ecological system (step 2) 

was conducted as part of interdisciplinary discussions at the roundtable in 2019, 2020, 

and 2021. This included presentations focused on Flint Hills fire ecology, ecosystem 

service tradeoffs, prescribed fire and woody encroachment trends, and smoke 
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management strategies followed by group discussions. A summary of the assessment was 

presented at the 2021 prescribed fire roundtable in June.  

 

Identification of alternatives  

Alternative ways the Flint Hills system could evolve (step 3) were identified 

based on uncertainties highlighted during the assessment. These included the future of 

fire management, woody encroachment and alternative vegetative states (grassland versus 

woodland), land use patterns (e.g., ranching versus recreational land ownership), and air-

quality outcomes associated with fire management. Because all of these drivers are 

influenced by fire management in the Flint Hills, this driver was selected as the critical 

uncertainty driver used to frame scenario logics (Henrichs et al. 2010). Linkages between 

fire frequency, grassland and woodland states, and ecosystem services are well 

documented in the Flint Hills (Briggs et al. 2002; Ratajczak et al. 2014). Short fire return 

intervals (1-3 years) are maintained by human ignitions and support a grassland state and 

associated ecosystem services. Long fire return intervals are associated with fire 

exclusion policies and support a woodland state and associated ecosystem services 

(Briggs et al. 2002, 2005; Engle et al. 2008; Twidwell et al. 2013c). Selection of a sole 

critical uncertainty driver was done to create a set of scenarios that were highly relevant 

to the focal issue at hand, however, this differs from scenario exercises that are more 

open ended and that consider multiple critical uncertainties (Henrichs et al. 2010). Based 

on this critical uncertainty, three scenario logics emerged from the working group: 1) 

broadening the prescribed burning season, 2) broader adoption of prescribed fire, and 3) 



179 

 

 

long-term fire exclusion. Scenario logics 1-2 refer to near-term changes in fire 

management while the third represents long-term changes to the wildland fire regime 

associated with fire exclusion which provides a backdrop for scenario comparisons (see 

below).  

 

Building wildland fire scenarios  

Scenario development and testing (steps 4-5) was an iterative process led by the 

author with consultation from the working group and roundtable group. Scenario logics 

served as starting points for scenario narratives and were used as a basis for 

characterizing key components of fire regimes under each fire management scenario. 

This included graphs and tables used to communicate the seasonal distribution of 

burning, the total area burned, and fuel type. These materials were reviewed and refined 

by the working group. Ultimately, five wildland fire scenarios were used to represent the 

three scenario logics (Table 7.1). The first two scenarios depicted near-term fire 

management strategies: 1) seasonal expansion of prescribed burning and 2) geographic 

expansion of prescribed burning. The third scenario logic, long-term fire exclusion, was 

represented by regional transitions from grassland to woodland and from controlled 

prescribed fire to uncontrolled wildfire. Because wildfire patterns vary considerably year 

to year depending on weather conditions (Salguero et al. 2020), three wildfire scenarios 

were used to represent the fire-exclusion scenario logic (Table 7.1). The wildfire 

scenarios were used to provide comparisons with the current fire system and the near-

term fire management scenarios. All other components of the fire regime were held 
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constant with a respective near-term or baseline prescribed fire scenario. Scenarios 

represented a one-year snapshot of wildland fire under an alternative future (a specific 

projected future year was not considered necessary). The next step consisted of writing 

narratives for each scenario. Narratives were written based on prior assessment of the 

focal issue and emphasized differences in fire management strategies and social-

ecological feedbacks. Written narratives were reviewed and revised by the focus group in 

December of 2022.  

 

Assessment of air-quality outcomes  

The last step consisted of scenario analysis, in which air-quality implications were 

assessed for each of the five wildland fire scenarios. This step was conducted in March 

2022 over the course of a one-day virtual workshop that consisted of four components: 1) 

an air-quality outcomes questionnaire, 2) data analysis and visualization, 3) co-learning 

and synthesis, and 4) a follow-up questionnaire. Prior to the workshop, the focus group 

was provided with a participant manual that detailed background material, methodology, 

and scenario descriptions (fire regimes and narratives).  

The air quality outcomes questionnaire followed a rapid prototyping approach 

(Nicolson et al. 2002; Allen et al. 2018) to estimate changes in smoke-related air-quality 

outcomes associated with each of the scenarios. All estimated changes were relative to 

the current wildland fire system. Participants individually responded to a series of 19 

questions specifying how different components and measures of air-quality (e.g., PM2.5) 

were expected to change under each scenario. Changes in air-quality metrics were 
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estimated using a 7-point global rating of change scale, ranging from extreme decrease (a 

rating of -3) to extreme increase (a rating of 3) (Kamper et al. 2013). Global rating of 

change scales are designed to measure perceived changes and are commonplace in the 

medical profession. In addition, participants rated the confidence of their estimate on a 

five-point scale (Allen et al. 2018), ranging from very high to none (see Appendix 1 for 

air quality outcomes questionnaire). Air-quality and human health metrics included in the 

questionnaire were carefully selected based on recommendations from roundtable 

participants received in 2021, the focus group in 2022, and supporting research (Table 

7.2). The questionnaires were administered online using Qualtrics software and 

participant responses remained anonymous. 

Response data from questionnaires was summarized in real time using the 

Integrative Ecosystem Service Analysis Tool (IESAT) (Fogarty et al. 2020a) to facilitate 

rapid assessment of estimated air-quality outcomes. The IESAT is a data visualization 

tool that uses response data from Qualtrics to create a series of visualizations (flower 

diagrams and bar graphs) designed to facilitate participatory ecosystem service 

assessments. Outcomes for each air-quality metric, for each scenario were calculated as 

the mean score, based on the 7-point global rating of change scale. Uncertainty was then 

calculated as the standard error of the mean. Confidence of estimated air-quality 

outcomes was calculated as the mean response from participants, ranging from -2 (none) 

to 2 (very high). 

Relative changes in air-quality, estimated for each scenario, were then inferred 

from the direction and magnitude of change in air-quality metrics. Workshop organizers 
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led a structured review of results from the air quality outcomes questionnaire (using the 

IESAT online platform) that focused on scenario comparisons, tradeoffs, high variance 

among participants, and metrics with low confidence. The purpose of the review was to 

break down the results, identify points of agreement, disagreement, uncertainty, and 

when possible, build a common understanding based on different perspectives and 

backgrounds. Following the review, workshop organizers posed a series of discussion-

provoking questions focused on synthesis of key takeaways from the assessment. These 

questions concerned the priority of avoiding long-term outcomes of fire exclusion and the 

potential of near-term fire management strategies to accomplish this. These questions 

were used as a precursor to future discussions that incorporate additional stakeholders 

from different backgrounds. The final step of the workshop consisted of a follow-up 

questionnaire used to gage consensus from the review and discussion. Participants rated 

their agreement/disagreement with 9 statements on a 7-point Likert scale (see Appendix 

D for follow-up questionnaire). This research was approved by an Institutional Review 

Board (IRB).   

 

RESULTS AND DISCUSSION 

 

Transitions from the current wildland fire system to alternative scenarios were 

characterized by three major themes used to characterize fire management for five 

scenarios (see Appendix E for scenario descriptions) (Table 7.1). In the seasonal 

expansion scenario, fire management is characterized by a smoke management strategy to 
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mitigate air-quality impacts by more evenly distributing smoke over the course of the 

year. In this scenario the amount of burned area does not change, rather the timing of 

burns is spread out from spring to fall. In the geographic expansion scenario, fire 

management is characterized by a grassland conservation strategy to reduce woody 

encroachment through increased adoption of prescribed burning. In this scenario, the 

amount of burning doubles, while the timing of burning remains consistent with the 

seasonal expansion scenario. The remaining scenarios are characterized by prescribed 

fire exclusion and provide long-term comparisons to the above scenarios as well as the 

current fire system. In these scenarios, feedbacks between the loss of prescribed fire and 

woody encroachment result in a transition from grassland to woodland dominance and a 

shift from controlled prescribed fires to uncontrolled wildfire. The amount of area burned 

and the timing of fire activity is held constant in the three wildfire comparison scenarios 

with one of the following: the seasonal expansion scenario, the geographic expansion 

scenario, or the baseline fire system (Table 7.1).  

 

Scenario comparisons to the baseline fire system 

Questionnaire results showed that scenarios captured a wide range of air-quality 

outcomes that ranged from improvements to declines in air-quality (Figure 7.3). The 

seasonal expansion scenario was associated with improved air-quality outcomes, on 

average, while the geographic expansion scenario was associated with relatively minor 

decreases in air quality (Figure 7.3). Wildfire comparison scenarios were associated with 

declines in air-quality compared to the current fire system.    
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 In comparison to the baseline fire system, air-quality outcomes improved overall 

for the seasonal expansion scenario based on questionnaire responses. Explanations for 

improved air-quality outcomes, overall, focused on spreading out smoke events over a 

longer period of time to reduce the frequency of more intense, but short-lived smoke 

events. The rationale behind this tradeoff is that spreading out burning would keep 

smoke-related pollutants at relatively low levels and avoid (or reduce) triggering more 

severe air-quality impacts (Bowman and Johnston 2005), while potentially increasing 

those triggered by lower levels of smoke pollution. This tradeoff was evident in 

questionnaire responses. While most air-quality metrics were expected to improve, 

participants expected spreading out the burn season to result in relatively small declines 

for three air-quality metrics: haze (visibility impairment), moderate air-quality days, and 

ozone. ‘Moderate’ air-quality days (based on the US Air Quality Index) are triggered by 

relatively low levels of smoke pollution. Increases in moderate air-quality days is 

therefore expected to come with fewer unhealthy and very unhealthy air-quality days 

(based on participant responses), which was viewed as an overall improvement from a 

public health perspective. Increased haze was predicted to occur due to higher humidity 

in the summer, which exacerbates visibility impairment (Carrico et al. 2010). Predictions 

of increased ozone (O3) pollution were due to summer burning, which is more conducive 

to ozone production as a result of increased ultraviolet light (Tang et al. 2013).  

The geographic expansion scenario was associated with negative air-quality 

outcomes, overall. Despite increases in the amount of burned area, air-quality impacts 

tended to be low (mean = -0.40 on a scale ranging from -3 to 3), with a relatively high 
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level of uncertainty (SE = 0.36) compared to other scenarios. Questionnaire results 

indicated that fewer hazardous and very unhealthy air quality days (based on the US Air 

Quality Index) were expected under this scenario. However, these results were not 

corroborated during the review and participants noted that the opposite was more likely. 

Therefore, no tradeoffs for air-quality were identified for this scenario (but see discussion 

on broader ecosystem tradeoffs below).   

 Questionnaire responses showed that all wildfire comparison scenarios were 

associated with declines in all air-quality metrics compared to the current fire system. 

Participants agreed that the wildfire comparison scenarios were plausible as long-term 

outcomes of fire exclusion, however, they noted that estimation of air-quality outcomes 

was challenging due to the unpredictable nature of wildfires. Self-rated confidence was 

the lowest for the wildfire comparison scenarios. Participants noted that wildfire impacts 

could occur rapidly over a few days or be drawn out and that this uncertainty made 

estimation of air-quality outcomes more difficult.  

 

Wildfire comparisons 

Questionnaire results showed that the wildfire comparison scenarios were 

associated with reduced air-quality outcomes compared to near-term fire management 

scenarios. The wildfire comparison scenarios provide a means for head-to-head 

comparisons with respective prescribed fire driven scenarios. In all cases, the prescribed 

fire scenario was estimated to have better air-quality outcomes compared to thier 

respective wildfire comparison. For instance, improved air-quality outcomes from the 
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seasonal expansion prescribed fire scenario were not expected to hold up under wildfire 

conditions; the respective wildfire scenario was estimated to have negative air-quality 

outcomes. In scenarios with an extended burn season and a doubling in area burned 

(geographic expansion and the wildfire comparison), negative air-quality outcomes were 

estimated to be exacerbated in the wildfire scenario. These results were corroborated by 

participants during discussions and in the follow-up questionnaire. Participants provided 

multiple explanations for these differences. Most were related to a loss of control over 

wildland fire and a lack of smoke management actions that can be applied when wildland 

fire shifts from controlled prescribed fire to uncontrolled wildfire. Particularly, timing 

prescribed fires on days when conditions are ideal for fire control and smoke dispersion 

(Weir 2009; KDHE 2010). Wildfires are more likely to be driven by extreme weather 

events (drought and/or high wind) that are conducive to long-lasting and extreme fire 

(Bowman et al. 2017; Nowell et al. 2018). Participants expected wildfires to be more 

intense, larger, longer lasting, and produce more smoke compared to prescribed burning 

scenarios due to both fire weather conditions and volatile woody fuels (Liu et al. 2017; 

Jaffe et al. 2020). 

 

Self-rated confidence and uncertainty among air-quality metrics 

Overall, self-rated confidence was moderate on a scale from no confidence to 

very high confidence (see Appendix F). When examined on the basis of individual air-

quality metrics across all scenarios, the majority of metrics had a moderate confidence 

ranking (16), while, three were in the low category. Four metrics stood out from others: 
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depression, hospital admissions, mortality, and pre-term births. Participants had little 

confidence in their ability to estimate how these metrics would change under different 

scenarios. This finding was corroborated during the review when participants noted that 

the health-related metrics were difficult to estimate. Despite participants agreeing that 

these metrics are impacted by smoke pollution, participants felt that they lacked the 

specialized knowledge to evaluate these particular metrics. Uncertainty, measured as the 

mean standard error across scenarios, was relatively consistent among air-quality metrics 

(Appendix F). Good air-quality days was the one metric that stood out slightly from 

others as having a higher level of uncertainty, although self-rated confidence had a 

moderate confidence ranking. Ultimately, metrics with low confidence or high 

uncertainty represent opportunities for learning because they are important metrics 

related to smoke pollution.  

 

Scenario tradeoffs 

Participants recognized tradeoffs between near-term fire management strategies as 

well as more severe tradeoffs between near-term fire management and the long-term 

consequences of fire exclusion. Assessment results indicate that near-term fire 

management can improve or worsen air quality outcomes, with discussions emphasizing 

the need to balance tradeoffs between air-quality impacts and prescribed burning in a way 

that also maintains the integrity of the Flint Hills prairies. However, what this balance 

looks like, in terms of fire management, was not clear. Participants agreed that fire 

exclusion would lead to an undesirable wildfire dominated future. However, there was 
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uncertainty in the potential for the prescribed fire scenarios to prevent a wildfire 

dominated future. Participants neither agreed nor disagreed that the current wildland fire 

system would prevent a wildfire-dominated future and somewhat agreed that the seasonal 

expansion scenario could lead to a future dominated by wildfires. In discussions, the 

geographic expansion scenario, was considered the most likely to sustain the Flint Hills’ 

prairies (although agreement was low). Participants viewed this scenario as one that is 

needed on a temporary basis for grassland restoration.  

Participant uncertainty in regards to balancing air-quality impacts with prescribed 

burning in a way that does not compromise the sustainability of Flint Hills prairies 

reflects the need to incorporate a broader stakeholder group at this stage in the scenario 

exercise (Peterson et al. 2003; Henrichs et al. 2010). The results from the air-quality 

assessment fill a critical knowledge gap of air-quality impacts tied to alternative futures 

of fire management. These results set the stage for broader discussions among different 

stakeholder groups that bring different expertise, values, and experience to the decision 

making process.  

 

CONCLUSION 

 

Fire is an inevitable component of Great Plains ecosystems, whether it is driven 

by prescribed fire used to manage ecosystem services or uncontrolled wildfire (Twidwell 

et al. 2020). This point has proven to be difficult to communicate and is often not 

reflected in fire management policies that discourage the use of fire (Holling and Meffe 
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1996; Fischer et al. 2016). The scenarios developed in this study help communicate more 

realistic tradeoffs between alternative fire management scenarios and overcome the false 

premise that fire can be removed without long-term consequences. Key findings that 

emerged from this scenario exercise that relate to broader fire management discussions in 

the Great Plains include 1) near term improvements in air quality expected from reducing 

prescribed fire come at the risk of long-term consequences associated with wildfire, 2) 

wildfires are associated with increased potential for negative air-quality outcomes 

compared to prescribed burning, 3) seasonal expansion of the prescribed burn season is 

expected to improve air-quality outcomes, with important uncertainties related to 

adoption, implementation, and social-ecological outcomes. 

Recommendations for reducing air-quality impacts from prescribed burning have 

ranged from total fire exclusion to reducing the amount and frequency of burning (Liu 

2014; Towne and Craine 2016). The idea of reducing the amount of prescribed fire has 

become more relevant as wildfire smoke, often transported long distances, reduces the 

amount of allowable air-quality impacts from prescribed burning (based on National 

Ambient Air Quality Standards) (Liu 2014). Explanations for recommendations to reduce 

burning emphasize two factors: first, that woody plant control can be achieved using 

methods other than prescribed fire (e.g., chemical, mowing, mechanical tree removal) and 

second, that management goals may be achieved with less frequent burning (e.g., moving 

from annual burning to a 3-year return interval). However, the scenario exercise 

conducted here indicates that these strategies may be short sighted in the Flint Hills, 

where reducing fire occurrence results in a higher risk of large-scale grassland conversion 
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to juniper woodland and the associated long-term consequences. In the history of the 

Great Plains grassland biome, fire is the only proven practice for controlling woody 

plants at large-scales (Wells 1970; Axelrod 1985). Decades of brush management has 

provided no evidence that other practices can effectively conserve grasslands at large 

scales (Scholtz et al.; Archer et al. 2011; Tanaka et al. 2011; Twidwell et al. 2013a; Jones 

et al. 2020; Fogarty et al. 2020b; Londe et al. 2022). Even with widespread burning in the 

Flint Hills, the region experienced a consistent trend of woody encroachment from 2000 

to 2019 (Londe et al. 2022). Moreover, Ratajczak et al. (2016) estimate that 56% of the 

Flint Hills is operating below critical fire thresholds needed to sustain grasslands. So 

while woody plants may be controlled in some portions of the Flint Hills with less 

frequent fire (i.e., those with annual burning), more frequent fire is needed to control 

woody plants in a large portion of the Flint Hills (Ratajczak et al. 2016). Exclusion, 

restriction, or regulation of prescribed fire is therefore expected to exacerbate woody 

encroachment and increase future risks of large wildfires (De Wit et al. 2001; Twidwell 

et al. 2013c; Donovan et al. 2020). This scenario has already played out in other 

ecosystems that have undergone fire exclusion policies (Marlon et al. 2012; Hanan et al. 

2021), including portions of the Great Plains grassland where wildfire activity has surged 

(Donovan et al. 2017, 2020).  

The scenarios developed here show that wildfires are associated with increased 

potential for negative air-quality outcomes. While the current understanding of air-quality 

impacts from prescribed fires versus wildfires is limited (Williamson et al. 2016; Liu et 

al. 2017), there are multiple lines of evidence that support this. Transitions from grass to 
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juniper woodland is associated with major increases in aboveground biomass (Norris et 

al. 2001). This increased fuel load, coupled with typically higher fuel consumption by 

wildfires compared to prescribed burns, has been shown to result in significantly higher 

PM2.5 emissions from wildfires on a per hectare basis (Liu et al. 2017; Jaffe et al. 2020). 

While extreme prescribed burns used for restoration may be an exception to this finding 

(Twidwell et al. 2013b, 2016), prescribed burns in the Flint Hills tend to be low intensity 

rangeland burns (Baldwin et al. 2022). Fire weather is another important difference 

between prescribed fires and wildfires that can result in differential air-quality outcomes. 

Prescribed burns are implemented under smoke management plans that are designed to 

reduce emissions, improve dispersion, and ensure smoke plumes do not impact nearby 

sensitive areas (Weir 2009). In contrast, wildfire activity is associated with high 

temperatures, wind, and dry conditions that are more conducive to extreme fire behavior 

(e.g., high fuel consumption and emissions) and a loss of control over the extent, 

duration, and magnitude of smoke exposure (Bowman et al. 2017; Nowell et al. 2018). 

An implication from the scenario exercise is that prescribed fire is expected to function as 

a cost of maintaining long-term air-quality and avoiding more severe air-quality 

outcomes associated with wildfire (Bowman et al. 2011; Kolden 2019).  

Spreading out the prescribed burn season is widely recommended as a way to 

reduce air-quality impacts from burning in the Flint Hills (Liu 2014; Towne and Craine 

2014, 2016; Weir and Scasta 2017; Baker et al. 2019) and was the only scenario expected 

to improve air-quality outcomes, without reducing the amount of area burned (although 

other prescribed fire scenarios improved air quality compared to wildfire scenarios). The 
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assumption is that longer burn seasons will dilute smoke emissions and maintain 

pollutants at levels that are less likely to trigger health impacts (Bowman and Johnston 

2005; Liu 2014; Baker et al. 2019). This smoke management strategy seeks to trade a few 

unhealthy air-quality days for more moderate air-quality days. In addition, others have 

shown that spreading out the burn season increases the number of burn days and capacity 

for prescribed fire, maintains grass production equivalent to spring burning, and has 

potential to reduce susceptibility to mid-season drought (with autumn and winter burns), 

increase plant diversity, and better control encroaching woody plants (with fall burns) 

(Towne and Kemp 2003; Towne and Craine 2014, 2016; Weir and Scasta 2017). 

However, long- and short-term health outcomes from such an approach have not been 

characterized and important uncertainties remain in regards to rancher implementation 

and other social-ecological outcomes. Spring burning has become a cultural tradition 

among fire users in the Flint Hills, with livestock production systems designed around 

this practice (Kollmorgen and Simonett 1965; Hoy 1989). Future work with rangeland 

stakeholders is therefore needed to better place this scenario in a broader context of other 

ecosystem services and social-ecological outcomes, including how different scenarios 

influence rancher’s capacity to control plant invasion and maintain profitable production 

systems.  

Tradeoffs are an unavoidable aspect of fire management. Prescribed burning can 

help sustain grassland ecosystem services, including long-term regulation of wildfire risk, 

but results in short-term smoke exposure (Williamson et al. 2016). Fire exclusion results 

in short-term reductions in smoke exposure, but compromises long-term provisioning of 
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ecosystem services (Schweizer and Cisneros 2016). The scenarios developed here 

illustrate these tradeoffs and can be used to better communicate the complexities of fire 

management in social-ecological systems. A key implication is that fire management 

strategies should first be evaluated on their potential to sustain grassland ecosystems and 

then on their ability to enhance individual ecosystem services (e.g, air-quality regulation). 

In most cases there are no win-win scenarios and none of the scenarios developed here 

are meant to provide a static target for fire management. Instead, the scenarios serve as 

one step for better integrating air-quality outcomes into broader fire management 

decisions that consider diverse perspectives and a full suite of grassland ecosystem 

services.  
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FIGURES 

 

 

Figure 7.1 Conceptual figure depicting scenario logics for near-term and long-term 

scenario development. Near-term scenarios are used to explore air-quality outcomes as a 

result of broadening the prescribed burning season (1a) and increased adoption of 

prescribed fire (1b), while long-term scenarios provide context for comparison of fire 

management scenarios against a backdrop of wildfire-driven outcomes associated with 

fire exclusion and woodland conversion.  
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Figure 7.2 The Flint Hills tallgrass prairie region located in the Great Plains grassland 

biome (USA). Photo credit: Jim Minnerath. 
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Figure 7.3 Flower diagrams depicting estimated changes in air-quality metrics associated with 5 wildland fire scenarios compared to 

the current wildland fire system. Green petals projecting outward reflect air-quality improvements, while, red petals projecting inward 

reflect negative impacts. A legend for air-quality metrics is provided on the right. Flower diagrams in the top row depict scenarios 

where prescribed fire is the dominant source of wildland fire, while those in the bottom row are characterized by wildfire. 
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TABLES 

 

 

Table 7.1 Description of wildland fire scenarios relative to the current fire system in the 

Flint Hills (USA).  

 
 Scenarios Description Basis for scenario 

logic 

Near-term prescribed fire 

policy scenarios 

  

 1A. Seasonal expansion Prescribed fire occurrence broadens from a 

three-week period in April to a 8-month period 

extending from spring to fall; all other 

parameters are held constant with existing 

baseline 

Spread out prescribed 

burning to improve 

air-quality outcomes 

(Liu 2014) 

 1B. Geographic 

expansion 

Prescribed fire occurrence doubles in area and 

broadens from a three-week period in April to a 

8-month period extending from spring to fall; 

all other parameters are held constant with 

existing baseline 

Increased prescribed 

fire occurrence to 

reverse trend of woody 

encroachment (Londe 

et al. 2022; Ratajczak 

et al. 2016) 

Comparative long-term 

prescribed fire exclusion  

scenarios 

  

 2A. Seasonal expansion 

wildfire comparison 

Dominant fuel type changes from grass to 

juniper; wildfire replaces prescribed fire; all 

other parameters are held constant with the 

seasonal expansion scenario  

 

Reduced fire 

frequency results in 

woodland conversion 

(Ratajczak et al. 

2014); increased 

volatile fuel loads lead 

to wildfire (Schweizer 

and Cisneros 2016) 

 2B. Geographic 

expansion wildfire 

comparison 

Wildfire replaces prescribed fire; dominant fuel 

type changes from grass to juniper dominance; 

all other parameters are held constant with the 

geographic expansion scenario 

 2C. Baseline wildfire 

comparison 

Wildfire replaces prescribed fire; dominant fuel 

type changes from grass to juniper dominance; 

all other parameters are held constant with 

existing baseline 
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Table 7.2 Air-quality and human health metrics used to compare wildland fire scenarios.  

Metric Description Source 

PM2.5 Fine particles generally 2.5 µm in diameter 

or smaller that represent the main pollutant 

emitted from wildland fire smoke.  

(Vicente et al. 

2013) 

24-hour PM2.5 

exceedances 

Air-quality standard for PM2.5, calculated on 

a 24-hour basis.  

 

U.S. National 

Ambient Air 

Quality Standards 

Annual PM2.5 

exceedances 

Air-quality standard for PM2.5, calculated on 

an annual basis.  

 

U.S. National 

Ambient Air 

Quality Standards 

Ozone (O3) Ground-level ozone pollution formed as a 

secondary pollutant from smoke.  

(Preisler et al. 

2010) 

8-hour ozone 

(O3) exceedances 

Air-quality standard for ozone, calculated on 

an 8-hour basis.  

 

U.S. National 

Ambient Air 

Quality Standards 

U.S. Air Quality 

Index (AQI) 

The U.S. index for reporting air quality based 

on five major pollutants: ground-level ozone, 

particle pollution, carbon monoxide, sulfur 

dioxide, and nitrogen dioxide.  

US Environmental 

Protection Agency 

(AirNow.gov) 

Good Air Quality 

Index days 

Days with AQI values between 0-50. “Air 

quality is satisfactory, and air pollution 

poses little or no risk”. 

US Environmental 

Protection Agency 

(AirNow.gov) 

Moderate Air 

Quality Index 

days 

Days with AQI values between 51-100. “Air 

quality is acceptable. However, there may be 

a risk for some people, particularly those 

who are unusually sensitive to air pollution”. 

US Environmental 

Protection Agency 

(AirNow.gov) 

Unhealthy for 

Sensitive Groups 

Air Quality 

Index days  

Days with AQI values between 101-150. 

“Members of sensitive groups may 

experience health effects. The general public 

is less likely to be affected”.  

US Environmental 

Protection Agency 

(AirNow.gov) 

Unhealthy Air 

Quality Index 

days 

Days with AQI values between 151-200. 

“Some members of the general public may 

experience health effects; members of 

sensitive groups may experience more 

serious health effects” 

US Environmental 

Protection Agency 

(AirNow.gov) 

Very Unhealthy 

Air Quality 

Index days 

Days with AQI values between 201-300. 

“Health alert: The risk of health effects is 

increased for everyone”.  

US Environmental 

Protection Agency 

(AirNow.gov) 
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Hazardous Air 

Quality Index 

days 

Days with AQI values 301 and higher. 

“Health warning of emergency conditions: 

everyone is more likely to be affected” 

US Environmental 

Protection Agency 

(AirNow.gov) 

Cardiopulmonary 

emergency 

department visits 

Emergency department visits attributed to 

cardiopulmonary conditions (e.g., trouble 

breathing, chest pain, heart attack, stroke, 

etc.) that result from smoke exposure from 

wildland fire. 

Afrin and Garcia-

Menendez (2021) 

Cardiopulmonary 

hospital 

admissions 

Hospital admissions attributed to 

cardiopulmonary conditions (e.g., trouble 

breathing, chest pain, heart attack, stroke, 

etc.) that result from smoke exposure from 

wildland fire. 

Afrin and Garcia-

Menendez (2021) 

Cardiopulmonary 

related 

mortalities 

Mortalities attributed to cardiopulmonary 

conditions (e.g., heart attack, stroke) that 

result from smoke exposure from wildland 

fire. 

Zanobetti & 

Schwartz (2009) 

Afrin & Garcia-

Menendez (2021) 

Occurrence of 

depression 

Individuals experiencing depression due to 

smoke exposure from wildland fire. 

Li et al. (2021) 

Preterm births The number of per-term births attributed to 

smoke exposure from wildland fire. 

Heft-Neal et al. 

(2022) 

Restricted 

activity days 

Days when individuals were forced to alter 

their normal activity due to smoke exposure 

from wildland fire. 

Kochi et al. (2010) 

Visibility 

impairment or 

haze 

The degree of visibility impairment or haze 

that occurs when sunlight encounters 

pollution particles from smoke.  

McKenzie et al. 

(2006) 

 

 

 



215 

 

 

CHAPTER 8: PARTICIPATORY ECOSYSTEM SERVICE ASSESSMENTS FOR 

COMPARING THE IMPACT OF INVASIVE SPECIES ON HUMAN WELL-

BEING 

 

INTRODUCTION 

 

Invasive species have emerged as a global threat to ecosystem services and human 

well-being (MEA 2005; Pejchar and Mooney 2009; Pyšek and Richardson 2010). The 

extent of biological invasions continues to increase and few ecosystems remain free of 

invasive species (MEA 2005; Pyšek and Richardson 2010). In the continental United 

States, approximately 400 non-native invasive plants have been identified (Simberloff et 

al. 2012), in Europe over 8,000 non-native plants have been identified (Roy et al. 2020), 

and in southern Africa 1,653 problem plants have been found (Wells et al. 1986). In 

addition, native-invasive plants have become widely recognized as an outcome of global 

change drivers (Simberloff et al. 2012; Nackley et al. 2017). However, not all invasive 

species are equal in their impacts and effects on individual ecosystem services range from 

positive to negative (Tassin and Kull 2015). For instance, pollination, carbon storage, 

recreation, and food and fiber production have been shown to increase or decrease as a 

result of invasion, largely depending on the species and the context of invasion (Pejchar 

and Mooney 2009; Tassin and Kull 2015). Moreover, most invasive species have 

beneficial effects on at least one ecosystem service, which makes tradeoffs a critical 
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component of policy and management (De Wit et al. 2001; Pejchar and Mooney 2009; 

Dickie et al. 2014).  

The sheer number of invasive species, variability of impacts, and ecosystem 

service tradeoffs, illustrates the need to incorporate invasive species’ impacts on 

ecosystem services into decision making processes. Managing all invasive species 

present in an ecosystem is often untenable due to resource constraints. Ideally, managers 

are able to prioritize the control of species with the greatest potential for negative impact. 

Numerous frameworks have been developed to help accomplish this goal (Robertson et 

al. 2003; Brunel et al. 2010; Hohmann et al. 2013; Blackburn et al. 2014; Vaz et al. 2017; 

Bacher et al. 2018; Milanović et al. 2020; Potgieter et al. 2022). These frameworks tend 

to rely on scientifically documented impacts of invasive species on a series of indicators 

(e.g., biodiversity) to determine an impact and uncertainty classification used for species 

comparisons. While these approaches provide valuable insight, uncertainties and 

unknowns related to species’ impacts on key ecosystem services often persist and limit 

managers’ ability to make important comparisons (Hulme et al. 2013; McLaughlan et al. 

2014). For instance, ecological impacts have only been documented for approximately 

5% of non-native invasive terrestrial plants in Europe (Vilà et al. 2010). Approaches are 

therefore needed that integrate available scientific evidence with local stakeholder 

knowledge to better understand invasive species’ effects on ecosystem services (Bennett 

2017; Caceres-Escobar et al. 2019; Potgieter et al. 2022). Such approaches have potential 

to better inform decision makers on the risks of invasion and allow decisions to be 

tailored to the contexts of a particular region or site.  
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I propose participatory ecosystem service assessments as an approach for 

comparing invasive species’ impacts on ecosystem services and informing policy and 

management when scientific evidence is limited. Participatory approaches are 

increasingly used in environmental planning to integrate stakeholder knowledge and 

perspectives into decision making processes (Oteros-Rozas et al. 2015; Allen et al. 2018; 

Caceres-Escobar et al. 2019). Integration of stakeholder knowledge with empirical 

evidence, data products, or modelling approaches typically occurs through a series of 

workshops as part of a participatory process used to inform environmental decisions 

(Oteros-Rozas et al. 2015; McInnes and Everard 2017; Potgieter et al. 2022). Here, I 

conduct a participatory ecosystem service assessment in Nebraska, USA, to compare the 

impacts of the most notorious invasive species, including non-native and native invaders, 

threatening grassland ecosystems. Rather than provide a single prioritization score or 

ranking (e.g., Blackburn et al. 2014; Bacher et al. 2018; Potgieter et al. 2022), this 

approach is designed to evaluate impacts (positive and negative) and tradeoffs across a 

suite of ecosystem services to support more detailed conservation planning.  

 

METHODS 

 

Study area 

An invasive species’ impact assessment was conducted for grasslands located in 

Nebraska, USA. Nebraska spans approximately 200,000 km2 in the central portion of 

North America’s temperate grassland biome and hosts some of the most intact grassland 
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regions in the world (Scholtz and Twidwell 2022). The majority of the state’s grasslands 

are located in the central and western portion of the state due to high levels of agricultural 

conversion in eastern Nebraska’s tallgrass prairie. Differences in grassland communities 

are largely driven by mean annual precipitation, which increases from west (min 385 

mm) to east (max 876 mm) (Fick and Hijmans 2017). Land ownership is almost entirely 

private (97%) (Schneider et al. 2011), with livestock production representing the primary 

land use on perennial rangelands.  

 

Participatory ecosystem service assessment for invasive species  

Overview of approach 

Participatory ecosystem service assessments have been used to map ecosystem 

services (McInnes and Everard 2017; Kim et al. 2021), rank the importance of various 

services (Rey-Valette et al. 2017), and explore changes in ecosystem services (Peh et al. 

2013) as part of processes to better inform environmental decision making. Stakeholder 

input and the integration of multiple knowledge sources is a key component of 

participatory approaches used to overcome time, resource, and data constraints that often 

limit the accessibility of other approaches (McInnes and Everard 2017).  

Here, I present and apply a participatory approach used to assess invasive species’ 

impacts on a suite of ecosystem services. There are two main elements of this approach: a 

stakeholder-based assessment of invasive species’ impacts and a co-produced assessment 

that integrates stakeholder knowledge and scientific evidence (hereafter integrated 

assessment). In the stakeholder-based assessment, participants use a questionnaire to 
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independently estimate how they expect a candidate set of invasive species to impact a 

list of selected ecosystem services. In addition to estimating impacts, stakeholders rank 

the confidence of their estimate as a measure of uncertainty (Blackburn et al. 2014; Allen 

et al. 2018). Once the stakeholder-based assessment is complete, the focus of the 

workshop shifts towards integration with available scientific literature.  

The integrated assessment begins with a structured review of the stakeholder-

based assessment and comparison with the scientific literature. The review is discussion 

based and covers the level of agreement and confidence among participants as well as 

alignment with the scientific literature. The emphasis is on co-production of knowledge 

(Bennett 2017; Norström et al. 2020): What can stakeholders learn from each other? 

What can stakeholders learn from the science? And what can scientists learn from 

stakeholders? As part of the participation process in the integrated assessment, 

stakeholders are asked to re-access their original questionnaire and consider whether they 

would like to change their previous responses based on new information. The result is an 

integrated stakeholder- and evidence-based assessment of invasive species’ impacts on 

ecosystem services. Selection of a focal area, stakeholders, ecosystem services, and 

candidate species are key elements of this approach that can be customized based on the 

context and needs of a particular study. 

 

Ecosystem service selection 

Selection of appropriate ecosystem services is an important part of evaluating the 

most relevant changes and capturing tradeoffs and synergies among ecosystem services 
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(Bennett et al. 2009). I selected 15 ecosystem services based on the Millennium 

Ecosystem Assessment framework for categorizing ecosystem services and the concept 

of ecosystem service ‘bundles’ or ‘suites’ describing the co-occurrence of ecosystem 

services (Table 8.1) (MEA 2003; Bennett et al. 2009; Raudsepp-Hearne et al. 2010; Birgé 

et al. 2016). Goods and services were selected to represent provisioning, regulating, 

cultural, and supporting services that are relevant to grassland social-ecological systems 

in Nebraska. 

 

 

Candidate species 

A candidate set of species was chosen from the Nebraska Invasive Species 

Council’s (NISC) list of invasive plants. From this list, species were selected to represent 

the most notorious invasive species found in Nebraska’s grasslands (species restricted to 

riparian areas or wetlands were not considered). This included the following grassland 

invaders classified as noxious in the state of Nebraska: Canada thistle (Cirsium arvense), 

diffuse knapweed (Centaurea diffusa), leafy spurge (Euphorbia esula), musk thistle 

(Carduus nutans), plumeless thistle (Carduus acanthoides), sericea lespedeza (Lespedeza 

cuneata), and spotted knapweed (Centaurea biebersteinii). Spotted and diffuse knapweed 

are grouped together under the Noxious Weed Program (Nebraska Department of 

Agriculture) and were therefore also grouped together for the impact assessment. 

Classification of plants as ‘noxious’ is a legal designation in Nebraska used to denote 

harmful plants that are regulated through the Nebraska Department of Agriculture’s 

Noxious Weed Program. In addition to the noxious species, eastern redcedar (Juniperus 
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virginiana) and smooth brome (Bromus inermis) were included. These species are 

identified as the top two invasive plants impacting grassland biodiversity in the Nebraska 

Natural Legacy Project, the State Wildlife Action Plan for Nebraska (Schneider et al. 

2011). This resulted in a list of list of 8 candidate species included in the assessment 

(Table 8.2).   

 

Scientific literature review  

I summarized the scientific literature on invasive species’ impacts to ecosystem 

services as part of the process for integrating scientific evidence with local stakeholder 

knowledge (Appendix G). A systematic review of the scientific literature was conducted 

for each species. Literature searches were conducted in 2019 using ISI Web of Science 

and Scopus search engines. Search terms included common and scientific names as well 

as the following key words: impact* OR influence* OR effect* OR affect* OR cost* OR  

consequenc* OR benefit* OR increase* OR decrease* OR change* OR invasion OR 

infest* OR expans* OR spread*. Following the initial search, a total of 3,702 articles 

were screened for relevancy based on title, abstract, and full text (Pullin and Stewart 

2006). The screening process was conservative, when an article’s relevancy was 

questionable it was retained until the next stage of screening to determine relevance. Data 

extracted from relevant articles included the impacted ecosystem service, the most severe 

impact documented (positive, negative, neutral), the percent change (when applicable), 

study type, and location. These data were then summarized for each article in a plain 

language statement (or series of statements when multiple components of an ecosystem 
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service were reported). When conclusive evidence was available, I also reported a 

scientific consensus as to whether a species’ invasion has a negative, neutral, positive, or 

variable impact on a particular ecosystem service. 

 

Assessment of invasive species’ impacts 

A stakeholder workshop was conducted in July 2021 to assess invasive species’ 

impacts on ecosystem services. The workshop was held at the Nebraska Weed Control 

Association conference, in Columbus, Nebraska. The Nebraska Weed Control 

Association is comprised of weed control authorities for every county in Nebraska which 

are responsible for administering the Noxious Weed Program. Workshop participants 

consisted of County Weed Superintendents and other professionals associated with 

implementing Nebraska’s Noxious Weed Program. The workshop consisted of 3 main 

components: 1) a stakeholder-based assessment, 2) data analysis and visualization, and 3) 

integration of stakeholder- and evidence-based knowledge. 

 The stakeholder assessment was questionnaire-based and was developed based on 

similar approaches for rapid assessment of social-ecological content (Blackburn et al. 

2014; McInnes and Everard 2017; Allen et al. 2018; Potgieter et al. 2022). Assessors 

were asked to individually estimate the most severe impact to ecosystem services as a 

result of each species’ invasion (questionnaire is provided in Appendix H) (Blackburn et 

al. 2014). Impacts were estimated on an 13-point scale ranging from 100% decrease to 

100% increase. In addition, participants were asked to rank the confidence of their 

estimates on a five-point scale (ranging from none to extreme) as an index of uncertainty 
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(Blackburn et al. 2014; Allen et al. 2018; Potgieter et al. 2022). The questionnaire also 

included supplemental questions on the assessors’ familiarity with the species as well as 

the potential scale at which a species can dominate. The questionnaire was administered 

online using Qualtrics.  

 Questionnaire responses were summarized in real-time using the Integrative 

Ecosystem Service Analysis Tool (IESAT) (Fogarty et al. 2020). The IESAT is a data 

visualization tool developed to facilitate participatory ecosystem service assessments. 

The tool works directly with Qualtrics survey software to collate and visualize response 

data as participants complete questionnaires. Ecosystem service impacts are calculated as 

the mean score, based on the 13-point scale ranging from 100% decrease to 100% 

increase. The variance of estimated impacts were calculated as the standard error of the 

mean. Self-rated confidence was calculated as the mean confidence score, ranging from -

2 (none) to 2 (extreme).  

I led a structured review of the stakeholder-based assessment in comparison with 

the scientific literature review as part of the process for integrating stakeholder- and 

evidence-based knowledge sources. Participants were provided with a summary of the 

scientific literature review(Appendix G). In addition, participants were asked to re-access 

their completed questionnaires using a provided link as part of the participation process. 

During and after the review, participants had the option to reassign impacts based on new 

information. The review was discussion-based and covered all ecosystem services 

evaluated in the initial assessment. Participants had up to one week after the review to 
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reassign impacts to their original questionnaire. All methodology was approved by an 

Institutional Review Board (IRB).  

 

RESULTS  

 

Stakeholder-based assessment of invasive species’ impacts  

A total of 61 stakeholders completed the initial questionnaire. Participant’s self-

rated familiarity with candidate species ranged from high to low (Figure 8.1). Familiarity 

was relatively high for Canada thistle, eastern redcedar, leafy spurge, and musk thistle 

compared to other species included in the assessment.  

Participants’ initial responses showed that invasion by the candidate species are 

perceived to have nearly universal negative impacts on ecosystem services (Figure 8.2). 

On average, ecosystem service provisioning was estimated to decrease by 18% (reported 

percentages are mean values calculated on a 13-point scale ranging from -100% to 

100%). Across all ecosystem services, eastern redcedar was associated with the greatest 

negative impact (20% decrease in ecosystem service provisioning), followed by leafy 

spurge (-15%), Canada thistle (-15%), and musk thistle (-14%). These species also had 

the highest self-rated confidence (see Appendix I for impact estimates and confidence 

rankings). Among all species, the most negatively impacted ecosystem services included 

grassland biodiversity (-34%), forage production (-33%), livestock production (-29%), 

landscape aesthetic (-26%), ecological integrity (-24%), recreation and tourism (-23%), 

and cultural heritage (-22%). Self-rated confidence, among all species, was greatest for 
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forage production, livestock production, grassland biodiversity and landscape aesthetics. 

Ecological integrity and cultural heritage were the two ecosystem services with relatively 

large negative impacts and low confidence.  

Despite overall negative impacts, most species were expected to have a relatively 

small benefit to one ecosystem service. This included species with the greatest overall 

negative impacts (e.g. Canada thistle, eastern redcedar, musk thistle). Perceived benefits 

consisted of erosion control (Canada thistle, eastern redcedar, leafy spurge, sericea 

lespedeza, and smooth brome), carbon storage (eastern redcedar), and pollination 

(Canada thistle, musk thistle, and plumeless thistle). Participants noted that benefits were 

often associated with justifications for species introductions (e.g., smooth brome and 

sericea lespedeza plantings for soil stabilization).  

Eastern redcedar and smooth brome were associated with the largest potential 

scale of invasion, defined as the area at which a species has potential to become dominant 

and displaces other species. Participants estimated that these species could become 

dominant across multiple properties, while a single property was estimated as the 

potential scale of other species’ invasion (Appendix I). Participants’ self-rated confidence 

was moderate for scale estimates, with the exception of spotted and diffuse knapweed, 

which was rated as low.  

 

Alignment between stakeholder assessment and scientific evidence 

Stakeholder estimates of ecosystem service impacts were often in line with 

scientific evidence. The most severe impacts tended to align with ecosystem services that 
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have been more thoroughly studied (e.g., forage production, livestock production, 

biodiversity), while, less studied ecosystem services tended to align with lower estimated 

impacts and low confidence (e.g., air quality). When quantitative studies were available, 

participants tended to underestimate negative impacts. For instance, eastern redcedar was 

estimated to reduce forage production by 47%, yet multiple studies have documented 

reductions in excess of 70%. However, positive impacts also tended to be underestimated 

or unrecognized altogether. For instance, scientific evidence suggests that carbon storage 

increases as a result of eastern redcedar, leafy spurge, and spotted and diffuse knapweed 

invasion (Appendix G), yet participants estimated carbon storage to decline or remain the 

same (all estimates were low confidence). Additional gaps between scientific evidence 

and the stakeholder assessment included a perceived benefit of erosion control from 

eastern redcedar invasion and underestimation of pollination benefits by Canada thistle, 

plumeless thistle, sericea lespedeza, and spotted and diffuse knapweed.  

 

Integrated stakeholder- and evidence-based assessment of invasive species’ impacts  

Among the 61 participants that completed the initial questionnaire, 13 (21%) re-

accessed their original questionnaire as part of the integrated stakeholder- and evidence-

based assessment. Differences between the initial stakeholder assessment and the 

integrated assessment largely reflected gaps that were identified from the scientific 

literature. Impacts with evidence-based support tended to increase in magnitude and self-

rated confidence (e.g., biodiversity, forage production, livestock production, pollination), 

while those without support tended to decrease in magnitude and remain low confidence 
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(e.g., water supply for all of the herbaceous species) (Figures 8.2 and 8.4). This trend 

included increased recognition of positive impacts. For instance, pollination services 

increased for Canada thistle and plumeless thistle, and changed from negative to positive 

for spotted and diffuse knapweed. Landscape aesthetic services changed from negative to 

positive for eastern redcedar and smooth brome. Other potential benefits remained 

unrecognized, largely due to low confidence and high variance among responses (e.g., 

eastern redcedar and carbon storage; sericea lespedeza and pollination services). 

Perceived benefits in the initial assessment were reversed on two occasions. Expected 

changes to soil erosion control changed from positive to negative for Canada thistle and 

eastern redcedar.  

 The integrated ecosystem service assessment showed how invasive species are 

expected to differentially impact ecosystem services (Figure 8.3). Expected impacts 

differed among species and ecosystem services. However, among all species, there was a 

common set of ecosystem services that tended to represent the greatest negative impacts. 

These included grassland biodiversity (-51%), livestock production (-49%), forage 

production (-47%), wild food production (-32%), and ecological integrity (-31%). Then 

there were impacts that differentiated species. The thistles and knapweeds were similar, 

but were distinguished from other species by negative impacts on landscape aesthetic, 

recreation and tourism, and positive or no impact on pollination services. Eastern 

redcedar was distinguished by the quantity and magnitude of negative impacts, and 

unique negative impacts on water supply, regulation of wildfire hazard, and pollination. 

Sericea lespedeza was similar to the thistles, but was distinguished by positive impacts on 
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soil erosion control. Smooth brome was distinguished from other species by negative 

impacts on regulation of wildfire hazard and pollination, and positive impacts on soil 

erosion control and aesthetics.  

 Across all ecosystem services, eastern redcedar was estimated to have the greatest 

negative impact and the highest self-rated confidence in the integrated assessment (see 

Appendix J for impact estimates and confidence rankings). Eastern redcedar invasion was 

associated with a 36% reduction in ecosystem service provisioning on average and an 

overall moderate confidence ranking. Herbaceous species’ impacts across ecosystem 

services were relatively similar in the integrated assessment and ranged from 18-23% 

loss. Overall confidence for these species’ cumulative impacts was moderate, with the 

exception of spotted and diffuse knapweed which was low.  

 Seven out of eight invasive species considered were estimated to benefit at least 

one ecosystem service. Benefits tended to be small and consisted of pollination services 

(Canada thistle, musk thistle, plumeless thistle, and spotted and diffuse knapweed), 

aesthetics (eastern redcedar, smooth brome), and erosion control (smooth brome, sericea 

lespedeza). Self-rated confidence was moderate for all estimated benefits with the 

exception of pollination services estimated for spotted and diffuse knapweed, which was 

low.  

Smooth brome, sericea lespedeza, eastern redcedar, and Canada thistle were 

estimated with moderate confidence to have the greatest potential to dominant vegetation 

communities and displace other plant species (Appendix J). These species were estimated 

to be capable of dominating at the county level. Other species’ invasions were associated 
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with dominance at the level of multiple or single properties. Compared to the initial 

stakeholder assessment, species’ invasions were associated with a broader potential scale 

of dominance in the integrated assessment, which may contribute to heightened impacts 

estimated in the integrated assessment.  

 

DISCUSSION 

 

The results show that invasive species are not equal in their impacts on ecosystem 

services. Each species considered in the assessment is highly regarded for their potential 

to negatively impact grassland ecosystems, yet estimated impacts differed among species 

and ecosystem services. This is a key result that illustrates the utility of ecosystem service 

assessments for better informing invasive species policy and management. Differences 

captured in the assessment are unlikely to be represented by a single prioritization 

ranking and provide important information for decision makers that can be examined 

based on the context of a particular site. For instance, different landscapes are associated 

with different sets of ecosystem services (Bennett et al. 2009; Raudsepp-Hearne et al. 

2010), which can result in landscapes that are more or less sensitive to a particular 

species’ invasion. The approach used here offers a pathway for more detailed comparison 

of invasive species that are similarly ranked by traditional prioritization approaches 

(Robertson et al. 2003; Blackburn et al. 2014; Potgieter et al. 2022). However, this 

approach does not replace prioritization frameworks that consider other important metrics 

beyond impacts (e.g., dispersal, management options, infestation level, etc.). Instead, this 
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approach complements these frameworks by supporting more detailed conservation 

planning.  

 Results from the integrated assessment of invasive species’ impacts in Nebraska’s 

grasslands echoes the importance of management and policy frameworks that consider 

native-invasive species due to their potential to negatively impact ecosystem services 

(Nackley et al. 2017). Invasion by eastern redcedar, a regionally native tree species in the 

Great Plains, was expected to result in major ecosystem service losses, often exceeding 

those of non-native invasive species. Similar examples exist globally where fire exclusion 

has allowed fire-sensitive tree species to overcome natural obstacles within their native 

range and invade formerly inhospitable, fire-dependent ecosystems (Gleadow and Ashton 

1981; Miller and Wigand 1994; Van Auken 2000; Simberloff et al. 2012; Nackley et al. 

2017). These invasions are associated with biome shifts from grass to tree dominance 

(Wigley et al. 2010; Twidwell et al. 2022) and result in major changes in the provisioning 

of ecosystem services (Briggs et al. 2005; Twidwell et al. 2013; Richardson et al. 2015; 

Nackley et al. 2017).  

A key difference between eastern redcedar and the non-native invasive, 

herbaceous species considered in the assessment is that eastern redcedar is the only 

species that results in a regime shift from a herbaceous-dominated state to a woody 

dominated state (Briggs et al. 2002; Ratajczak et al. 2014). While, the other species 

considered here can become dominant, displace native species and alter community 

structure, the invaded environment remains in a herbaceous dominated state (Gaertner et 

al. 2014). Regime shifts between alternative stable states are driven by destabilizing 
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feedbacks that result in non-linear and often abrupt shifts to a structurally and 

functionally different state, maintained by a different set of reinforcing feedbacks 

(Beisner et al. 2003). Iconic examples, include coral reef bleaching (Hughes 1994), 

eutrophication of freshwater lakes (Carpenter et al. 1999), desertification (Bestelmeyer et 

al. 2015), and afforestation (Engle et al. 2008; Twidwell et al. 2022). Invasive species 

that drive regime shifts have been identified as high-impact and transformative species 

that are highly prioritized in management frameworks (Richardson et al. 2000; Gaertner 

et al. 2014). However, geographic and political designations that preclude native species 

from being classified as invasive limit the policies and resources that can be used to 

manage these species (Nackley et al. 2017). Often resulting in indiscriminant use of 

native-invasive species for isolated benefits (e.g., Gleadow and Ashton 1981; Roberts et 

al. 2018).  

One of the challenges of invasive species management is around the intentional 

use of species for isolated benefits, real or perceived.  Assessment results show that 7 out 

of 8 species considered in the assessment were expected to benefit at least one ecosystem 

service. Other assessments support this finding (Pejchar and Mooney 2009; McLaughlan 

et al. 2014) and show that species’ benefits are often associated with introduction events 

(Wilson et al. 2009; Richardson et al. 2011). The ecosystem service approach used here is 

particularly well-suited for communicating these tradeoffs.  

A key goal of the ecosystem service concept is to improve environmental decision 

making by providing a more holistic look at the goods and services provided by nature 

(Bennett 2017). Ultimately, this will require recognition of tradeoffs and environmental 
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decisions based on multiple ecosystem services. I propose participatory ecosystem 

service assessments as one approach for evaluating tradeoffs associated with invasive 

species and communicating the often lopsided cost-benefit of promoting invasive species. 

Examples of such tradeoffs extend well beyond this assessment and include a variety of 

tree and shrub species used for agroforestry (Richardson and Rejmánek 2011; Castro‐

Díez et al. 2019), forb and grass species used for soil stabilization (D’Antonio and 

Vitousek 1992), feral and outdoor cats supported for personal enjoyment (Loss and Marra 

2017), feral hogs used for recreational hunting (Hernández et al. 2018), and afforestation 

practices used for carbon storage (Farley et al. 2005; Jackson et al. 2005).  

 

 

Application, limitations, and future development 

Interpretation of results from the assessment should consider both estimated impacts 

as well as the confidence of estimated impacts (Robertson et al. 2003). Because impacts 

varied among species and ecosystem services, it is important to consider multiple 

ecosystem services, especially those that are a priority for a given site (e.g., tourism and 

recreation on public land sites). Species with a major negative impact and high 

confidence indicate a serious threat that should be prioritized to avoid or lessen future 

impacts. All species met this criteria for at least one ecosystem service. However, eastern 

redcedar and smooth brome provide a unique example of the only two species that met 

this criteria for regulation of wildfire hazard, a service that distinguishes these species’ 

impacts from others. Species with a major negative impact and low confidence indicate a 

potentially series threat. These species’ impact could be substantially less or worse and 
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they should therefore be high priorities for management, monitoring, and further 

research. This includes spotted and diffuse knapweed impacts on forage production. 

While the knapweeds were expected to have the lowest impact on forage production, they 

were estimated to reduce forage by approximately 34%, a substantial loss, but one that 

was rated as low confidence.  

Species with an estimated benefit, no impact, or minor impact to a particular 

ecosystem service can also be examined based on the relative level of confidence. 

Species with high confidence represent those of least concern. No species fit this criteria 

for all ecosystem services. All species were estimated to have major impacts to at least 

one ecosystem service. However, the thistles examined in this study meet this criteria for 

pollination services. In other words, there is little cause for concern that these species will 

negatively impact pollination services, based on the assessment. Species with low 

confidence represent those of potential concern. These species merit close monitoring and 

further study to determine whether impacts could be greater. All species evaluated here 

meet this criteria for air quality. Future frameworks will therefore be important for better 

understanding relationships between invasive species and air quality. For instance, there 

are plausible relationships between invasive species, pollen production, and air quality as 

well as fire regimes, smoke production, and air quality that could link plant invasions to 

changes in air quality (Chapter 7).  

Results from the integrated assessment of invasive species’ impacts are meant to 

better inform conservation planners on ecosystem service impacts through integration of 

stakeholder- and evidence-based knowledge sources. The results are not a substitute for 
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empirical evidence of species’ impacts. More research is needed to further integrate 

biological invasions and ecosystem services to better understand and communicate the 

risks that invasive species pose to human well-being. Currently, large knowledge gaps 

remain between species that are rapidly expanding and empirical evidence of their 

impacts. Participatory ecosystem service assessments, focused on co-production of 

knowledge, offer an approach for better integrating ecosystem services into 

environmental decision making. Key considerations for these assessments include the 

candidate species, ecosystem services, stakeholders, and integration with scientific and 

grey literature. All of these factors have potential to influence assessment outcomes and 

care should be taken to build assessments around the context of a particular site and 

problem.  

 

CONCLUSION 

 

I propose participatory ecosystem service assessments as a transparent approach 

for helping inform invasive species policy and management when there is considerable 

uncertainty of species’ impacts. Results from the assessment highlight important 

differences among species that are considered serious threats in grassland ecosystems. 

The assessment documented severe impacts for one of the least restricted and regulated 

species—eastern redcedar—and highlights important shortcomings in how native-

invasive species are classified and managed in comparison to their impacts. In addition, 

results from the assessment outline tradeoffs of invasive species between widespread 

consequences and isolated benefits and provide a resource for communicating these 
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lopsided cost-benefits to decision makers. I expect this approach to be useful across a 

wide variety of contexts, scales, and problems, particularly when potentially high-impact 

species are considered.  
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FIGURES 

 

Figure 8.1 Participant’s self-rated familiarity with invasive species based on a semi-

quantitative, five-point scale. The top bar graph represents 61 local stakeholders that 

participated in a stakeholder-based assessment of invasive species’ impacts. The bottom 

graph represents a subset of 13 stakeholders that participated in an integrated stakeholder- 

and evidence-based assessment of invasive species’ impacts. Whiskers are standard error.  
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Figure 8.2 Flower diagrams depicting the most severe estimated impacts of various species invasion on ecosystem services grassland 

ecosystems of Nebraska, USA. Green petals projecting outward reflect positive impacts, while red petals projecting inward reflect 

negative impacts. A legend for ecosystem services is provided on the right. Impacts were estimated by 61 local stakeholders as part of 

a stakeholder-based assessment of invasive species’ impacts. 
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Figure 8.3 Flower diagrams depicting the most severe estimated impacts of various species invasion on ecosystem services grassland 

ecosystems of Nebraska, USA. Green petals projecting outward reflect positive impacts, while red petals projecting inward reflect 

negative impacts. A legend for ecosystem services is provided on the right. Impacts were estimated by 13 local stakeholders as part of 

a participatory ecosystem service assessment conducted to integrate stakeholder- and evidence-based knowledge sources.  
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TABLES 

Table 8.1 List and explanation of ecosystem services.  

Ecosystem service Explanation 

Forage production Browse and herbage which is available to and may 

provide food for grazing animals or be harvested for 

feeding.  

Livestock production Domesticated animals raised in an agricultural setting 

to produce labor and commodities.  

Water supply Freshwater that is available in the form of ground 

water and/or surface water.  

Wild food production Wild game and edible plants and mushrooms that 

grow without cultivation by humans.  

Air quality The degree to which the ambient air is free of 

pollution and allergenic pollen.  

Pest and disease regulation Regulation of organisms that are harmful to humans 

or human concerns, including those that are disease 

vectors or pathogens.  

Carbon storage Non-atmospheric carbon stored above and below 

ground.  

Erosion control Features of grasslands that prevent or control wind 

and/or water erosion.  

Regulation of wildfire hazard The potential for wildfire to cause harm to persons or 

damage to resources and assets if a fire does occur. 

Grassland biodiversity The biological variety and variability of life in 

grasslands 

Pollination The transfer of pollen from a male part of a plant to a 

female part of a plant, later enabling fertilization and 

the production of seeds.  

Ecological integrity  Maintenance of ecological processes and biodiversity.  

Recreation and tourism  Activities for enjoyment that specifically occur in 

grasslands.  

Cultural heritage The legacy of tangible and intangible assets of a 

group or society that is inherited from past 

generations, including natural heritage such as 

culturally significant landscapes and species.  

Aesthetics  Landscape beauty.  
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Table 8.2 Species included in the ecosystem service impact assessment.  

Common name Scientific name Growth form Origin 

Canada thistle Cirsium arvense Forb Eurasia 

Eastern redcedar Juniperus 

virginiana 

Tree North America 

Leafy spurge Euphorbia esula Forb Eurasia 

Musk thistle Carduus nutans Forb Eurasia 

Plumeless thistle Carduus 

acanthoides 

Forb Eurasia 

Sericea lespedeza Lespedeza cuneata Forb Eurasia 

Smooth brome Bromus inermis Graminoid Eurasia 

Spotted and diffuse 

knapweed 

Centaurea 

biebersteinii, 

Centaurea diffusa 

Forb Eurasia 
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CHAPTER 9: SUMMARY AND SYNTHESIS 

 

In the introduction of my dissertation I talked about the challenges of 

conservation in the face of large-scale ecological transitions and the potential for co-

produced science to help navigate those challenges. Each subsequent chapter investigates 

an aspect of grassland conservation under the context of a biome-scale transition towards 

woody plant dominance. In essence, I looked at a few of the puzzle pieces of what 

effective grassland conservation will require in the 21st century. In this synthesis, I’ll 

cover what was learned from those puzzle pieces and how I see them fitting into the 

picture of grassland conservation.  

 Chapter two concerns the dimensions of grassland risk to encroachment: 

sensitivity and exposure. If I had to summarize this chapters in once sentence, I would 

simply say that exposure is an important dimension of grassland risk and that it should 

not be ignored. The important finding from this chapter is that encroachment was 

widespread in the Sandhills and occurred at all sites with nearby planted J. virginiana 

seed sources, regardless of a site’s mean annual precipitation. This finding might not 

come across as earth shattering to some readers, however, the implications are important. 

This is because the western Sandhills, like other portions of the western Great Plains, has 

long been considered to be too dry to support self-propagating woody plants (i.e., woody 

encroachment). This hypothesis dates back to Frederick Clements, and is used to justify 

tree planting programs in the world’s most intact temperate grassland, the Sandhills 

(Clements 1936). The rationale is that tree plantings can be established with human 

assistance (e.g., removal of competing herbaceous plants and supplemental watering) but 
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that surrounding grasslands are not at risk of encroachment due to a lack of soil moisture 

that prevents self-propagation away from parent plants. Our findings therefore have an 

important implication: The western Sandhills is indeed threatened by woody plant 

encroachment and planted J. virginiana represent a major source of risk in this formerly 

treeless grassland region. Proactive and preventative management actions are therefore 

merited throughout the Sandhills to sustain this region’s iconic grasslands.  

Chapter two underscores the importance of exposure as a driver of grassland risk, 

while, chapter three quantifies the spatial dimensions of grassland exposure to J. 

virginiana. In this chapter, I develop the first recruitment curve for J. virginiana. To 

summarize this chapter in one sentence: J. virginiana has a high capacity for grassland 

invasion at both local and regional scales. In expanding on this, local recruitment, within 

200 m of a seed source, has potential to drive a rapid woodland transition, while, rare 

long-distance recruitment events can quickly advance the leading edge of encroachment 

at sub-regional and regional scales. Conservation of large grassland regions will require 

strategies that account for both local and long-distance dispersal.  

Together, chapters two and three highlight the often unrecognized importance of 

exposure as a critical constraint on woody encroachment in grasslands. The vast majority 

of research on what limits native woody plants in grasslands has focused on 

establishment-based constraints: fire, herbivory, climate, hydrology, atmospheric carbon 

dioxide concentrations, nitrogen deposition, etc. (Scholes and Archer 1997; Bond 2008; 

Van Auken 2009). Yet, all of these factors operate within a backdrop of dispersal-based 

constraints. In other words, a grassland’s sensitivity to encroachment is less relevant at 
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sites that are not exposed to woody plants. This is not to say that factors related to a 

grassland’s sensitivity are unimportant; they play critical roles in the evolution, diversity, 

and persistence of grassland ecosystems. However, I believe that better incorporation of 

dispersal-based constraints on woody encroachment is a critical step for advancing our 

understanding of grassland ecology and our ability to conserve grassland ecosystems. 

From a conservation standpoint, management tactics have emphasized reducing a site’s 

sensitivity through the restoration of prescribed fire or simply managing encroaching 

woody plants through brush management programs, while paying little attention to 

nearby seed sources that contribute to a high level of risk. Chapters four, five, and six, 

demonstrate the challenge of this approach.  

In chapters four and five, I examine what happens after high intensity fires 

collapse juniper woodland patches as part of the grassland restoration process. A key 

question is if a site took 40 years to transition from grassland to woodland, does 

collapsing the woodland with fire simply re-start the same 40-year clock? Or does 

woodland recovery occur along a faster trajectory? To summarize in one sentence: woody 

plant reinvasion is not invasion again, it occurs rapidly in the absence of follow-up 

treatments. Findings from this research indicate that collapsed woodland patches have a 

relatively high risk of transitioning back to a woodland as long as they remain exposed to 

woody propagules, whether that is in the form of a seedbank left behind by the fire 

treatment or incoming seeds from mature trees that survived the initial fire treatment.  

Chapter six examines the effectiveness of conservation approaches for sustaining 

grasslands threatened by woody encroachment. To summarize in one sentence: Grassland 
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conservation efforts were outpaced by encroachment in the majority of priority 

landscapes, resulting in unsustainable trends of grassland loss. One of the challenges 

chapters 4-6 highlight is in sustaining grasslands that are at a high risk of encroachment 

due to their sensitivity and exposure to woody plants. Grasslands that are sensitive to 

woody encroachment and exposed to propagule sources require perpetual management to 

sustain. As grassland exposure intensifies at large-scales, management requirements 

increase, and approaches that perpetually manage risk, rather than reducing it, often 

become untenable. In essence, this approach results in the erosion of resilience and 

creates a high maintenance grassland system that requires a large amount of management 

inputs to sustain.  

Ultimately, the above chapters have contributed to new science-based guidelines 

for reducing woody encroachment in grasslands (Twidwell et al. 2021). New guidelines 

aim to overcome the pitfalls of past approaches and emphasize the importance of 

reducing grassland risk to encroachment. The guidelines detail integrated management 

plans to remove sources of seed exposure and deplete seedbanks as part of a grassland 

restoration process and prevent grassland exposure from increasing by targeting early 

stages of the encroachment process. Rather than simply managing risk, new approaches 

prioritize the reduction of risk as a more viable long-term strategy for conserving 

grasslands. These new guidelines have been widely adopted as part of state- and national-

level plans for addressing the threat of woody encroachment, which is entirely due to 

Dirac Twidwell’s unparalleled efforts to co-produce science for grassland conservation at 

the scale at which they are threatened. 
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In chapters seven and eight, I step back and consider the challenges of grassland 

conservation more broadly and how we prioritize grassland conservation when there are 

multiple competing interests. In chapter eight, I compare the potential impacts of 

notorious grassland invaders on a suite of ecosystem services. The rationale is that 

managers are better equipped to prioritize which species to manage when they have 

information on species’ potential to impact human well-being. To summarize my findings 

in one sentence: J. virginiana invasion was estimated to result in severe negative impacts 

on ecosystem services, often exceeding those of non-native herbaceous species. J. 

virginiana was the only invader considered in the assessment whose invasion results in a 

woodland transition. While other species considered in the assessment have potential to 

change structure and function in grasslands, often dramatically, the invaded sites remain 

in a herbaceous state.  

In chapter seven, I conduct a scenario exercise focused on the future of fire 

management and smoke impacts in the Flint Hills tallgrass prairie region. The scenarios 

focus on balancing near-term tradeoffs of prescribed fire, while not compromising the 

sustainability of North America’s last intact tallgrass prairie region. To summarize in one 

sentence: Prescribed fire management can improve or worsen near-term air-quality 

outcomes, but more importantly, fire management can safeguard against more severe and 

long-term consequences that are expected when grasslands are replaced by woodlands 

and wildfires dominate. The scenario exercise highlights a core challenge of 

sustainability science: meeting the near-term needs of today without compromising the 

ability of future generations to meet their needs. And while the scenarios developed in the 
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exercise do not provide a solution to this challenge, they help incorporate long-term 

sustainability thinking into discussions on the future of fire management.  

At the beginning of my dissertation I asked how do we prioritize conservation 

actions when ecosystems are threatened by transitions to alternative states. Through the 

course of my graduate research, I’ve come to believe that conservation will require 

approaches that prioritize long-term sustainability of desired ecosystems over near-term 

practices aimed at optimizing individual ecosystem services within those ecosystems. My 

hope is that the research presented in this dissertation contributes to a better 

understanding of what sustainable grassland management looks like under the threat of 

woody plant encroachment. I am fortunate in that my research was able to build on top of 

mountains of discoveries from other scientists and my hope is that the contributions 

presented here will help others see farther in future pursuits. 
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APPENDIX A: CHAPTER 3 

 

Figure A.1 Recruitment curves characterizing the scatter of encroaching Juniperus 

virginiana around seed sources at Nebraska National Forest at Halsey (Halsey) and 

Samuel R. McKelvie National Forest (McKelvie) in Nebraska, USA. 
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APPENDIX B: CHAPTER 6 

 
Comparison of woody cover changes between rangelands and afforested rangelands 

General trends of increasing woody cover characterized changes in rangelands (with 

afforested lands excluded) and afforested lands (Figure S1-2). Woody cover significantly 

increased statewide and in 17 of 21 BULs when afforested lands were excluded from 

analyses (Table S1). In afforested lands, woody cover significantly increased statewide 

and in 14 of 21 BULs.  
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Figure B.1 Woody cover trends in rangelands excluding afforested lands from 

generalized additive models for Biologically Unique Landscapes in Nebraska, USA 

(2000-2017). Left and right y-axis show woody cover in hectares and percent, 

respectively.
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Figure B.2 Woody cover trends in afforested lands from generalized additive models for 

Biologically Unique Landscapes in Nebraska, USA (2000-2017). Left and right y-axis 

show woody cover in hectares and percent, respectively.
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Table B.1 Results from assessment of woody cover change in Nebraska Biologically Unique Landscapes from 2000-2017 for 

rangelands with afforested lands excluded and afforested lands alone. 

BUL Rangeland area 

excluding afforested 

lands (ha) 

Afforested 

lands area 

(ha) 

Rangeland 

woody cover 

change (ha) 

Rangelands Mann-

Kendall trend test 

(P value) 

Afforested 

woody cover 

change (ha) 

Afforested lands 

Mann-Kendall trend 

test (P value) 

Elkhorn Confluence 17923 1188 1400 < 0.001 152 0.023 

Ponca Bluffs 15862 6623 1275 < 0.001 605 0.004 

Rainwater Basin 202492 12215 10738 < 0.001 1687 0.002 

Sandstone Prairies 47861 6312 1641 < 0.001 577 0.01 

Southeast Prairies 119286 15663 4018 <0.008 1178 0.028 

Willow Creek Prairies 11645 394 623 0.002 49 0.008 

Verdigris-Bazile 176139 23289 10319 < 0.001 3583 < 0.001 

Cherry County Wetlands 649676 666 4147 0.001 66 < 0.001 

Dismal river headwaters 253380 92 1614 < 0.001 7 0.096 

Elkhorn River Headwaters 447863 1265 11914 0.003 185 < 0.001 

Sandhills Alkaline Lakes 330625 26 2839 < 0.001 3 0.069 

Central Loess Hills 423660 11821 10522 0.001 1428 0.001 

Keya Paha 123854 2090 1999 < 0.001 322 < 0.001 

Loess Canyons 113477 4591 7591 < 0.001 721 < 0.001 

Middle Niobrara 94129 23109 2060 < 0.001 533 0.405 

Kimball Grasslands 67124 7 241 0.289 0 0.82 

Oglala Grasslands 252110 1640 204 0.13 -70 0.15 

Panhandle Prairies 430839 1106 1134 0.225 33 0.13 

Pine Ridge 126064 12499 797 0.069 -815 0.008 

Sandsage Prairie 274584 1307 1169 0.001 133 0.002 
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Wildcat Hills 137650 503 1072 0.001 46 < 0.001 

All BULs 4313651 126232 83445 < 0.001 10956 0.001 

Non-BULs 6048434 128449 126049 < 0.001 16179 < 0.001 

Nebraska 11100000 292962 225172 < 0.001 31481 < 0.001 
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Table B.2 Model output from generalized additive models used to describe woody cover 

trajectories from 2000-2017 in Nebraska, USA. Outputs are for models evaluating woody 

cover trajectories in rangelands, including afforested lands.  

Region Intercept 

(ha) 

Estimated Degrees of 

Freedom 

Deviance 

Explained 

All BULs 100023 1 0.83 

Central Loess Hills 10099 1 0.66 

Cherry County Wetlands 3823 3.03 0.67 

Dismal River Headwaters 1500 3.72 0.87 

Elkhorn Confluence 1097 5.46 0.87 

Elkhorn River Headwaters 7105 4.39 0.65 

Keya Paha 1990 1.25 0.66 

Kimball Grasslands 583 1 0.07 

Loess Canyons 8894 2.3 0.8 

Middle Niobrara 9667 2.95 0.67 

Non-BULs 119710 1.32 0.87 

Oglala Grasslands 1557 8.74 0.94 

Panhandle Prairies 2631 7.66 0.74 

Pine Ridge 4531 7.53 0.7 

Ponca Bluffs 3472 1.41 0.77 

Rainwater Basin 10265 1.41 0.81 

Sandhills Alkaline Lakes 1683 3.9 0.91 

Sandsage Prairie 1103 1 0.45 

Sandstone Prairies 3743 1 0.68 

Southeast Prairies 9796 1 0.45 

Nebraska 242876 1 0.86 

Verdigris-Bazile 14662 1 0.79 

Wildcat Hills 1539 4.77 0.68 

Willow Creek Prairies 386 4.92 0.82 
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APPENDIX C: CHAPTER 7 – AIR QUALITY OUTCOMES QUESTIONNAIRE 
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APPENDIX D: CHAPTER 7 – FOLLOW-UP QUESTIONNAIRE 

Table D.1 Follow-up questionnaire.  

 

 

 

 

To what extent do you agree or 

disagree with the following 

statements? 

Agreement/disagreement 

Strongly 

disagree 

 

-3 

Disagree 

 

 

-2 

Somewhat 

disagree 

 

-1 

Neither 

agree 

nor 

disagree 

0 

Somewhat 

agree 

 

1 

Agree 

 

 

2 

Strongly 

agree 

 

3 

Wildfire scenarios have greater 

potential for negative impacts 

compared to the current fire 

system. 

       

Wildfire scenarios have greater 

potential for negative impacts 

compared to prescribed fire 

scenarios. 

       

The current fire system has less 

potential for negative impacts 

compared to 8-WF (baseline 

wildfire comparison). 

       

Scenario 1-RX (seasonal 

expansion) has less potential for 

negative impacts compared to 6-

WF (seasonal expansion wildfire 

comparison). 

       

Scenario 2-RX (geographic 

expansion) has less potential for 

negative impacts compared to 5-

WF (geographic expansion 

wildfire comparison). 

 

       

The current fire system will 

prevent the wildfire scenarios. 
       

Scenario 1-RX (seasonal 

expansion) over time could lead 

to a transition to the wildfire 

scenarios. 

       

Scenario 2-RX (geographic 

expansion) would prevent a 

transition to the wildfire 

scenarios. 

       

Avoiding wildfire scenarios is the 

top priority. 
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APPENDIX E: CHAPTER 7 – WILDLAND FIRE SCENARIO DESCRIPTIONS 

 

Current wildland fire system (baseline) 

Wildland fire in the Flint Hills is characterized by a spring prescribed burning season 

(Figure E.1). Each spring, an average of 2.3 million acres is burned by prescribed burners, the 

majority of which occurs in a matter of weeks. Prescribed burning primarily takes place on 

private lands and is a critical component of ranching culture in the region. Characteristics of 

prescribed fire – including the timing, size, and intensity of fires – have been shaped over 

generations to support productive grassland ecosystems.  

Prescribed burning in the Flint Hills is attributed to the preservation of the largest, intact 

tallgrass prairie region in North America. The Flint Hills is unique in that it has not lost a culture 

of burning. Researchers estimates that Prior to European settlement, fires burned one-half to one-

sixth of the Flint Hills each year, compared to about one-third (2.3 million acres) in recent years. 

These low intensity burns consume accumulated vegetation from previous years and stimulate 

new and productive growth. They also control problematic and invasive woody plants such as 

eastern redcedar. Research shows that without frequent fire, these prairies can transition to 

eastern redcedar woodlands and forests, an alternative ecosystem type associated with key 

changes in wildland fire.  
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Figure E.1 Approximation of the annual distribution of fire in the Flint Hills tallgrass prairie. 
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Seasonal expansion of prescribed fire 

 

In the seasonal expansion prescribed fire scenario, concerns over smoke and air quality 

from downwind cities have ultimately resulted in a widened prescribed fire season (Figure E.2). 

The widened season reflects changes in smoke management to more evenly distribute smoke 

across spring, summer, and fall, rather than a short pulse of smoke in the springtime. A key 

challenge for the ranching community in this scenario is changing prescribed fire practices that 

have been shaped over generations.  

While the same amount of area is burned annually in this scenario, other components of 

burning are changed. Burns tend to be smaller and more limited to single properties compared to 

formerly large burns that often occurred across multiple properties. This results in more 

complicated burns that require additional personnel to maintain burn perimeters and prevent fires 

from escaping. Attempts are made to adjust smoke management strategies to accommodate 

different burning conditions (e.g., weather patterns, fuel moisture) during summer and fall 

burning. 

 

Table E.1 Components of wildland fire for the seasonal expansion prescribed fire scenario. 

Regime component Scenario value Departure 

from current 

Area Burned 2.3 M acres None 

Burn Season Spring-Fall Widened 

Wildland fire type Prescribed fire None 

Dominant fuel type Grass None 

Weather Within normal limits None 
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Figure E.2 Distribution of fire in the seasonal expansion prescribed fire scenario. Dashed line 

denotes the current distribution of fire.  
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Geographic expansion of prescribed fire 

In the geographic expansion scenario, concerns over woody plant encroachment and loss 

of tallgrass prairie resources has resulted in a 100% increase in the amount of area burned 

(Figure E.3). Increased burning reflects land management strategies to reduce the risk of woody 

encroachment by removing woody plants and preventing others from establishing. A 

combination of incentives for burning areas of the Flint Hills where fire was less common and 

ideal conditions for burning result in a high amount of area (72% of the Flint Hills) being burned 

over the course of the year.  

An increase in prescribed fire of this magnitude requires prescribed burners to extend 

burning through the summer and fall seasons. Prescribed burns tend to be large, connect multiple 

properties, and utilize natural fire breaks, like streams and roads, to simplify burn planning and 

minimize needs for additional personnel. The extended burn season results in a wider range of 

prescribed fire intensity, with some managers utilizing more intense burns to remove woody 

plants. Additionally, attempts are made to adjust smoke management strategies to accommodate 

different burning conditions (e.g., weather patterns, fuel moisture) during summer and fall 

burning.  

Table E.2 Components of wildland fire for the geographic expansion prescribed fire scenario. 

Regime component Scenario value Departure 

from current 

Area Burned 4.6 M acres +100%  

Burn Season Spring-Fall Widened 

Wildland fire type Prescribed fire None 

Dominant fuel type Grass None 

Weather Within normal limits None 
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Figure E.3 Distribution of fire in the geographic expansion prescribed fire scenario. Dashed line 

denotes the current distribution of fire. 
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Geographic expansion wildfire comparison 

In the geographic expansion wildfire comparison scenario, wildfire has become the 

dominant source of fire with a severe drought resulting in a prolonged wildfire season and a 

100% increase in the amount of area burned (Figure E.4). Feedbacks between woody 

encroachment and a loss of fire culture have reinforced a transition in the Flint Hills towards a 

woodland ecosystem dominated by wildfire rather than prescribed burning. These changes, along 

with a severe drought, have resulted in a major wildfire year.  

A prolonged dry period and an abundance of volatile woody fuels pose a major challenge 

for wildfire suppression in this scenario. Fires are widespread throughout the Flint Hills, often 

with multiple fires burning at the same time following high wind and/or lightning events. 

Multiple fires become large and severe, thereby rendering wildland fire suppression tactics 

ineffective. Containment strategies mainly consist of burning areas to head off large wildfires by 

creating firebreaks. By the end of the year, 72% of the Flint Hills has been burned. Moreover, 

there is no smoke management in this scenario due to uncontrolled wildfires being the dominant 

source of fire. 

Table E.3 Components of wildland fire for the geographic expansion wildfire comparison 

scenario. 

 

 

Regime component Scenario value Departure 

from current 

Area Burned 4.6 M acres +100%  

Burn Season Spring-Fall Widened 

Wildland fire type Wildfire Uncontrollable 

Dominant fuel type Woody Increased 

volatility 

Weather Drought Increased 

hazard 
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Figure E.4 Distribution of fire in the geographic expansion wildfire comparison scenario. 

Dashed line denotes the current distribution of fire. 
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Seasonal expansion wildfire comparison  

In the seasonal expansion wildfire comparison scenario, wildfire has become the 

dominant source of fire with intermittent dry periods throughout the year resulting in an extended 

period of fire activity from spring to fall (Figure E.5). Feedbacks between woody encroachment 

and a loss of fire culture have reinforced a transition in the Flint Hills towards a woodland 

ecosystem dominated by wildfire rather than prescribed burning. These changes, along with 

scattered dry periods, have resulted in a widened period of fire activity. 

While the same amount of area is burned annually in this scenario (2.3 M acres), other 

components of wildland fire have changed. Fires are widely distributed throughout the Flint Hills 

and are strongly linked to dry and windy conditions when fire risk is high. High intensity fires 

during these periods render wildland fire suppression tactics ineffective, leading to longer 

periods of fire activity. Overall wildfires exhibit high variability in terms of their size, intensity, 

and duration. Moreover, there is no smoke management in this scenario due to uncontrolled 

wildfires being the dominant source of fire.  

 

Table E.4 Components of wildland fire for the seasonal expansion wildfire comparison scenario. 

Regime component Scenario value Departure 

from current 

Area Burned 2.3 M acres No change  

Burn Season Spring-Fall Widened 

Wildland fire type Wildfire Uncontrollable 

Dominant fuel type Woody Increased 

volatility 

Weather Within normal limits No change 
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Figure E.5 Distribution of fire in the seasonal expansion wildfire comparison scenario. Dashed 

line denotes the current distribution of fire. 
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Baseline wildfire comparison 

In the baseline wildfire comparison scenario, wildland fire is characterized by a surge of 

wildfire activity in the spring (Figure E.6). Feedbacks between woody encroachment and a loss 

of fire culture have reinforced a transition in the Flint Hills towards a woodland ecosystem 

dominated by wildfire rather than prescribed burning. These changes have resulted in the 

replacement of controlled, prescribed burns by uncontrolled wildfires.  

While the same amount of area is burned in the spring, other components of wildland fire 

have changed. Wildfires are primarily fueled by woody vegetation, fires are more widespread 

throughout the Flint Hills, and exhibit high levels of variability in terms of size, intensity, and 

duration. Several fires become very large and account for a majority of the acres burned in this 

scenario. Moreover, there is no smoke management in this scenario due to uncontrolled wildfires 

being the dominant source of fire. 

 

Table E.5 Components of wildland fire for the baseline wildfire comparison scenario. 

 

 

 

 

Regime component Scenario value Departure 

from current 

Area Burned  2.3 M acres No change  

Burn Season Spring No change 

Wildland fire type Wildfire Uncontrollable 

Dominant fuel type Woody Increased 

volatility 

Weather Within normal limits No change 
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Figure E.6 Distribution of fire in the baseline wildfire comparison scenario. Dashed line denotes 

the current distribution of fire.   
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APPENDIX F: CHAPTER 7 –AIR QUALITY OUTCOMES FOR WILDLAND 

FIRE SCENARIOS  

Table F.1 Air-quality outcomes for each of the five wildland fire scenarios developed for 

the Flint Hills tallgrass prairie region, USA. Changes in air quality metrics were 

estimated by air-quality professionals on a 7-point scale ranging from extreme decrease (-

3) to extreme increase (3). Confidence rankings reflect participants self-rated confidence 

estimated on a scale ranging from very high to none.  

 

Scenario Air quality metric Average 

change 

Standard 

error 

Confidence 

ranking 

Baseline wildfire comparison    

 8-hour ozone exceedances 0.9 0.3 Moderate 

 Air Quality Index 1.1 0.3 Moderate 

 Annual PM2.5 exceedances 1.1 0.3 Moderate 

 Cardiopulmonary hospital admissions 1 0.3 Low 

 Cardiopulmonary related mortality 1.125 0.3 Low 

 Daily PM2.5 exceedances 0.8 0.3 Moderate 

 Emergency department visits 1.375 0.2 Moderate 

 Good Air Quality Index days -1.0 0.3 Moderate 

 Hazardous Air Quality Index days 0.9 0.2 Moderate 

 Moderate Air Quality Index days 1.1 0.2 Moderate 

 Occurrence of depression 1.0 0.2 Low 

 Ozone 0.6 0.2 Moderate 

 PM2.5 1.4 0.4 Moderate 

 Preterm births 0.6 0.2 Low 

 Restricted activity days 1.1 0.3 Moderate 

 Unhealthy Air Quality Index days 1.1 0.2 Moderate 

 Unhealthy for sensitive groups Air 

Quality Index days 

1.1 0.2 Moderate 

 Very unhealthy Air Quality Index days 1.0 0.3 Moderate 

 Visibility impairment or haze 0.9 0.3 Moderate 

Geographic expansion      

 8-hour ozone exceedances 1.2 0.4 Moderate 

 Air Quality Index 0.4 0.4 Moderate 

 Annual PM2.5 exceedances 0.2 0.4 High 

 Cardiopulmonary hospital admissions 0.285714 0.3 Low 
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 Cardiopulmonary related mortality 0 0.4 Moderate 

 Daily PM2.5 exceedances 0.1 0.5 Moderate 

 Emergency department visits 0.25 0.4 Moderate 

 Good Air Quality Index days -0.3 0.5 Moderate 

 Hazardous Air Quality Index days -0.8 0.3 Moderate 

 Moderate Air Quality Index days 1.7 0.2 Moderate 

 Occurrence of depression 0.3 0.4 Low 

 Ozone 1.6 0.3 Moderate 

 PM2.5 0.5 0.4 Moderate 

 Preterm births 0.3 0.3 Low 

 Restricted activity days 0.2 0.3 Moderate 

 Unhealthy Air Quality Index days 0.0 0.4 Moderate 

 Unhealthy for sensitive groups Air 

Quality Index days 

0.2 0.4 Moderate 

 Very unhealthy Air Quality Index days -0.4 0.4 Moderate 

 Visibility impairment or haze 1.3 0.3 Moderate 

Geographic expansion wildfire comparison    

 8-hour ozone exceedances 2 0.2 Moderate 

 Air Quality Index 1.9 0.2 Moderate 

 Annual PM2.5 exceedances 1.7 0.2 Moderate 

 Cardiopulmonary hospital admissions 1.428571 0.2 Moderate 

 Cardiopulmonary related mortality 1.625 0.3 Moderate 

 Daily PM2.5 exceedances 1.9 0.3 Moderate 

 Emergency department visits 1.875 0.2 Moderate 

 Good Air Quality Index days -1.7 0.5 Moderate 

 Hazardous Air Quality Index days 1.0 0.3 Moderate 

 Moderate Air Quality Index days 1.9 0.2 Moderate 

 Occurrence of depression 1.3 0.2 Moderate 

 Ozone 2.0 0.1 Moderate 

 PM2.5 2.2 0.2 Moderate 

 Preterm births 1.4 0.2 Low 

 Restricted activity days 1.7 0.3 Moderate 

 Unhealthy Air Quality Index days 1.7 0.3 Moderate 

 Unhealthy for sensitive groups Air 

Quality Index days 

1.8 0.2 Moderate 

 Very unhealthy Air Quality Index days 1.3 0.3 Moderate 

 Visibility impairment or haze 1.8 0.3 Moderate 

Seasonal expansion      

 8-hour ozone exceedances -0.2 0.4 Moderate 

 Air Quality Index -1.1 0.2 Moderate 

 Annual PM2.5 exceedances -1 0.4 Moderate 

 Cardiopulmonary hospital admissions -1 0.3 Moderate 

 Cardiopulmonary related mortality -1.25 0.3 Moderate 
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 Daily PM2.5 exceedances -1.6 0.2 High 

 Emergency department visits -1 0.3 Moderate 

 Good Air Quality Index days 0.2 0.4 Moderate 

 Hazardous Air Quality Index days -1.4 0.4 High 

 Moderate Air Quality Index days 0.1 0.3 Moderate 

 Occurrence of depression -0.5 0.4 Low 

 Ozone 0.3 0.4 Moderate 

 PM2.5 -1.3 0.2 Moderate 

 Preterm births -0.7 0.3 Low 

 Restricted activity days -1.1 0.3 Moderate 

 Unhealthy Air Quality Index days -1.2 0.3 Moderate 

 Unhealthy for sensitive groups Air 

Quality Index days 

-1.3 0.3 Moderate 

 Very unhealthy Air Quality Index days -1.6 0.4 High 

 Visibility impairment or haze 0.6 0.2 Moderate 

Seasonal expansion wildfire comparison    

 8-hour ozone exceedances 1 0.3 Moderate 

 Air Quality Index 0.8 0.2 Moderate 

 Annual PM2.5 exceedances 0.8 0.2 Moderate 

 Cardiopulmonary hospital admissions 0.428571 0.3 Moderate 

 Cardiopulmonary related mortality 0.75 0.3 Moderate 

 Daily PM2.5 exceedances 0.7 0.1 Moderate 

 Emergency department visits 1 0.3 Moderate 

 Good Air Quality Index days -1.2 0.2 Moderate 

 Hazardous Air Quality Index days 0.0 0.3 Moderate 

 Moderate Air Quality Index days 0.8 0.3 Moderate 

 Occurrence of depression 0.5 0.3 Low 

 Ozone 0.8 0.2 Moderate 

 PM2.5 0.9 0.3 Moderate 

 Preterm births 0.7 0.2 Low 

 Restricted activity days 0.6 0.3 Moderate 

 Unhealthy Air Quality Index days 0.4 0.4 Moderate 

 Unhealthy for sensitive groups Air 

Quality Index days 

1.0 0.2 Moderate 

 Very unhealthy Air Quality Index days 0.2 0.3 Moderate 

 Visibility impairment or haze 1.0 0.2 Moderate 
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APPENDIX G: CHAPTER 8 – SUMMARY OF SCIENTIFIC LITERATURE 

REIVEW OF INVASIVE SPECIES’ IMPACTS 

 

 

Invasive species’ impact on ecosystem services: a summary of the scientific literature 

This document provides a summary of 8 invasive species’ impacts on grassland 

ecosystem services and is based on a systematic review of the scientific literature. I 

searched over 3,702 publications for documentation of species’ impacts in grassland 

ecosystems. From this initial pool of studies, I identified all relevant studies and recorded 

the most generalizable and severe impacts. When possible, impacts were calculated as the 

average difference between severely infested and non-infested conditions (reported as 

percent change). When sufficient documentation was available I also reported on a 

scientific consensus. The resulting document provides a summary of the current state of 

the science (2019) for the selected species’ impacts. This document does not represent 

local or expert knowledge. Instead, it is meant to serve as a scientific foundation for 

integrating expert knowledge into the environmental decision making process.  
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Forage production 

 
Figure G.1 Species’ impact on forage production. Points indicate individual studies and 

arrows indicate a scientific consensus based on a review of the scientific literature (↓ = 

loss; ↑ = gain; blank cells indicate the lack of a consensus).    

 

Canada thistle  

 In Nebraska, pastures heavily infested with Canada thistle and musk thistle had 

63% less forage biomass compared to pastures where thistle infestations had been 

controlled for 2 years (Reece and Wilson 1983). Canada thistle comprised 63% of 

pre-treatment thistle density. 
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 In Alberta, Canada thistle infestations of small pastures resulted in a 31% decline 

of forage compared to non-infested pastures (Grekul and Bork 2004).  

 In a survey, Montana ranchers reported that Canada thistle commonly reduces 

forage production leading to reduced livestock production capacity (Mangold et 

al. 2018).  

 In the Northern Plains, Canada thistle infestations were associated with no change 

or minor declines in forage production (up to 14% decline) compared to non-

infested rangelands (Carter and Lym 2017).  

 At the scale of a farm in New Zealand, Canada thistle infestations resulted in an 

estimated 2-8% loss in forage production (Bourdot et al. 2016). 

 

Eastern redcedar  

 In Kansas, eastern redcedar understory plant biomass was 100% (99.95%) lower 

compared to grasslands (Briggs et al. 2002). 

 In Oklahoma, forage biomass was 81% lower beneath eastern redcedar compared 

to adjacent grasslands (Engle et al. 1987).  

 In the southern Great Plains, eastern redcedar infestations was estimated to reduce 

potential herbaceous biomass by 80% (Fuhlendorf et al. 2008). 

 In Oklahoma, forage biomass was 71% lower in eastern redcedar infested areas 

compared to non-infested areas (Limb et al. 2010). 

 

Leafy spurge  
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 In Utah, sites infested with leafy spurge had 65% less forage, compared to the 

same sites after leafy spurge was nearly eradicated (Anderson et al. 2015).  

 In North Dakota: 

o Plots infested with leafy spurge had 50% less forage compared to plots 

where leafy spurge was controlled (Kirby et al. 2003).  

o Forage biomass was 30% lower in leafy spurge infested areas of a pasture 

compared to non-infested areas of the same pasture (Lym and Kirby 

1987).  

o Forage biomass was 27% lower in plots infested with leafy spurge 

compared to similar plots where leafy spurge was nearly eradicated 3 

years prior in North Dakota (Lym 2000).  

 In Montana:  

o Forage models estimated that infested grazing units in had 2% less forage 

production compared to non-infested pastures (Mangold et al. 2018).  

o 1m2 plots, planted leafy spurge at high densities reduced grassland 

biomass by up to 93% (Rinella and Sheley 2005).  

o Native forage cover declined with increasing leafy spurge (Pearson et al. 

2016).  

 A modelling study synthesizing empirical studies found that leafy spurge 

invasions reduced forage production by 446-1942 million Kg in western USA 

(west of MN to TX) (Rinella and Luschei 2007).  
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Musk thistle 

 In Nebraska, pastures heavily infested with Canada thistle and musk thistle had 

63% less forage biomass compared to pastures where thistle infestations had been 

controlled for 2 years (Reece and Wilson 1983). Musk thistle comprised 37% of 

pre-treatment thistle density. 

 

Sericea lespedeza  

 In Oklahoma, grass biomass was 48% lower in sericea lespedeza infested plots 

compared to plots were infestations had been significantly reduced for 3-5 years 

(Koger et al. 2002).  

 

Smooth brome  

 In North Dakota, forage biomass was up to 68% higher in brome-dominated 

pastures compared to a native prairie pasture (Hoffmann and Ries 1989).  

 In Saskatchewan, forage production was 39% greater at smooth brome infested 

sites compared to native prairie sites (Fink and Wilson 2011).  

 In Michigan, herbaceous biomass was 70% lower in smooth brome infested plots 

compared to native grassland plots (Mahaney et al. 2008).  

 In Iowa, forage production was 52% lower in smooth brome infested roadsides 

compared to roadsides with native vegetation (Varchola and Dunn 1999).  

 In Nebraska, forage biomass was 22% lower at a smooth brome infested site 

compared to a mixed grass prairie site (Wylie et al. 1996).   
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 In North Dakota, forage production was greater on sites infested with smooth 

brome compared to non-infested sites (Trammell and Butler 1995).  

 

Spotted and diffuse knapweed  

 In Montana: 

o Perennial grass biomass was 87% lower in knapweed infested areas 

compared to controlled areas (Sheley et al. 2000). 

o Introduced forage biomass was 79% lower on knapweed infested plots 

compared to plots where knapweed was controlled (Sheley and Jacobs 

1997). 

o Grass biomass was 65% lower at knapweed infested sites compared to 

sites where knapweed infestations were controlled (Sheley et al. 2004). 

o Forage models estimated that knapweed infested grazing units in Montana 

had 2.7% less forage production compared to non-infested pastures 

(Mangold et al. 2018).  

o Native forage cover declined with increasing knapweed (predicted 0.74% 

loss in native cover for every 1% increase in knapweed cover) (Pearson et 

al. 2016).  

 In British Columbia, grass cover declined as knapweed became more dominant 

(May and Baldwin 2011).  
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Livestock Production 

 

Figure G.2 Species’ impact on livestock production. Points indicate individual studies 

and arrows indicate the consensus based on a review of the scientific literature (↓ = loss; 

↑ = gain; blank cells indicate the lack of a consensus).    

 

Canada thistle  

 Studies show an overall decline in forage production which supports a consensus 

of reduced livestock production (see forage production section). 
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 In a survey, Montana ranchers reported that Canada thistle commonly reduced 

forage production leading to reduced livestock production capacity (Mangold et 

al. 2018).  

 

Eastern redcedar  

 Studies on forage production show consistent declines in forage production which 

supports a consensus of reduced livestock production (see forage production 

section).  

 In Kansas, eastern redcedar infested areas supported 93% fewer Animal Unit 

Months per acre compared to non-infested rangelands (Owensby et al. 1973).  

 

Leafy spurge  

 Studies on forage production show consistent declines in forage production which 

supports a consensus of decreased livestock production (see forage production 

section).  

 In North Dakota, Leafy spurge infestations are estimated to have reduced AUMs 

(Animal Unit Month) capacity and rancher income from cattle sales by 12% 

(Leistritz et al. 1992).  

 In North Dakota, forage utilization was 34% lower in areas infested with leafy 

spurge compared to non-infested areas (Lym and Kirby 1987).  
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 The grazing capacity lost to leafy spurge in ND, SD, MT, and WY combined was 

estimated to be 736,200 AUMs, which would have supported a herd of about 

90,000 cows (values estimated for 1993) (Leistritz et al. 2004). 

 Models estimated that leafy spurge invasions reduce rangeland cattle stocking by 

50-217 thousand cattle per year in western USA (West of MN to TX) (Rinella and 

Luschei 2007). 

 Models estimated that leafy spurge invasions reduce rangeland grazing value by 

$8-34 million per year in western USA (West of MN to TX) (Rinella and Luschei 

2007).  

 In Montana, the value of forgone forage production due to knapweed and leafy 

spurge infestation is estimated to be $2.28 - 3.81 per hectare per year (Mangold et 

al. 2018).  

 In North Dakota, South Dakota, Montana, and Wyoming, leafy spurge 

infestations are estimated to have reduced cattle income to these states producers 

by $10.7 million annually (Leistritz et al. 2004).  

 In Montana, as leafy spurge cover increased above 10% cattle forage utilization 

sharply declined (Hein and Miller 1992).  

 Livestock did not consume leafy spurge following a forced initial consumption 

(Kronberg et al. 1993).  

 

Musk thistle  
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 One study in Nebraska showed that grass forages are reduced by musk thistle 

which supports a consensus of decreased livestock production (see forage 

production section).  

  In New Zealand, cattle utilized 72% less forage located in the immediate vicinity 

of individual musk thistle plants, compared to locations without musk thistle 

(Seefeldt et al. 2005).  

 

Sericea lespedeza  

 Documented reductions in forage biomass support a consensus of decreased 

livestock production (see forage production section).  

  In Kansas, steers avoided sericea lespedeza while foraging in recently burned 

pastures infested with sericea lespedeza (Sowers et al. 2019).  

 

Smooth brome  

 Studies on forage production show high variability in forage response to smooth 

brome, thus changes in livestock production are expected to vary based on local 

conditions (see forage section).  

 In North Dakota, cattle spent 96% more time foraging in smooth brome infested 

areas compared to native range areas (Fehmi et al. 2002).  

 In North Dakota, growing season steer weight gains were 22% higher for steers in 

brome dominated pastures compared to a native prairie pasture (Hoffmann and 

Ries 1989).  
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Spotted and diffuse knapweed  

 Studies on forage production show consistent declines in forage production 

supporting declines in livestock production (see forage section).  

 In Montana, the value of forgone forage production due to knapweed infestation 

is estimated to be $2.28 - $3.81 ha /year (Mangold et al. 2018).     
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Water supply 

 

Figure G.3 Consensus of species’ impact on water supply based on a review of the 

scientific literature (↓ = loss; ↑ = gain; blank cells indicate the lack of a consensus).  

 

Eastern redcedar  

 Simulation models for Oklahoma indicate that conversion of rangelands to 

Eastern redcedar woodlands would:  

o Reduce streamflow by 20% in the lower Cimarron river basin. At the 

watershed scale, eastern redcedar conversion is predicted to eliminate 

streamflow in some arid regions (Zou et al. 2016). 

o Reduce basin-scale water yield by 23.8 mm (0.94 inches) (Zou et al. 

2016).  

o Cause little to no change in groundwater recharge (Zou et al. 2016).  

o Reduce streamflow by up to 11.5% in the North Canadian river basin, a 

volume equivalent to 112% of Oklahoma City's current municipal water 

demand (Starks and Moriasi 2017).  
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 In Oklahoma, the distance to the groundwater table was 0.95 m further (50% 

further) in eastern redcedar infested areas compared to grasslands (Acharya et al. 

2017).  

 In Oklahoma, groundwater recharge from rainfall was 97% lower in eastern 

redcedar infested rangelands compared to grasslands (Acharya et al. 2017). 

 In the Nebraska Sandhills, groundwater recharge was estimated to be 89% lower 

beneath eastern redcedar compared to grasslands (Adane et al. 2017).  

 In the Nebraska Sandhills, groundwater recharge was estimated to be 85% lower 

beneath eastern redcedar compared to grasslands (Adane and Gates 2015). 

 In Oklahoma watersheds infested with eastern redcedar, the percent of rainfall 

that contributed to streamflow was 68% lower compared to grassland watersheds 

(Qiao et al. 2017).  

 In Oklahoma, streamflow duration was reduced by 76% in eastern redcedar 

infested areas compared to grasslands (Zou et al. 2014).  

 Soil water storage was:  

o 74% lower in eastern redcedar infested rangelands compared to 

grasslands in a study conducted in the Nebraska Sandhills (Adane and 

Gates 2015). 

o 14% lower in eastern redcedar infested rangelands compared to 

grasslands in an Oklahoma study (Acharya et al. 2017). 

o 27% lower in eastern redcedar infested rangelands compared to 

grasslands in an Oklahoma study (Zou et al. 2014).  
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o 14% lower in eastern redcedar infested rangelands compared to 

grasslands in an Oklahoma study (Wine et al. 2012). 

 Simulation models for the southern Great Plains indicate that complete conversion 

of rangelands to Eastern redcedar woodlands would increase mean annual 

precipitation by 23.6 mm (0.93 inches) (Ge and Zou 2013). 

 

Spotted and diffuse knapweed 

 In Montana, surface runoff was 56% higher in knapweed infested plots compared 

to native grass plots, indicating potential shifts in the proportion of rainfall that 

contributes to streamflow versus groundwater (Lacey et al. 1989).    
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Wild food production 

 

Figure G.4 Consensus of species’ impact on wild game and food based on a review of the 

scientific literature (↓ = loss; ↑ = gain; blank cells indicate a lack of consensus).  

 

Eastern redcedar  

 In Eastern Oklahoma, a region undergoing Eastern redcedar invasion, northern 

bobwhite occupancy was negatively associated with tree canopy cover (Crosby et 

al. 2013).  

 A review on the effects of woody vegetation on grassland nesting game birds 

found that duck species, ring-necked pheasants, greater prairie-chickens, sharp-

tailed grouse all were negatively associated with woody vegetation at a single or 

multiple spatial scale(s) (Bakker 2003).  

 

Leafy spurge  
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 In North Dakota, bison, elk, and deer used leafy spurge infested areas 

significantly less (~46% averaged across species) than non-infested grassland 

areas (Trammell and Butler 1995).  

 

Sericea lespedeza  

 On restored Kentucky coal mines, average Northern bobwhite survival rates were 

similar between sericea lespedeza infested areas and where sericea lespedeza was 

controlled.  

 On restored Kentucky coal mines, northern bobwhite were more likely to select 

areas where sericea lespedeza infestations were controlled (Brooke et al. 2015). 

 

Smooth brome  

 Bison, elk, and deer used brome grass infested sites similar to non-infested sites 

(Trammell and Butler 1995).  

 

Spotted and diffuse knapweed  

 In Idaho, Wright and Kelsey (1997) found that densities of elk, mule deer, and 

white-tailed deer, were similar or higher in spotted knapweed infested areas 

compared to non-infested areas. Above species were all found to consume 

knapweed. Nutritional value of knapweed was similar to native range species.  

Overall, densities of the game species in spotted knapweed infested areas were 
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0.073 animals per hectare compared to 0.024 at non-infested sites. This study 

concluded that knapweed infestations did not reduce big game carrying capacity.  

 At a site in Montana, winter elk herds preferred to forage in fields where 

knapweed infestations were controlled compared to adjacent infested fields 

(Thompson 1996).   
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Air Quality 

 

Figure G.5 Consensus of species’ impact on air quality based on a review of the scientific 

literature (↓ = loss; ↑ = gain; blank cells indicate the lack of a consensus).  

 

Canada thistle  

 Canada thistle is not a wind-pollinated species and is not considered be a 

significant contributor to seasonal allergies.  

 

Eastern redcedar  

 Eastern redcedar is a wind-pollinated species and is a significant contributor to 

seasonal allergies.  

 In Tulsa Oklahoma, junipers pollen more than doubled over a 30 year period of 

Eastern redcedar invasion in the surrounding area (Flonard et al. 2018). 

 

Leafy spurge  
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 Leafy spurge is not a wind-pollinated species, and is not considered a significant 

contributor to seasonal allergies.  

 

Musk thistle  

 Musk thistle is not a wind-pollinated species and is not considered a significant 

contributor to seasonal allergies.  

 

Plumeless thistle  

 Plumeless thistle is wind and insect pollinated and is not considered a significant 

contributor to seasonal allergies.  

 

Sericea lespedeza  

 Sericea lespedeza is insect pollinated and is not considered a significant 

contributor to seasonal allergies.  

 

Smooth brome  

 Smooth brome is a wind-pollinated species and contributes to seasonal allergies.  

 

Spotted and diffuse knapweed 

 Spotted and diffuse knapweed is wind and insect pollinated and contributes to 

seasonal allergies. 
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Pest & Disease Regulation 

 

Figure G.6 Consensus of species’ impact on pest and disease regulation based on a 

review of the scientific literature (↓ = loss; ↑ = gain; blank cells indicate the lack of a 

consensus).  

 

Eastern redcedar  

 In Oklahoma, eastern redcedar infested grasslands had different species 

composition of mosquito, although the impact on disease exposure remains 

unknown (O’Brien and Reiskind 2013).  

 In Oklahoma, eastern redcedar invasion is associated with the westward 

expansion of the lone star tick, a significant disease vector (Noden and Dubie 

2017).  

 In Oklahoma, eastern redcedar invaded grasslands contained a higher abundance 

of ticks as well as disease-infected ticks compared to grassland habitats, 

indicating that eastern redcedar invasion is associated with increased risk of tick-

borne pathogens to people and livestock (Noden et al. 2021).  
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 Eastern redcedar hosts cedar-apple rust, a fungus that causes substantial damage 

to apple, crabapple, and hawthorn trees in Nebraska. 
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Carbon Storage 

 

Figure G.7 Consensus of species’ impact on carbon storage based on a review of the 

scientific literature (↓ = loss; ↑ = gain; blank cells indicate the lack of a consensus).  

 

Eastern redcedar  

 Resilience to rapid carbon loss decreases as grasslands are invaded by eastern 

redcedar (Twidwell et al. 2013). 

 In Texas, soil carbon below eastern redcedar stored 44% less carbon compared to 

grasslands (Jackson et al. 2002). 

 In Kansas and Nebraska, eastern redcedar infested areas had over a 100% more 

aboveground carbon compared to grasslands (Norris et al. 2001; Mellor et al. 

2013; McKinley and Blair 2008). 

 In Kansas, soil organic carbon storage was 24% higher beneath eastern redcedar 

trees, compared to grasslands (McKinley et al. 2008). 

 In Nebraska, soils below eastern redcedar stored 14% more carbon compared to 

grassland (Mellor et al. 2013). 
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 In Minnesota, soils below eastern redcedar stored 5% less carbon compared to 

grassland.  

 In Kansas, soil carbon was 55% higher beneath eastern redcedar compared to 

grasslands (McKinley and Blair 2008).  

 In Kansas, soil carbon was 14% higher beneath eastern redcedar compared to 

grasslands (Smith and Johnson 2003).  

 In Kansas, soil carbon storage was equal between eastern redcedar and grassland 

areas (Busch and Presley 2014). 

 In Kansas, soil CO2 emissions were 37% lower in eastern redcedar woodlands 

compared to grasslands (Smith and Johnson 2001. 

 

Leafy spurge 

 In Montana, annual net primary production at leafy spurge infested sites was more 

than double of that in non-infested sites (Mcleod et al. 2016).  

 

Spotted and diffuse knapweed 

 In Montana, there was no difference in total soil carbon between knapweed 

infested and native grassland sites (Hook et al. 2004).  

 In Montana, annual net primary production was 75% greater in knapweed infested 

patches compared to non-infested patches (McLeod et al. 2016). 
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Erosion Control 

 

Figure G.8 Consensus of species’ impact on erosion control based on a review of the 

scientific literature (↓ = loss; ↑ = gain; blank cells indicate the lack of a consensus).  

 

Eastern redcedar  

 Areas with severe eastern redcedar infestations have little understory cover 

compared to grassland sites (Briggs et al. 2002), supporting a consensus of 

reduced erosion control.  

 

Spotted and diffuse knapweed 

 In Montana, surface runoff and sediment yield was 56 and 192% higher at 

knapweed infested plots compared to plots with bunchgrasses indicating increased 

potential for soil erosion at infested sites (Lacey et al. 1989).    
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Wildfire Hazard Regulation 

 

Figure G.9 Consensus of species’ impact on wildfire hazard regulation based on a review 

of the scientific literature (↓ = loss; ↑ = gain; blank cells indicate the lack of a consensus).  

 

Eastern redcedar  

 Wildfire suppression potential decreases when grasslands are invaded by eastern 

redcedar (Twidwell et al. 2013).  

 Fire intensity dramatically increases in eastern redcedar infested areas compared 

to grasslands (Beilski et al. 2021).  

 Flame lengths commonly exceed what is considered suppressible under US Forest 

Service guidelines when grasslands are invaded by eastern redcedar (Twidwell et 

al. 2013).
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Grassland Biodiversity 

 

Figure G.10 Consensus of species’ impact on grassland biodiversity based on a review of 

the scientific literature (↓ = loss; ↑ = gain; blank cells indicate the lack of a consensus).  

 

Canada thistle  

 In Yellowstone National Park, Canada thistle occurred in areas with higher plant 

diversity and species richness, however, Canada thistle was not considered the 

driver of higher diversity and richness (Wright and Tinker 2012).  

 

Eastern redcedar  

 In eastern redcedar infested areas, plant species richness was:  

o 96% lower compared to grasslands in Kansas (Briggs et al. 2002).  

o 61% lower compared to grasslands in Oklahoma (Linneman and Palmer 

2006).  

o 46% lower compared to grasslands in Oklahoma (van Els et al. 2010).  

o 39% lower compared to grasslands in Oklahoma (Limb et al. 2010).  
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 In Nebraska, bird species richness was 39% lower in eastern redcedar infested 

areas compared to non-infested areas (Frost and Powell 2011).  

 In Oklahoma, grassland bird abundance was 94% lower in eastern redcedar 

infested grasslands compared to non-infested grasslands (Chapman et al. 2004).  

 From 1965 to 1995, eastern redcedar invasion in Oklahoma altered bird 

community composition by reducing the abundance and presence of grassland 

birds and increasing the abundance and presence of woodland and generalist bird 

species (Coppedge et al. 2001).  

 In Oklahoma, small mammal species richness was 67% lower in eastern redcedar 

infested areas compared to grasslands (Horncastle et al. 2005). 

 In Nebraska, carrion beetle abundance was 18% lower in eastern redcedar 

woodlands compared to adjacent grasslands (Walker and Hoback 2007).  

 In Nebraska, the formerly endangered American burying beetle was 26% less 

abundant in eastern redcedar areas compared to grasslands (Walker and Hoback 

2007). 

 Lesser prairie chickens avoided the nearest trees by 283 m (310 yards) and were 

40x more likely to select areas with 0 trees per hectare compared to areas with 5 

trees per hectare (Lautenbach et al. 2017). 

 Eastern redcedar invasion of grasslands was associated with declining populations 

of lesser prairie chickens, compared to stable populations that occurred in 

grasslands with less tree cover (Fuhlendorf et al. 2002). 
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Leafy spurge 

 In Manitoba, plant species richness was 73% lower in leafy spurge infested plots, 

compared to non-infested plots (Belcher and Wilson 1989).  

 In North Dakota: 

o Plant species richness was 38% lower in leafy spurge infested plots 

compared to non-infested plots (Butler and Cogan 2004).  

o Plant species richness was 13% lower in leafy spurge infested grasslands, 

compared to non-infested grasslands (Trammell and Butler 1995). 

o Two of four grassland birds occurred less frequently in areas with dense 

leafy spurge infestations and fewer nests were found in areas with dense 

leafy spurge infestations (Scheiman et al. 2003).  

 In Colorado, native plant species richness was lower in leafy spurge infested plots 

compared to plots where leafy spurge was controlled (Pritekel et al. 2006).  

 In Montana, sites infested with leafy spurge in 1994 had 17% fewer plant species, 

compared to the same sites in 2008 after leafy spurge was controlled (Lesica and 

Hanna 2009).  

 

Plumeless thistle  

 In Pennsylvania, bee species richness was 55% higher at plots with plumeless 

thistle, compared to plots without (Russo et al. 2016).  

 

Sericea lespedeza  
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 In Tennessee and North Carolina, plant diversity was 24% lower in sericea 

lespedeza infested grasslands compared to non-infested grasslands (Price and 

Welzin 2003).  

 In low diversity grasslands in Illinois, sericea lespedeza infestations had 2 fewer 

plant species on average (86% decline), compared to plots where Sericea 

lespedeza was controlled (Brandon et al. 2004).  

 

Smooth brome 

 In Saskatchewan, Plant diversity was 56% lower in smooth brome infested sites 

compared to native prairie sites (Fink and Wilson 2011).  

 In Manitoba:  

o Plant species richness was 45% lower in smooth brome infested sites 

compared to native sites (Wilson and Belcher 1989). 

o Bird species richness was 12.5% lower in smooth brome infested sites 

compared to native sites. This was the result of a rare bird species that did 

not occur at infested sites (Wilson and Belcher 1989).  

 In Iowa: 

o Carabid beetle species richness was 9% lower in smooth brome infested 

roadsides compared to roadsides with native vegetation (Varchola and 

Dunn 1999). 
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o Plant species richness was 41% lower in roadsides infested with smooth 

brome compared to roadsides with native vegetation (Varchola and Dunn 

1999). 

 In Kansas: 

o Native plant abundance was lower in smooth brome dominated pastures 

compared to native grass dominated pastures (Jonas et al. 2002). 

o Plant species diversity and species richness were similar between smooth 

brome infested and native grasslands (Jonas et al. 2002). 

o Insect diversity was similar between smooth brome and native prairie sites 

(Jonas et al. 2002). 

 

Spotted and diffuse knapweed  

 In Montana:  

o Average season-long pollinator species richness was similar between 

knapweed infested patches and non-infested patches (Herron-Sweet et al. 

2016). 

o Carabid beetle species richness was similar between knapweed infested 

and non-infested plots (Hansen et al. 2009).  

o Plant diversity and species richness was similar between lightly infested 

and non-infested areas (Rice et al. 1997).  

 In Michigan:  
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o Bee pollinator species richness was 18% lower in knapweed infested 

grasslands compared to non-infested/lightly infested grasslands (Carson et 

al. 2016).  

o Growing-season floral diversity was 92% lower in grasslands infested 

with knapweed compared to non-infested/lightly infested grasslands 

(Carson et al. 2016). 

o Plant species richness was similar between knapweed infested and 

knapweed controlled plots (Bush et al. 2007).  

o An equal number of small mammal species were encountered in infested 

and non-infested plots (Malick et al. 2012). 

o Knapweed infestations reduced the likelihood of capturing the threatened 

Lake Huron locust by 70% (Marshall and Storer 2007). 

 In British Columbia, plant species richness was not influenced by knapweed 

infestations (May and Baldwin 2011). 
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Pollination 

 

Figure G.11 Consensus of species’ impact on pollination based on a review of the 

scientific literature (↓ = loss; ↑ = gain; blank cells indicate the lack of a consensus).  

 

Canada thistle  

 Canada thistle is an insect-pollinated species.  

 In North Dakota, Canada thistle was the most frequently visited forb by bee 

pollinators (Otto et al. 2017).  

 In South Dakota, Canada thistle infested rangelands supported 2.3x more plant-

pollinator interactions (100%+ increase) and increased the stability of plant-

pollinator networks when compared to non-infested rangelands (Larson et al. 

2016). 

 In the United Kingdom (native range), Canada thistle was the single most 

important plant species for pollination, attracting 17% of all pollinator visits and 

18% of all pollinator species (Orford et al. 2016).  
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 In the United Kingdom (native range), pollination of rare plant species increased 

in the presence of Canada thistle (Ghazoul 2006).  

 

Eastern redcedar 

 Eastern redcedar is wind pollinated and has been shown to consistently reduce 

plant diversity (see biodiversity section), supporting a consensus that Eastern 

redcedar invasion has a negative impact on pollination.  

 

Leafy spurge  

 Leafy spurge is an insect-pollinated species.  

 

Musk thistle  

 Musk thistle is an insect-pollinated species.  

 

Plumeless thistle   

 Plumeless thistle is an insect-pollinated species.  

 In Pennsylvania, experimental plots with plumeless thistles were visited by 96% 

more pollinators on average and had 55% higher bee species richness compared to 

similar plots without plumeless thistle (Russo et al. 2016).  

 

Sericea lespedeza  
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 Sericea lespedeza is an insect-pollinated species.  

 In Kansas tallgrass prairie, sericea lespedeza attracted more pollinators compared 

to native lespedeza species (Woods et al. 2012).  

 

Smooth brome 

 Smooth brome is wind pollinated and has been shown to consistently reduce plant 

diversity (see biodiversity section) supporting the consensus that smooth brome 

infestations have a negative impact on pollination. 

 

Spotted and diffuse knapweed  

 Spotted and diffuse knapweed is insect and wind pollinated.  

 In Michigan: 

o Growing-season floral diversity was 92% lower in grasslands infested 

with knapweed compared to non-infested/lightly infested grasslands 

(Carson et al. 2016). 

o Season long floral coverage was 46% lower in knapweed infested 

grasslands compared to non-infested/lightly infested grasslands (Carson et 

al. 2016). 

o Bee pollinator visits were 45% lower in knapweed infested grasslands 

compared to non-infested/lightly infested grasslands (Carson et al. 2016).  



323 

 

 

o Bee pollinator species richness was 18% lower in knapweed infested 

grasslands compared to non-infested/lightly infested grasslands (Carson et 

al. 2016).  

 In Montana:  

o Average, season-long pollinator species richness was similar (varied 

within season) between knapweed infested patches and non-infested 

patches (Herron-Sweet et al. 2016). 

o Season total floral abundance was 57% greater in knapweed infested 

patches compared to non-infested patches; knapweed infestations 

decreased early-season and greatly increased late season floral abundance 

(Herron-Sweet et al. 2016). 

o Season-long pollinator abundance was similar between knapweed infested 

patches and non-infested patches; knapweed infestations decreased early 

season pollinator abundance and increased abundance later in the season 

(Herron-Sweet et al. 2016).  
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Ecological integrity 

 

 

Figure G.12 Consensus of species’ impact on ecological integrity based on a review of 

the scientific literature (↓ = loss; ↑ = gain; blank cells indicate the lack of a consensus).  

 

Eastern redcedar  

 Eastern redcedar infestations are known to alter species composition of mammals, 

birds, carabid beetles, and plants in the Great Plains causing changes in ecosystem 

structure, function, and species composition (see biodiversity section).  

 Eastern redcedar invasions sharply reduce forage resources and alter grazing 

regimes (see forage production section).  

 Eastern redcedar infestations in the Tallgrass prairie, have severely altered the rate 

of fire spread, fire-line intensity, and flame length compared to historical fire 

regimes (Twidwell et al. 2013).  
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 Eastern redcedar infestations in the Great Plains alter hydrological processes in 

the Great Plains, including streamflow, aquifer recharge, baseflow, runoff, 

transpiration, rainfall interception (Zou et al. 2018).  

 

Leafy spurge 

 Leafy spurge infestations alter animal and plant community composition by 

decreasing species richness (see biodiversity section) and native plant cover (see 

forage section).  

 Leafy spurge infestations can reduce forage biomass and alters grazing behavior 

by decreasing forage utilization in infested areas (Lym and Kirby 1987; Hein and 

Miller 1992), potentially altering grazing and/or fire regimes.  

 

Musk thistle 

 Musk thistle infestations can reduce grass biomass and alter grazing behavior by 

decreasing forage utilization in infested areas (see forage and livestock sections), 

potentially altering grazing and/or fire disturbance regimes.  

 

Sericea lespedeza 

 Sericea lespedeza infestations alter plant community composition by decreasing 

species richness and native plant cover (see forage and biodiversity section).  
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 Sericea lespedeza infestations can reduce grass biomass and alters grazing 

behavior by decreasing forage utilization in infested areas (Koger et al. 2002; 

Sowers et al. 2019), potentially altering grazing and/or fire disturbance regimes.   

 

Smooth brome  

 Smooth brome reduces plant diversity and alters the structure of plant 

communities (see biodiversity section). 

 

Spotted and diffuse knapweed  

 Knapweed infestations reduce grass cover and biomass (see forage production 

section) and have potential to alter grazing and/or fire regimes in infested 

ecosystems.    
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Recreation & Ecotourism 

 

Figure G.13 Consensus of species’ impact on recreation and ecotourism based on a 

review of the scientific literature (↓ = loss; ↑ = gain; blank cells indicate the lack of a 

consensus).  

 

Eastern redcedar 

 Eastern redcedar invasion of grasslands has been shown to reduce the abundance 

of upland game birds, thereby reducing opportunities for hunting and observing 

these iconic species (see Wild Game & Food section).  

 

Leafy spurge  

 In Theodore Roosevelt National Park, North Dakota, bison, elk, and deer used 

leafy spurge infested areas significantly less than non-infested areas (Trammell 

and Butler 1995), indicating a negative impact of leafy spurge invasion on 

wildlife viewing and hunting.  
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 Leafy spurge infestations in ND, SD, MT, and WY wildlands was estimated to 

reduce wildlife-related recreation expenditures by $2.4 million (Leistritz et al. 

2004). 

 

Sericea lespedeza 

 On restored Kentucky coal mines, northern bobwhite were more likely to select 

areas where sericea lespedeza infestations were controlled (Brooke et al. 2015), 

suggesting that sericea lespedeza invasion reduces recreational opportunities 

related to northern bobwhite (e.g., hunting and viewing).   

 

Smooth brome 

 Bison, elk, and deer used brome grass infested sites similar to non-infested sites 

(Trammell and Butler 1995), indicating that smooth brome invasion may not 

reduce recreational opportunities associated with these species.  

 

Spotted and diffuse knapweed 

 Results are mixed on impacts to big game species (see Wild Game and Food 

section) 

 Spotted knapweed is known to cause skin irritation and allergies for some 

individuals, thereby reducing the recreation potential of infested lands.   
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APPENDIX H: INVASIVE SPECIES’ IMPACT QUESTIONNAIRE 
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APPENDIX I: CHAPTER 8 – STAKEHOLDER-BASED ASSESSMENT OF 

INVASIVE SPECIES’ IMPACTS ON ECOSYSTEM SERVICES 

 

 

Figure I.1 Most severe estimated impact (positive or negative) on aesthetic value caused 

by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   
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Figure I.2 Most severe estimated impact (positive or negative) on air quality caused by 

plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   
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Figure I.3 Most severe estimated impact (positive or negative) on grassland biodiversity 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   
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Figure I.4 Most severe estimated impact (positive or negative) on carbon storage caused 

by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   
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Figure I.5 Most severe estimated impact (positive or negative) on cultural heritage caused 

by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   
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Figure I.6 Most severe estimated impact (positive or negative) on ecological integrity 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   
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Figure I.7 Most severe estimated impact (positive or negative) on erosion control caused 

by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   



345 

 

 

 

Figure I.8 Most severe estimated impact (positive or negative) on forage production 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   
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Figure I.9 Most severe estimated impact (positive or negative) on livestock production 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   
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Figure I.10 Most severe estimated impact (positive or negative) on pest and disease 

regulation caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors 

denotes the self-rated confidence of participant’s estimated impact. Whiskers denote 

standard error of the mean. Data is from a stakeholder-based assessment of invasive 

species’ impacts.   
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Figure I.11 Most severe estimated impact (positive or negative) on pollination services 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   



349 

 

 

 

Figure I.12 Most severe estimated impact (positive or negative) on recreation and tourism 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   
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Figure I.13 Most severe estimated impact (positive or negative) on water supply caused 

by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   
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Figure I.14 Most severe estimated impact (positive or negative) on wild food caused by 

plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from a stakeholder-based assessment of invasive species’ impacts.   
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Figure I.15 Most severe estimated impact (positive or negative) on wildfire hazard 

regulation caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors 

denotes the self-rated confidence of participant’s estimated impact. Whiskers denote 

standard error of the mean. Data is from a stakeholder-based assessment of invasive 

species’ impacts.   
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Figure I.16 Potential spatial scale at which each species is estimated to be able to become 

dominant and displace other species. Bar colors denotes the self-rated confidence of 

participant’s estimated impact. Whiskers denote standard error of the mean. Data is from 

a stakeholder-based assessment of invasive species.   
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APPENDIX J: CHAPTER 8 – INTEGRATED STAKEHOLDER- AND 

EVIDENCE-BASED ASSESSMENT OF INVASIVE SPECIES’ IMPACTS ON 

ECOSYSTEM SERVICES 

 

 

  

Figure J.1 Most severe estimated impact (positive or negative) on aesthetic value caused 

by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from an integrated stakeholder- and evidence-based assessment of invasive 

species’ impacts.   
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Figure J.2 Most severe estimated impact (positive or negative) on air quality caused by 

plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from an integrated stakeholder- and evidence-based assessment of invasive 

species’ impacts.   
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Figure J.3 Most severe estimated impact (positive or negative) on grassland biodiversity 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from an integrated stakeholder- and evidence-based assessment of 

invasive species’ impacts.   
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Figure J.4 Most severe estimated impact (positive or negative) on carbon storage caused 

by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from an integrated stakeholder- and evidence-based assessment of invasive 

species’ impacts.   
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Figure J.5 Most severe estimated impact (positive or negative) on cultural heritage caused 

by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from an integrated stakeholder- and evidence-based assessment of invasive 

species’ impacts.   
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Figure J.6 Most severe estimated impact (positive or negative) on ecological integrity 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from an integrated stakeholder- and evidence-based assessment of 

invasive species’ impacts.   
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Figure J.7 Most severe estimated impact (positive or negative) on erosion control caused 

by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from an integrated stakeholder- and evidence-based assessment of invasive 

species’ impacts.   
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Figure J.8 Most severe estimated impact (positive or negative) on forage production 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from an integrated stakeholder- and evidence-based assessment of 

invasive species’ impacts.   
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Figure J.9 Most severe estimated impact (positive or negative) on livestock production 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from an integrated stakeholder- and evidence-based assessment of 

invasive species’ impacts. 
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Figure J.10 Most severe estimated impact (positive or negative) on pest and disease 

regulation caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors 

denotes the self-rated confidence of participant’s estimated impact. Whiskers denote 

standard error of the mean. Data is from an integrated stakeholder- and evidence-based 

assessment of invasive species’ impacts.   
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Figure J.11 Most severe estimated impact (positive or negative) on pollination services 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from an integrated stakeholder- and evidence-based assessment of 

invasive species’ impacts.   
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Figure J.12 Most severe estimated impact (positive or negative) on recreation and tourism 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from an integrated stakeholder- and evidence-based assessment of 

invasive species’ impacts.   
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Figure J.13 Most severe estimated impact (positive or negative) on water supply caused 

by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the self-rated 

confidence of participant’s estimated impact. Whiskers denote standard error of the 

mean. Data is from an integrated stakeholder- and evidence-based assessment of invasive 

species’ impacts.   
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Figure J.14 Most severe estimated impact (positive or negative) on wild food production 

caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors denotes the 

self-rated confidence of participant’s estimated impact. Whiskers denote standard error of 

the mean. Data is from an integrated stakeholder- and evidence-based assessment of 

invasive species’ impacts.   
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Figure J.15 Most severe estimated impact (positive or negative) on wildfire hazard 

regulation caused by plant invasions in Nebraska’s grassland ecosystems. Bar colors 

denotes the self-rated confidence of participant’s estimated impact. Whiskers denote 

standard error of the mean. Data is from an integrated stakeholder- and evidence-based 

assessment of invasive species’ impacts.   
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Figure J.16 Potential spatial scale at which each species is estimated to be able to become 

dominant and displace other species. Bar colors denotes the self-rated confidence of 

participant’s estimated impact. Whiskers denote standard error of the mean. Data is from 

an integrated stakeholder- and evidence-based assessment of invasive species.  
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APPENDIX K: NO SUCH THING AS A FREE LUNCH: TRADE-OFFS OF 

TREES IN GRASSY ECOSYSTEMS  

 

This material has been published as a case study for teaching (Fogarty, D. T., Donovan, 

V., Barnes, C., & Uden, D. [2019] No such thing as a free lunch: Trade-offs of trees in 

grassy ecosystems. National Socio-Environmental Synthesis Center (SESYNC), 

University of Maryland, College Park, MD).  

 

TEACHERS NOTES  

Summary: This case study explores environmental decision making in a complex socio-

environmental system, the Great Plains grassland biome. We use an interrupted case 

method, where students explore how over the course of a century a native tree, Eastern 

redcedar, has transitioned from rare to invasive. In part 1, students are presented with the 

motivations that led to a biome-wide afforestation program and the first consequence that 

emerged. In part 2, students are presented with more complexity as Eastern redcedar 

becomes biologically invasive leading to the loss of native grasslands and a suite of 

socio-environmental tradeoffs. Students use concept maps, stakeholder analysis, and 

ecosystem service assessments to help understand and navigate the socio-environmental 

dimensions of the cedar issue. This case study emphasizes grasslands and cedar 

woodlands as alternative stable states supported by different stabilizing feedbacks that are 

strongly influenced by stakeholders and the environmental decisions that are made. This 

two-part case can be used for a wide range of courses in a few class periods (total class 

time approximately 4-5 hrs.) 
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Topic Areas: Agriculture, Ecology, Environmental Science, Policy, Management, Socio-

environmental synthesis  

Education level: Upper level undergraduate and graduate 

Case Type/Method: Interrupted case and discussion case  

Acknowledgements: This work was supported by the University of Maryland and NSF 

Award # DBI-1052875 to the National Socio-Environmental Synthesis Center.  

Socio-Environmental Synthesis learning goals:  

1.  Understand the structure and behavior of socio-environmental systems. Specifically, 

students will identify the environmental and social components of the system, their 

interactions, and feedbacks.  

2. Consider the importance of scale and context in addressing socio-environmental 

problems. Students will demonstrate that ecological and social processes vary across 

differing contexts relative to space and condition (e.g. economic or political), and will 

understand that ecological and social processes interact across different scales.  

3. Co-develop research questions and conceptual models in inter- or trans-disciplinary 

teams. Students will identify disciplines relevant to the problem and communicate across 

disciplinary boundaries. Students will consider the value of different knowledge sources 

and ways of knowing. 

Specific Learning Objectives: 

By the end of this case study students will be able to: 

1. Identify the environmental and social components of a system and their interactions  

2. Build system maps that consider both social and ecological interactions and feedbacks 
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3. Describe how social and ecological processes vary and interact across scales and 

condition 

4. Contrast alternative view-points as they relate to a specific problem 

5. Conduct a stakeholder analysis to contrast alternative view-points across multiple 

stakeholders within a system  

6. Describe how viewing a system from a single perspective can undermine system function 

and persistence 

7. Develop alternative solutions to a management problem with multiple trade-offs using 

system maps  

8. Work in interdisciplinary groups to communicate alternative values and sources of 

knowledge  

9. Conduct an ecosystem service assessment based on alternative decision making 

Introduction/Background:  

This case study highlights the importance of environmental decision making and 

how maximizing yield of a few resources can lead to unexpected and undesired long-term 

consequences. In this case study, we explore socio-environmental dimensions of the 

Great Plains to illustrate how Eastern redcedar, a native tree, has transitioned from a rare 

species in a hostile environment to one that is biologically invasive. Eastern redcedar is 

widely planted in windbreaks throughout the southern and central Great Plains to provide 

wind protection for people, livestock, and crops. Decisions to plant trees and suppress fire 

across the Great Plains were initially perceived as a win-win solution for improving 

quality of life. However, these decisions had long-term consequences. Today, Eastern 

redcedar invasion is perceived as the greatest conservation threat in several Great Plains 
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states. Drawing from more than a century of research, this case study synthesizes social 

and ecological data using concept maps, stakeholder analyses, and ecosystem service 

assessments. In light of global efforts to plant trees in nonforested ecosystems, this case 

study provides unique insights from one of the world’s oldest afforestation programs.  

 

A rare species in a hostile environment  

Early European American settlers on the North American Great Plains found 

weather and resource availability extreme and unpredictable. One of the most noticeable 

differences between Great Plains landscapes and those of eastern North America and 

Europe was the plains lacked trees. Trees provided fuel, lumber, food, windbreaks, and 

shade. Settlers liked trees, but they were rare, and those that did grow huddled along 

streams and in areas with rough terrain—areas that did not burn. Prairie fires set by 

Native Americans and lightning strikes were common up until the turn of the twentieth 

century. Fires supported grass dominance to the point of making most of the plains 

virtually treeless (Wells 1970; Ratajczak et al. 2014). Therefore, it was believed tree 

planting could make life better (Bessey 1894). Orchards yielded both fruit and shade, and 

shelterbelts of Eastern redcedar shielded people, buildings, and livestock from strong 

Great Plains winds. For these reasons, government programs incentivized settlers to 

improve their properties through tree-planting (Pool 1953). In addition, putting out prairie 

fires helped ensure that planted trees would survive to maturity and continue to provide 

benefits, so a culture of tree planting and fire-suppression developed.  
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The cedar-apple rust problem 

Some of the European-American settlers who moved into the Great Plains planted 

orchards in the hope that fresh fruit could become a viable commercial industry for the 

region. Settlers who planted apple orchards followed their neighbors’ common practice of 

planting Eastern redcedar for windbreaks. In the orchardists’ case, these windbreaks were 

planted specifically around the orchards to protect them from the cold, wind, and snow of 

the Great Plains. As the orchards and the windbreaks that protected them grew, however, 

the orchardists experienced the first serious drawback to tree planting that their neighbors 

had not: a type of fungus called cedar-apple rust (Bessey 1904). 

Cedar-apple rust is heteroecious, which means it requires two different species in 

order to complete its lifecycle (Ziems 2009). You will not be surprised to learn that this 

particular rust requires cedar trees and apple trees in order to complete its lifecycle. 

Without both species in proximity to each other, the rust will not affect the trees. For the 

first stage of the lifecycle, the fungus creates “cedar galls” - hard, nut-like spheres - on 

the branches of the cedar trees. The galls then bloom into “cedar flowers,” which extend 

long tendrils that allow the wind to blow the fungus to the apple trees for the second stage 

of the lifecycle. Unlike with cedars, the fungus has a much more adverse impact on apple 

trees. Leaves form lesions, and apple production is stunted. The apples that are produced 

have orange or brown lesions themselves, and are commercially unsalable. Extreme 

infestation can dramatically stunt tree growth or even lead to tree mortality. 

While the cedar-apple rust affected apple orchards from the east coast to the Great 

Plains, Nebraska orchardists in particular suffered heavy infestations because they had 
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intentionally planted both types of trees next to each other. Faced with the collapse of 

their industry, orchardists removed the windbreaks from around their apple trees. 

Unfortunately, it was not enough. Even with the windbreaks removed, the rust was able 

to use cedars from neighboring properties to maintain its lifecycle. For the neighbors, 

these cedar trees held value as windbreaks for their own properties, or were a source of 

cultural pride, and were reluctant to take them down. 

Faced with the extinction of their industry, the orchardists turned to the state 

legislature for help. For its part, the legislature realized that if it let cedars grow 

unregulated, apple production would not be a viable commercial industry in the state. To 

address the cedar rust problem, the legislature passed a law requiring the removal of all 

cedar trees within two miles of apple orchards of 1,000 trees or more. At first, the law 

provided compensation for the loss of the cedar trees, but when it became apparent cedar 

owners could allow their trees to grow freely and then be paid for their removal, the law 

was amended. Instead of compensation, cedar owners were fined if they did not remove 

their cedars within the two mile cedar-free zone. With the cedar law in place, orchardists 

were able to continue apple production. The cedar rust policy remained in place until 

fungicides arrived in the market at the start of the 1950’s and allowed, with persistent 

spraying, cedar trees and apple trees to coexist in close proximity. 

From rare to invasive 

It was initially assumed that planted Eastern redcedar would behave as an 

adventive species, in that they would not spread into adjacent environments. However, it 

is now clear that this is not the case (Briggs et al. 2005; Engle et al. 2008). Today, 
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Eastern redcedar is an invasive species that is rapidly expanding at the expense of native 

grasslands leading to unexpected consequences (Twidwell et al. 2013). Research in the 

Great Plains has revealed some of the consequences that result when grasslands 

transitions to a cedar woodland state and include: 

 Native biodiversity decreases  

 Livestock and forage production decreases  

 Water yield decreases  

 Public education funding generated from grazing leases on school lands is reduced  

 Rural livelihoods are endangered  

 Wildfire risk increases  

 Risk to endangered and threatened species increases  

 Spring allergies are worsened 

See www.cedarliteracy.unl.edu for a comprehensive review of eastern redcedar in the 

Great Plains (Bielski et al. 2018). 

In response to these consequences, stakeholder groups have responded differently. 

Some ranching communities have come together to create prescribed burning 

associations to control and reverse trends of cedar invasion (Twidwell et al. 2013). Some 

landowners are removing cedar windbreaks established by past generations. Certain 

programs, from local to federal, now incentivize cedar removal on private lands (Roberts 

et al. 2018). However, other policies and actions that promote a cedar woodland state 

remain in effect, including incentivized cedar windbreak planting and suppression and 

restriction of fire (Roberts et al. 2018). Cultural ties to cedar mean that some landowners 

are reluctant to remove cedar from their properties and still actively plant cedar. Overall, 

http://www.cedarliteracy.unl.edu/
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past approaches to managing cedar invasion have proven to be insufficient in sustaining 

grasslands at broad scales, although examples of successful management are found in 

communities with strong prescribed burn associations (www.cedarliteracy.unl.edu). 

Looking ahead, there is much uncertainty surrounding how to better manage properties, 

working landscapes, and a biome with cedar populations. 

 

Classroom management summary: 

Total Estimated Time: 3.5 to 5.25 hours (all times are guesses)  

 

Table K.1 Time management suggestions.  

Class 

time 

Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Class 7 

 

 

50 

minutes 

Section 

1A 

Section 1B Section 

1C 

Part 2: stop 

after task 1 

Part 2: stop 

after 

instructor led 

discussion of 

task 2-3 

Part 2: 

stop after 

groups 

discuss 

tasks 8-9 

Complete 

part 2; 

assign essay 

 

 

1.25 

hours 

Section 

1A-B 

Section 1C; 

Part 2: stop 

after task 1 

Part 2: 

stop after 

groups 

discuss 

tasks 8-9 

Finish part 2; 

assign essay 

Instructor-led 

discussion of 

essay 

question 

(optional) 

  

 

 

2 hours 

Part 1 Part 2: stop 

after 

groups 

discuss 

task 7 

Finish part 

2; assign 

essay 

Instructor led 

discussion of 

essay 

question 

(optional) 
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Part 1: System perspectives during Euro-American settlement  

Total time estimate: 1.75-2.5 hours  

Student handouts 1-2  

 Section 1A. Draw how to make toast (20 minutes) (can be skipped if students are familiar 

with concept maps)  

o Individual student concept maps (2 minutes)  

o Group concept maps (2-5 minutes)  

o Groups discuss concept maps (5 minutes)  

o Instructor-led discussion (5 minutes)  

 Section 1B. Case study introduction  

o Students read narrative (5-10 minutes)  

o Groups complete questions 1-2 (5 minutes)  

o Instructor-led discussion of question 1-2 (10 minutes)  

o Groups complete question 3-4 (15 minutes)  

o Group presentations of questions 3-4 (10 minutes)  

o Instructor-led discussion of questions 3-4 (5-10 minutes)  

 Section 1C. Introducing cedar apple rust (30-45 minutes) (can be skipped or assigned as 

homework if time is limited)  

o Students read narrative and complete questions 1-2 in groups (10-15 minutes)  

o Group presentations of questions 1-2 (10 minutes)  

o Instructor-led discussion of questions 1-2 (5 minutes)  

o Groups complete question 3 (5 minutes)  

o Group presentations of question 3 (10 minutes)  

o Instructor-led discussion of question 3 (5 minutes) 
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Part 2. Merging multiple perspectives and scales in contemporary landscapes 

Total time estimate: 1.5-2.25 hours 

Student handouts 3-5 

 Students read assigned narrative (handout 3 or 4) (5 minutes) 

 Groups complete task 1 on assigned handout (20 minutes)  

 Jig saw: groups are rearranged (2 minutes) 

 Students complete task 1 on handout 5 (20 minutes) 

 Group presentations of task 1 (10 minutes 

 Instructor-led discussion of task 1 (5-10 minutes) 

 Groups complete tasks 2-3 (5-10 minutes) 

 Instructor-led discussion of tasks 2-3, including student explanations (10 

minutes) 

 Groups complete tasks 4-6 (5-10 minutes) 

 Groups discuss task 7 (5 minutes) 

 Group presentations of task 7, including student explanations that 

incorporate responses from tasks 4-6 (10 minutes). 

 Instructor led discussion of task 7 (5 minutes) 

 Groups discuss tasks 8-9 (5 minutes) 

 Group presentations of tasks 8-9, followed by instructor-led discussion 

(15-20 minutes) 

 Instructor-led discussion of question 10 (5-10 minutes) 

 Assign synthesis take home essay question 
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Part 1: System perspectives during Euro-American settlement  

 

Total Estimated Time: 1.75-2.5 hours depending on modifications 

 

Necessary Materials: large easel paper pad, sticky notes, or white boards; note or printer 

paper; markers or other writing utensils; Student Handout 1 

 

Section 1A. Draw how to make toast (15-20 min) 

 

We begin the case study with an altered version of an exercise developed by Tom Wujec 

(www.drawtoast.com) to introduce the idea of mental models, team work, and systems 

thinking. 

 

Step 1: Divide students into small groups of about 4-6 students. Give each group a large 

piece of paper and markers. Make sure each student also has a piece of note paper and a 

writing utensil.  

 

Step 2: Without talking or discussing with their neighbors, ask each student to draw how 

to make toast in 2 minutes on their note paper. Once they are finished drawing, they 

should hide their paper away, without showing any of their neighbors.  

 

http://www.drawtoast.com/
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Step 3: Ask the students to complete the same exercise, but this time, working as a group. 

Students should use the large easel pad paper and markers provided at the start of the 

exercise. Again, don’t let students talk to one another, but just draw their map as a group. 

Provide students between 2 to 5 minutes to complete their drawings as a group.  

 

Expectation: Groups will produce multiple drawings connected by arrows that 

diagram the different stages of making toast. 

 

Step 4: Now have students compare their personal drawings with their group’s drawing. 

Ask students what they notice about the differences in how the picture emerged when 

they thought about the problem on their own compared to as a group.  

 

Expectation: Group drawings will have more information and complexity than 

individual drawings. 

 

Step 5- Assessment: The instructor should ask the class what they noticed about their 

drawings and what they feel this exercise demonstrates. During this brief discussion, the 

instructor should emphasize the importance of teamwork and integrating multiple points 

of view to better capture the process of making toast. Moreover, highlight how they have 

drawn system process by using links (arrows) and nodes (the pictures). More complex 

drawings might represent multiple processes interacting. Their drawings reflect a simple 

concept map resembling a system that results in the creation of toast. 



382 

 

 

Modification Option: If class is familiar with concept mapping consider skipping this 

section.   

Section 1B. Introduce case study (1-1.25 hours) 

This section introduces part I of the case study beginning in the Great Plains grasslands in 

the late 1800’s. Students will be asked to consider a common problem among Euro-

American settlers of the Great Plains during this time period: increasing their quality of 

life in such an arid system. Students will be asked to extract relevant system components 

from the case study description and create a system map to represent interactions among 

multiple social, ecological, and economic components. 

Step 1: Provide each student ‘Student Handout 1’, which gives an overview of a problem 

Euro-Americans were faced with in the late 1800’s and the motivations that led to one of 

the world’s largest afforestation programs. This can be assigned as homework or done in 

class (5-10 minutes). 

Step 2: In small groups (3-5 students), provide students 5 minutes to complete questions 

1 and 2 on Student Handout 1:  

1. Use the above scenario (1.1 A rare species in a hostile environment) to create a 

list of key components related to how you will decide whether or not to plant 

trees. 

2. From your list identify which components are related to grassland ecology and 

which components are related to social benefits/consequences. 
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Step 3: Discuss as a class what each group determined to be important system 

components and why (10 minutes). Student groups may identify different concepts, this is 

okay. However, if groups are missing some important components (below) introduce 

them at this point. These components will be used later to create concept maps that will 

be built on as we move further into the case study. 

Student groups can include many additional components but important ones include: 

 Grass/grasslands community 

 Fire 

 Trees 

 Tree planting 

 People 

 Benefits associated with trees 

TIP: If students are new to concept mapping it may be helpful to limit the number of 

components in this initial exercise to 15-20. Using too many components may be 

overwhelming to students that are unfamiliar with using concept maps. More components 

will be added later in the case study.  

Step 4: In small groups provide students with markers and large easel paper and allow 

them ~15 minutes to complete question 3 and 4 on Student Handout 1 (below): 
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3. Create a concept map using these concepts to understand how you will decide 

whether or not to plant trees. In your maps, label the arrows (+/-) to show the 

nature of relationships. 

 

4. Using your concept map, does planting trees appear to be a win-win solution to 

improving quality of life or do trade-offs exist? Explain your reasoning in groups. 

Students should use arrows to draw positive and negative interactions between different 

system components. Positive arrows should represent an interaction where one 

component increases the other, while negative arrows should represent an interaction 

where one component decreases the other.  

Expectation: below are examples of a relatively simple concept map with 

important concepts and a more detailed example with many concepts.  
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NOTE: The example concept maps are provided for the instructor to help evaluate 

student maps. Social components are colored blue and ecological components are colored 

orange. Student maps will be very different, this is okay. Students can modify their maps 

throughout the case.  

TIP: Teach by wandering around. Observe students work and ask them to explain their 

ideas and the maps as they develop them. Keep pointing them back to the intent of the 

map so that maps do not become overly complicated. 

Step 5- Assessment: Ask each group to select one representative to stand and give a 1-2 

minute presentation to the class on the system map that they made, emphasizing 

differences between their maps and those of other groups. In their presentation, they 

should also state what action will likely best increase the quality of life for settlers of the 

Great Plains based on the information that they have. 
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Expectation: Students may have different interactions among different system 

components, but the general interactions will likely be similar, as they are 

emphasized in ‘Student Handout 1’ narrative (1.1 A rare species in a hostile 

environment). Most or all groups should highlight tree planting as the solution to 

the current problem of improving quality of life based on the information given. 

Step 6: Discuss with the class how social and ecological components interact to guide 

decision making. Emphasize how under the provided perspective, tree plantings appears 

to be a win-win solution (5-10 minutes).  

OPTIONAL: The instructor can discuss some of the decisions that were actually made 

and how they were implemented with policies. Examples include:  

 

● Timber Culture Act: granted homesteaders 160 acres of land with the 

requirement that they plant trees on 40 acres within 10 years.  

 

● Forest reserves and nurseries established: President Theodore Roosevelt 

designates forest reserves in treeless regions of Nebraska for tree planting 

experiments, timber production and later the dissemination of trees to private 

landowners.  

 

● Kinkaid Act: resulted in the free distribution of trees to landowners in regions of 

western Nebraska.  
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● Clarke-McNary Act: authorizes and directs states to encourage tree planting on 

private lands. Results in incentivized tree planting programs in the Great Plains.  

 

● Great Plains Shelterbelt Project: a response to the dust bowl that aimed to 

establish a 160 km shelterbelt zone along the 99th meridian from North Dakota to 

Texas. 

 

● Local to national level tree planting incentives: many tree-planting incentive 

programs exist today and are offered through local conservation districts, state 

forestry agencies, and the USDA Natural Resource Conservation Service.    

Section 1C. Introducing cedar apple rust (30-45 min) 

This section emphasizes the introduction of a new component to the system, cedar apple 

rust, which began to emerge in the early 1900’s. Cedar apple rust is the first unintended 

consequence of tree planting in the Great Plains. The emphasis of this section is to 

highlight trade-offs caused by various interactions among system components. In this 

instance, tree planting negatively influences apple production, thus leading to negative 

outcomes for some landowners’ quality of life. 

Step 1: Distribute ‘Student Handout 2’ to students in small groups and give them 10-15 

minutes to complete questions 1 and 2:  
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1. Incorporate key components from the cedar-apple rust problem into your concept 

map.  

2. How does incorporating cedar-apple rust into your concept map change how you 

will decide whether or not to plant trees? Do win-win or trade-off scenarios 

emerge? 

Expectation: Apple production and cedar-apple rust are the key components 

students should extract and incorporate into their concept maps. 

 

 

Step 2- Assessment: Ask each group to select one representative to stand and give a 1-2 

minute overview of the changes to their concept map and how this simple addition may 

have changed their assessment of win-win or trade-off scenarios of planting Eastern 
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redcedar. Presentations by small groups can be followed by a short class discussion on 

differences among group assessments of the cedar-apple rust problem.  

 

Expectation: Students should identify that a trade-off scenario emerges, 

complicating how to decide whether or not to plant trees.  

Step 3: In the same small groups students will discuss question 3 (~2-5 minutes) from 

Student Handout 2:  

3. What actions or policies could be implemented to address the cedar-apple rust 

problem? 

Emphasize that they are not expected to come up with clear solutions when trade-offs 

exist, but instead identify how this problem could be addressed to minimize trade-offs. 

Students should consider the perspectives of both apple producers and nearby landowners 

with planted Eastern redcedar.   

Step 4: Student groups present their answers to question 3 of Student Handout 2 to the 

class (1-2 minutes), followed by a discussion on differences among groups. Students are 

then presented with the actual historical policy changes and outcomes that emerged as a 

response to cedar apple rust problem:  

Faced with the extinction of their industry, the orchardists in Nebraska turned to the state 

legislature for help. For its part, the legislature realized that if it let cedars grow 

unregulated, apple production would not be a viable commercial industry in the state. To 



390 

 

 

address the cedar rust problem, the legislature passed a law requiring the removal of all 

cedar trees within two miles of apple orchards of 1,000 trees or more. At first, the law 

provided compensation for the loss of the cedar trees, but when it became apparent cedar 

owners could allow their trees to grow freely and then be paid for their removal, the law 

was amended. Instead of compensation, cedar owners were fined if they did not remove 

their cedars within the two mile cedar-free zone. With the cedar law in place, orchardists 

were able to continue apple production. The cedar rust policy remained in place until 

fungicides arrived in the market at the start of the 1950’s and allowed, with persistent 

spraying, cedar trees and apple trees to coexist in close proximity. 

Modification Option: If you have a shorter course period consider assigning ‘Student 

Handout 2’ as homework to be completed outside of class. Once students submit their 

answers, the actual responses to cedar apple rust problem provided in Step 4 can be 

posted on the class website or discussed at the beginning of the next class.   
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Part 2: Merging multiple perspectives and scales in contemporary landscapes  

Total Estimated Time: 2-2.5 hours  

Necessary Materials: large easel paper pad, sticky notes, or white boards; markers or 

other writing utensils; Student Handout 3, 4, & 5; Group concept maps developed in ‘Part 

1’ of the case study 

Part 2 of this case study introduces greater complexity into the system students modelled 

in Part 1 of the case study using a role play/jigsaw exercise. Students will be presented 

with the current issue of Eastern redcedar invasion across contemporary grassland 

landscapes. Students will consider perspectives of different stakeholders relative to the 

problem of cedar invasion to gain an understanding of how differing perspectives that 

vary across scales can interact to shape a complex system. 

Step 1: Ask students to re-join their small groups from Part 1 of the case study and 

provide students with their concept maps developed in Part 1.  

Step 2: Assign half of the small groups to the rancher’s perspective and provide them 

with Student Handout 3. Assign the other half of the students to the Federal Grassland 

Management Service’s perspective (fictional; FGMS) and provide them with Student 

Handout 4. Each hand out describes the current issue in this system as cedar invasion into 

grasslands, and provides the system components most valued and understood by each 

stakeholder group. Students should spend 5 minutes reviewing the description of their 

stakeholder’s view of the cedar problem. 
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NOTE: The Federal Grassland Management Service is a fictional agency created to better 

represent all resources in a grassland socio-environmental system. Other stakeholder 

groups are focused on a relatively narrow set of resources, which likely contributes to 

current disagreement over how to navigate the cedar issue. This point can be illustrated 

following stakeholder assessments towards the end of the case study.  

Step 3: Allow small groups a maximum of 20 minutes to complete question 1 from their 

assigned Student Handout: 

1. Use the Federal Grassland Management Service’s/rancher’s perspective to 

modify your concept map. Note that cedar’s context has changed socially in the 

system. Your concept map will now be used to understand how to navigate cedar 

invasion. 

 

Modifying concept maps should include both the addition of new system components 

relative to their stakeholder’s perspective, as well as any changes to system interactions 

in the contemporary system. Important alterations concept maps should include are: (1) 

cedar planting contributes to invasion which promotes woodlands; (2) tree 

invasion/woodlands negatively influence grasslands; (3) consequences of tree invasion 

emerge. 

Expectations:  

Important components from the rancher’s perspective include: 

● Aesthetics (may also be captured in cultural identity) 

● Cultural identity (to ranching, grasslands and/or planted cedar) 
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● Income 

● Livelihood (ability of ranch to support a family) 

● Water yield  

● Wildlife  

● Tree invasion 

● Tree removal 

● Other benefits and consequences associated with cedar 

 

Example concept map to help evaluate student maps for the rancher’s perspective: 
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Important components from the Federal Grassland Management Service’s perspective 

include: 

● Allergies 

● Biodiversity 

● Carbon storage 

● Livestock 

● Public land school funding 

● Recreation 

● Threatened and endangered species 

● Wildfire risk 

● Woodland 

● Wood products 

● Tree removal 

● Tree invasion 

● Other benefits and consequences associated with cedar 

 

Example concept map to help evaluate student maps for the FGMS’s perspective: 
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Step 4: Provide students handout 5. Announce that a meeting of stakeholders has been 

called to address the growing cedar issue, requiring representatives from each stakeholder 

group to attend and determine how to navigate the cedar issue. Ask half of the students 

from each rancher small group to trade places with members from an FSGM group. Each 

small group should now contain 2-3 students assigned the rancher perspective and 2-3 

students assigned the FSGM perspective. Ask students to complete question 1 from 

Student Handout 5: 

 

1. In your new groups merge the rancher’s and FSGM’s perspectives to understand 

how to navigate the cedar issue. 

 

Providing a new sheet of large easel paper may be necessary. It is important to note that 

each stakeholder group represents a different perspective based on scale and context. 
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Thus students will need to integrate a multi-scale perspective into their concept maps. 

Provide students with a maximum of 20 minutes to rebuild their maps.  

 

Expectations:  

 

Example of an integrated concept map:  

 

Step 5- Assessment: Have each group provide a 1-2 minute explanation of their concept 

map for understanding how to navigate the cedar issue. At this point, the instructor 

should provide guidance to small groups that have missed key relationships in their 

concept maps as these maps will help them conduct final exercises.  

 

Expectation: Students will have different looking concept maps. The important 

part is that they identified appropriate connections between tree planting, tree 
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invasion and grasslands, along with their relationships to social 

benefits/consequences (i.e., ecosystem services).  

 

Step 6- Discuss as a class why integrating multiple view-points and scales is relevant to 

understanding the cedar issue. Discussion could be stimulated by asking how independent 

stakeholder maps look different than maps when the view-points are merged. 

 

Step 7- In small groups, provide students 5-10 minutes to complete questions 2 and 3 on 

Student Handout 5:  

 

2. Using your concept map identify:  

○ What system components support a grassland?  

○ What system components support a cedar woodland?  

 

3. Using your concept map, determine whether the following policies/actions 

support a grassland, woodland, or both.  

○ Incentivized cedar planting  

○ Incentivized cedar removal 

○ Removal of seed producing cedar trees 

○ Fire suppression 

○ Prescribed burning 

○ Restricting the number of days prescribed fires can be conducted  
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○ Doing nothing   

 

Expectations:  

Question 2: Grasslands are supported by interactions between fire and herbaceous 

fuels. Cedar woodlands are supported by cedar planting, invasion, and fire 

suppression or restriction.  

 

Question 3: 

Policies/Actions that support grasslands 

● Incentivized cedar removal: promotes recovery of herbaceous fuels 

● Removal of seed producing cedar trees: does not necessarily support 

grasslands but is meant to “freeze” feedbacks that promote a cedar 

woodland transition 

● Prescribed burning: promotes feedbacks that maintain grassland 

dominance 

 

Policies/Actions that support cedar woodlands 

● Incentivized cedar planting: supports feedbacks that promote a cedar 

woodland transition  

● Fire suppression: interrupts grassland stabilizing feedbacks  

● Restricting the number of days prescribed fires can be conducted: 

constrains feedbacks that maintain grasslands  
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● Doing nothing: In areas with cedar propagules doing nothing erodes the 

resilience of grasslands leading to cedar invasion 

 

Step 8- Assessment: Discuss with students what they found and how it relates to 

navigating the cedar issue. Students should be able to use their concept maps to identify 

that different feedbacks support grasslands versus cedar woodlands, and that specific 

policies/actions tend to support one of these feedbacks. These questions illustrate socio-

environmental connections between feedbacks that support alternative stable states and 

how policies/actions can support a stable state or drive a transition to an alternative state.  

 

Step 9: In small groups, ask students to complete questions 4 to 6 on Student Handout 5: 

 

4. Use your concept map to create ecosystem service assessments for a grassland 

and cedar woodland. Populate the ecosystem service diagrams with arrows to 

show the relative support for each ecosystem service provided by native 

grasslands versus Eastern redcedar woodlands (unsupported to maximum 

support) (see example). Arrows in the red zone show no support from the system 

of interest, arrows in green show varying levels of support.  
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5. Conduct a stakeholder analysis using arrows to connect stakeholder groups to 

their most valued ecosystem service(s). Many stakeholders will value multiple 

ecosystem services. 
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6. Different stakeholder groups use different approaches for managing ecosystem 

services in grassland systems. Use arrows to connect stakeholders to 

policies/actions you expect them to implement. 

 

MODIFICATION OPTION: If students are unfamiliar with the listed stakeholder groups 

these questions can be modified to better suit your classroom. Figures for questions 4-6 

can be downloaded from the following link: https://drive.google.com/file/d/1Og1C945O-

o0fhyZzwg7h4oFaU9MHuOkc/view?usp=sharing 

 

Expectations 

Question 4: The student’s ecosystem service diagrams should clearly illustrate 

that that grasslands and cedar woodlands support ecosystem services differently. 

This introduces the concept of ecosystem service “bundles” or “suites”, which 

shifts the importance from single ecosystem services to bundles of services 

supported by a socio-environmental system. For more on ecosystem service 

bundles see Raudsepp-Hearne et al. (2010).  

 

https://drive.google.com/file/d/1Og1C945O-o0fhyZzwg7h4oFaU9MHuOkc/view?usp=sharing
https://drive.google.com/file/d/1Og1C945O-o0fhyZzwg7h4oFaU9MHuOkc/view?usp=sharing
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Question 5: Students should identify that stakeholder groups identify with 

different ecosystem services and that no single agency mission encompasses all 

ecosystem services of an ecosystem service bundle. Most agencies/stakeholders 

are focused on a single or few ecosystem services, not ecosystem service bundles 

that represent a socio-environmental system. The Federal Grassland Management 

Service (FGMS) is a fictional agency created by the authors to better represent all 

ecosystem services in a grassland socio-environmental system.  

 

Question 6: Students should identify similarities and differences in the 

policies/actions used by stakeholder groups. Another point that should emerge is 

that a single agency may use contradictory policies/actions that support grasslands 

and others that may support a cedar woodland.   

 

Step 10: Provide 5 minutes for groups to discuss question 7 from Student Handout 5. 

Emphasize that questions 2-6 should be used to help guide this discussion. 

 

7. Using what you have learned in the case study, describe potential points of 

conflict and agreement in determining how to navigate the cedar problem. 

Think about ecosystem service tradeoffs versus win-wins and how these relate 

to socio-environmental feedbacks (i.e., questions 2-6).  
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Step 11-Assessment: Have each group provide a 1-2 minute explanation of their response 

to question 7. Group presentations should be followed by an instructor led discussion (10-

15 minutes). The following key points can be used to help facilitate discussion:  

 

1. Grasslands and cedar woodlands are supported by different socio-environmental 

feedbacks that negatively influence each other. That is, cedar woodland 

transitions occur at the expense of grasslands.  

 

2. Grasslands and cedar woodlands are associated with different social benefits and 

consequences. This creates complex socio-environmental trade-offs.  

 

3. Not all ecosystem services can be maximized, some increase at the expense of 

others. Policies and actions that support opposing ecosystem services can erode 

the resilience of a socio-environmental system (and the associated ecosystem 

service bundle) and lead to unexpected and undesirable transitions.  

 

4. Stakeholder’s values tend to be associated with a few or single ecosystem 

services, not with ecosystem service bundles. The Federal Grassland Management 

Service is a fictional agency that was created to better represent all grassland 

ecosystem services for the purpose of this case study.  
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5. Traditional policies and actions focused on a single or few ecosystem services can 

lead to conflicting policies among and within stakeholder groups, in that some 

policies support grasslands, while others support a cedar woodland. This can lead 

to disagreement in deciding how to navigate the cedar issue.  

 

Step 12: Provide groups 5 minutes to discuss questions 8-9 from Student Handout 5: 

 

8. What assumptions did Great Plains citizens make in part 1 of the case study 

that led to a biome-wide afforestation program? Did these assumptions prove 

to be true in part 2? Explain your reasoning.  

 

9. What assumptions are made in part 2 of the case study to help us understand 

how to navigate the cedar issue? Explain. 

 

Step 13-Assessment: Have each group provide a 1-2 minute explanation of their 

responses to question 8-9. Group presentations should be followed by an instructor led 

discussion on the similarities and differences among groups (15-20 minutes). Important 

points to help facilitate discussion include:  

 

An assumption from part 1 was that planted cedar trees would not become 

invasive (referred to as casual, adventive and naturalized species in invasion 

biology). Moreover, widely held assumptions were that planting cedar trees was a 
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win-win solution to increasing human well-being. In other words, it was assumed 

that tree planting could be used to increase specific ecosystem services (e.g., wind 

protection) without compromising other ecosystem services.  

 

Assumptions from part 2 are a little trickier. In some regions stakeholders are still 

making the above assumptions. An important (and contradictory to above) 

assumption today is that cedar invasion will not stop until grasslands have 

transitioned to a cedar woodland state or until all propagules have been removed. 

There is plenty of evidence across the Great Plains to support this assumption and 

the consequences that result from cedar invasion. Looking ahead, where we 

assume cedar invasion is possible and where it is not will be a critical assumption 

for influencing land management decisions and environmental outcomes. For 

example, it is widely regarded that cedar invasion is not possible in large regions 

of South Dakota and North Dakota, yet cedar is commonly planted in these states.  

 

Step 14: As a class discuss question 10 from Student Handout 5 (5-10 minutes): 

 

10. What information would you want to know in order to make policy and 

management decisions regarding the cedar issue on a property, county, and 

state? 
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Questions to help facilitate discussion:  

 Is cedar invasion occurring now, and is it possible?  

 How far along is the cedar invasion process?  

 What are important ecosystem services in the area of interest?  

 How effective are different management actions/policies?  

 How much of the area is invadable (e.g,. grasslands versus corn fields and 

parking lots)? 

 What are public perceptions of planting cedar and cedar invasion?  

 What are the relevant stakeholders?  

 What are the potential tradeoffs/consequences?  

 How much do “solutions” cost, and who will pay?  

 How much control do stakeholders have at property, county and state 

levels? 

 How much uncertainty exist at property, county and state levels? 

 

Step 15-Assessment: Assign take home essay question:  

A recent study published in Science (Bastin et al. 2019) predicts that the world 

can support more than 2 billion acres of trees in addition to the current 8.6 billion 

acres. Adding this many trees to the planet is predicted to lower atmospheric 

carbon pool by about 25%, but would require converting many grasslands into 

woodlands and forests. Many countries are in the early stages of afforestation, 

planting millions of trees in grass dominated ecosystems. Using what you have 
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learned from this case study, write an elevator pitch (no more than 200 words) 

that you would use to help a manager understand how to decide whether or not to 

plant trees in a grassland dominated ecosystem.  

 

Modification Option: If you have a shorter course period (~1 hour) consider assigning 

questions 2-6 of ‘Student Handout 5’ as homework and then discuss questions 7-10 at the 

beginning of the next class. If this modification is used skip steps 7-9.  

 

Assessment:  

Students will be graded for participation in class discussions throughout the case study. 

Instructors can require a different student to present their group’s summary to encourage 

participation from all students; there are 7 points in the case study where students are 

required to summarize their group’s discussion. The elevator pitch students are required 

to prepare for their take home essay will be used as a summative assessment of student 

learning. Students can also be asked to turn in written responses following class 

discussions. We recommend written responses to the following discussion points:  

 

 Part 1B, step 5: explain the system map [how to decide whether or not to plant 

trees] your group created and indicate how this was used to determine what 

actions could be used to increase quality of life for settlers of the Great Plains.  
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 Part 1C, step 2: explain the changes to your group’s concept map [with the 

addition of the cedar apple rust issue] and how this simple addition altered the 

assessment of win-win versus trade-off scenarios of planting Eastern redcedar.  

 

 Part 2, step 8: explain the feedbacks that support grasslands and cedar woodlands 

(question 2 from student handout 5) and how the listed policies (question 3 from 

student handout 5) influences these feedbacks.  

 

 Part 2, step 11: describe potential points of conflict and agreement in determining 

how to navigate the cedar problem. Think about ecosystem service tradeoffs 

versus win-wins and how these relate to socio-environmental feedbacks. 

 

 Part 2, step 13: explain your responses to the following questions.  

 

 What assumptions did Great Plains citizens make in part 1 that led to a biome-

wide afforestation program? Did these assumptions prove to be true in part 2?  

 

 What assumptions are we making today in regards to the cedar issue?  
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STUDENT HANDOUT 1 

 

1. Background 

Nebraska has been called a fly over state for decades. There aren’t any visitors 

coming through Wheeler County to hike mountains or dip their toes in the ocean. But for 

residents, you couldn’t find a better view than the rolling sea of green and gold grasses 

stretching across an endless horizon. For generations, ranchers like Henry Miller have 

enjoyed the secret beauty of the quite wide-open. Like the hardy trees planted along the 

pasture’s edge so long ago, the family memories are entrenched in the lines and breaks of 

the landscape. 

“When I was younger, I used to ride my ATV out there,” Henry says, tracing a dark 

patch to the left of the porch with his index finger. The sun is setting. Its beams are 

difficult to distinguish from the waves of grass that crash against the darkened trees in the 

wind. The tree patch’s edge bleeds into the landscape, like sea breaks into a golden 

ocean. “One time I was riding up to the east pasture and flipped over a cedar tree hidden 

in the grass. Took me ages to get back to the house, and I broke my arm.” 

He brushes his arm absentmindedly as he says “I told my dad that we needed to cut 

down some of the trees popping up in the pastures- ‘They’re a hazard!’ Well, you should 

have seen his face!” He laughs, and then says in a crackly imitation, “Henry, you don’t 

ever cut a tree down in the Sandhills, do you hear me? Do you know how hard it was to 

get those things to survive out here?” 
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His smile fades and he sighs, looking back across the darkening landscape. “Funny, 

ain’t it? Seeing as now, no matter how hard I try, I can’t cut these damn things down fast 

enough!” 

In many regions of the Great Plains, Eastern redcedar has transitioned from a rare 

species used to improve the quality of life of homesteaders, to an invasive pest. In this 

case study we follow cedar’s changing role from rare to invasive in Nerbaska’s grassland 

systems in order to explore the social-ecological dimensions of environmental decision 

making.  

 

1.1 A rare species in a hostile environment 

Food, water, shelter, and fuel are essential resources, and accessing most or all of 

them at the same time is a common human challenge. Early European American settlers 

on the North American Great Plains found weather and resource availability extreme and 

unpredictable. One of the most noticeable differences between Great Plains landscapes 

and those of eastern North America and Europe was the plains’ lack of trees. Trees 

provided fuel, lumber, food, windbreaks, and shade. Settlers liked trees, but they were 

rare, and those that did grow huddled along streams and in areas with rough terrain—

areas that did not burn. Prairie fires set by Native Americans and lightning strikes were 

common up until the turn of the twentieth century. These frequent fires generally 

encouraged grass growth and discouraged tree growth, to the point of making most of the 

plains virtually treeless. People thought planting trees could make life better. Orchards of 

fruit trees yielded both fruit and shade, and shelterbelts of eastern redcedar shielded 
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people, buildings, and livestock from strong Great Plains winds. For these reasons, 

government programs incentivized settlers to improve their properties through tree-

planting. In addition, putting out prairie fires helped ensure that planted trees would 

survive to maturity and continue to provide benefits, so a culture of fire-suppression 

developed. In this scenario, is tree-planting a worthwhile activity? 

 

________________________________________________________________________ 

Group tasks:  

1. Use the above scenario to create a list of key components related to how you will 

decide whether or not to plant trees. 

 

2. From your list identify which components are related to grassland ecology and 

which components are related to social benefits/consequences.  

 

3. Create a concept map using these concepts to understand how you will decide 

whether or not to plant trees. In your maps, label the arrows (+/-) to show the 

nature of relationships. 

 

4. Using your concept map, does planting trees appear to be a win-win solution to 

improving quality of life or do trade-offs exist? Explain your reasoning in groups.  
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STUDENT HANDOUT 2 

 

The cedar-apple rust problem  

Some of the European-American settlers who moved into the Great Plains planted 

orchards in the hope that fresh fruit could become a viable commercial industry for the 

region. Settlers who planted apple orchards followed their neighbors’ common practice of 

planting Eastern redcedar for windbreaks. In the orchardists case, these windbreaks were 

planted specifically around the orchards to protect them from the cold, wind, and snow of 

the Great Plains. As the orchards and the windbreaks that protected them grew, however, 

the orchardists experienced the first serious drawback to tree planting, which their 

neighbors had not: a type of fungus called cedar-apple rust.  

 

The rust is heteroecious, which means it requires two different species in order to 

complete its lifecycle. You will not be surprised to learn that this particular rust requires 

cedar trees and apple trees in order to complete its lifecycle. Without both species in 

proximity to each other, the rust will not affect the trees. For the first stage of the 

lifecycle, the fungus creates “cedar galls” - hard, nut-like spheres - on the branches of the 

cedar trees. The galls are mostly harmless to cedars, although in cases of extreme 

infestation they can become weighed down by large numbers of galls. The galls then 

bloom into “cedar flowers,” which extend long tendrils that allow the wind to blow the 

fungus to the apple trees for the second stage of the lifecycle. Unlike with cedars, the 

fungus has a much more adverse impact on apple trees. Leaves form lesions, and apple 
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production is stunted. The apples that are produced have orange or brown lesions 

themselves, and are commercially unsalable. Extreme infestation can dramatically stunt 

tree growth or even kill them off.  

 

While the cedar-apple rust affected apple orchards from the east coast to the Great 

Plains, Nebraska orchardists in particular suffered heavy infestations because they had 

intentionally planted both types of trees next to each other. Faced with the collapse of 

their industry, orchardists removed the windbreaks from around their apple trees. 

Unfortunately, it was not enough. Even with the windbreaks removed, the rust was able 

to use cedars from neighboring properties to maintain its lifecycle. For the neighbors, 

these cedar trees held value as windbreaks for their own properties, or were a source of 

cultural pride, and were reluctant to take them down.  

________________________________________________________________________ 

Group tasks:  

1. Incorporate key components from the cedar-apple rust problem into your concept 

map.  

 

2. How does incorporating cedar-apple rust into your concept map change how you 

will decide whether or not to plant trees, do win-win or trade-off scenarios 

emerge?  
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3. What actions or policies could be implemented to address the cedar-apple rust 

problem?  
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STUDENT HANDOUT 3 

 

From rare to invasive: a rancher’s perspective 

As a sixth-generation rancher, Herb Husker knows his property and everything 

contained within it as well as he knows his own kids. Herb loves the prairie, and always 

makes sure to take some time out of his busy day to just take it all in: the wide stretches 

of grass and sky, the patterns the grass makes as it moves with the wind, the beautiful 

grassland birds. Herb also loves what he does, working outside and managing cattle. 

Aside from four years at college, Herb has spent his entire life working on the Big Red 

Ranch, and he hopes at least some of his children and grandchildren will continue 

working the ranch long after he is gone. However, for the past decade or so Herb has 

become increasingly worried his vision of the future is in jeopardy. When Herb worked 

on the ranch as a child, the landscape was almost treeless; only a few trees near the creek 

and the cedars planted as windbreaks for the cattle broke up the endless sea of grass.  

As time has passed, though, more and more cedar trees have popped up on the 

landscape. At first, cedar invasion was so slow Herb barely registered the change as 

spreading cedars simply became part of the landscape over the course of the years. 

Recently, however, cedar trees have popped up faster and occupied ever more of the good 

quality rangeland Herb and his family rely on to feed their cattle. Herb is also concerned 

with how much water all of these trees are pulling up from the creek and the aquifer. 

Herb fears the trees are now spreading too far and too fast to manage, especially since 

bringing in heavy tree removal equipment would be too expensive for a land-rich but 
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cash-poor ranching operation. Prescribed burning would be a good option, but Herb is 

unfamiliar with this approach and does not want to excite his neighbors. Herb recently 

heard from another rancher about a community meeting being organized to discuss cedar 

invasion and what could be done about it. Herb has decided to attend the meeting to learn 

about the other interested parties, and to provide his comments and concerns about what 

needs to be done to address the tree invasion problem and keep productive rangeland as 

productive rangeland. 

 

________________________________________________________________________ 

Group task:  

 

1. Use the rancher’s perspective to modify your concept map. Note that cedar’s 

context has changed socially in the system. Your concept map will now be used to 

understand how to navigate cedar invasion. 
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STUDENT HANDOUT 4  

 

From rare to invasive: Federal Grassland Management Service’s perspective 

The Federal Grassland Management Service’s mission is to manage federally 

owned grasslands, conduct research, and provide funding, and expert advice for owners 

of privately-held grasslands in a way that promotes a good quality of life on the Plains. 

The purpose of this mission is to conserve healthy grasslands for multiple uses, such as 

cattle production, recreation, and hunting opportunities, both for people today and for 

future generations. To ensure a good quality of life, FGMS must consider a range of 

factors, both ecological and social. Furthermore, as a federal agency FGMS is obligated 

to consider a range of environmental effects, such as the environmental impacts of its 

projects and risks to threatened and endangered species. The agency also does its part to 

help address climate change. FGMS has watched with increasing concern as cedar tree 

invasion has occurred across the Great Plains, with invasion occurring faster in the 

southern states.  

In response to rising concerns, the FGMS met with scientists from the University 

of Nebraska to discuss the impacts of cedar invasion in the Great Plains. Scientists 

explained that cedar invasion has been shown to convert a grassland into a dense cedar 

woodland in 40 years if left unchecked. Moreover, there are many consequences that 

emerge when grassland transition to cedar woodland and include: a loss of forage for 

cattle and wildlife, reduced diversity of grassland plants and animals, reduced resources 

for insect pollinators, a loss of funding for public education generated from grazing leases 
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on school-owned properties, reduced water yield, increased wildfire risk, spring allergies 

are worsened as cedar pollen becomes more abundant, and species that are sensitive to 

cedar are at an increased risk for becoming threatened, endangered, or extinct. The 

scientists also noted that belowground carbon storage changes, but that both increases 

and decreases in belowground carbon have been observed depending on the study.  

Now, Nebraska is on the frontlines of cedar invasion. Cedar spread into 

grasslands brings a host of uncertainties to grassland management. FGMS is worried 

about the impacts to its multiple-use mission as well as both grassland ecological health 

and human health and safety. However, within the agency officials are divided on what 

should be done to address the problem. Some believe FGMS should focus on tree 

removal and grassland restoration projects, especially in the southern states where the 

impact of tree invasion has been felt the hardest. Other officials argue the agency needs to 

sacrifice already invaded areas in order to move aggressively to protect uninvaded 

grasslands. Still others question the concern over the spread of cedar which store more 

carbon aboveground compared to grasslands and generate wood products. As an initial 

compromise, FGMS has decided to send representatives to a community meeting in 

Nebraska on cedar invasion in order to (1) assess the positions of landowners and other 

stakeholders affected by the problem, and (2) promote the different paths forward FGMS 

is considering to gage stakeholders’ response. 

________________________________________________________________________ 
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Group task:  

1. Use the Federal Grassland Management Service’s perspective to modify your 

concept map. Note that cedar’s context has changed socially in the system. Your 

concept map will now be used to understand how to navigate cedar invasion. 
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STUDENT HANDOUT 5 

Group tasks:  

 

1. In your new groups merge the rancher’s and FSGM’s perspectives to understand 

how to navigate the cedar issue. 

 

2. Using your concept map identify:  

○ What system components support a grassland?  

○ What system components support a cedar woodland?  

 

3. Using your concept map, determine whether the following policies/actions 

support a grassland, woodland, or both.  

○ Incentivized cedar planting  

○ Incentivized cedar removal 

○ Removal of seed producing cedar trees  

○ Fire suppression 

○ Prescribed burning 

○ Restricting the number of days prescribed fires can be conducted  

○ Doing nothing 
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4. Use your concept map to create ecosystem service assessments for a native 

grassland and Eastern redcedar woodland. Populate the ecosystem service 

diagrams with arrows to show the relative support for each ecosystem service 

provided by native grasslands versus Eastern redcedar woodlands (unsupported to 

maximum support) (see example). Arrows in the red zone show no support from 

the system of interest, arrows in green show varying levels of support. 
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5. Conduct a stakeholder analysis using arrows to connect stakeholder groups to 

their most valued ecosystem service(s). Many stakeholders will value multiple 

ecosystem services.   
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6. Different stakeholder groups use different approaches for managing ecosystem 

services in grassland systems. Use arrows to connect stakeholders to 

policies/actions you expect them to implement.  

 

7. Using what you have learned in the case study, describe potential points of 

conflict and agreement in determining how to navigate the cedar problem. Think 

about ecosystem service tradeoffs versus win-wins and how these relate to socio-

environmental feedbacks (i.e., questions 2-6). 

 

8. What assumptions did Great Plains citizens make in part 1 of the case study that 

led to a biome-wide afforestation program? Did these assumptions prove to be 

true in part 2? Explain your reasoning.  

 

9. What assumptions are made in part 2 of the case study to help us understand how 

to navigate the cedar issue? Explain. 
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10. What information would you want to know in order to make policy and 

management decisions regarding the cedar issue on a property, county, and state? 

 

Take home essay question:    

 

A recent study published in Science (Bastin et al. 2019) predicts that the world can 

support more than 2 billion acres of trees in addition to the current 8.6 billion acres. 

Adding this many trees to the planet is predicted to lower atmospheric carbon pool by 

about 25%, but would require converting many grasslands into woodlands and forests. 

Many countries are in the early stages of afforestation, planting millions of trees in grass 

dominated ecosystems. Using what you have learned from this case study, write an 

elevator pitch (no more than 200 words) that you would use to help a manager understand 

how to decide whether or not to plant trees in a grassland dominated ecosystem. 
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APPENDIX L: SCALE 

This material has been published as an online teaching module (Fogarty, D. T., Barnes, 

Fowler, J. A., Hogan, K. F. E., Johnson, J. E., Ludwig, A., & Twidwell, D. [2020] Scale. 

Plant & Soil Sciences eLibrary (PASSeL), Department of Agronomy and Horticulture, 

University of Nebraska-Lincoln).  
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Abstract 

Scale represents the physical dimensions of time and space and provides the necessary 

context for our observations of the world. Different disciplines associate with different 

scales and confronting the most pressing global issues will require integration of 
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knowledge gained from multiple scales. In this lesson plan we discuss what scale is and 

how it helps us understand the natural world. 

 

Overview - What Will You Learn in This Lesson? 

This lesson discusses what scale is and how it relates to understanding and interpreting 

natural phenomena. 

 

Objectives 

This lesson covers the concept of scale. At the completion of this lesson, you should be 

able to: 

1. Explain the meaning of scale in terms of grain and extent in space and time 

2. Explain why different patterns can emerge from different scales 

3. Differentiate between functional and observational scale 

4. Explain how processes at broad scales can constrain those at fine scales 

5. Explain how fine-scale processes can become broad-scale processes 

 

Introduction - What Is Scale? 

Scale refers to the spatial and temporal dimension of natural phenomena and provides 

context for observations and measurement of objects, time, processes, and other 

phenomena (Turner and Gardner 2015). All observations have a spatial and 

temporal scale. Changing scales allow us to zoom in or out in time and space. In time, 
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this is like looking at a day in hour increments and then zooming into an hour with 

minute increments. In space, this is like zooming in or out of a google map. The two 

components of scale are grain and extent (Weins 1989). Understanding how to properly 

apply scale is fundamental to measuring, understanding, and interpreting the world 

around us. 

Grain is the size or duration of the individual units of observation (Weins 1989). Often 

referring to a plot size, pixel resolution, grid cells or the minimum unit of time from 

which observations are taken from. Extent is the entire window from which all 

observations are taken, referring to an area or time span. Extent and grain define the 

upper and lower limits of resolution, respectively, and are analogous to the total area and 

mesh size of a fishing net (Weins 1989). Extent is reflected in the total size of the fishing 

net and grain is reflected in the mesh size.  

Consider the importance of using an appropriate net for catching large fish in a study. To 

capture large fish we need a large enough net (extent) so that a reasonable number of fish 

will swim into the net. We also need a mesh size (grain) that will allow the large fish to 

partially pass through and get stuck in the net. If the net is too small not enough fish will 

encounter the net. If the mesh size is too large the fish will swim through the net and 

escape. If the mesh size is too small the researchers will only catch small fish. In order to 

catch large fish, fisheries researchers need to carefully select an appropriate net, 

otherwise they will not get the results they desire. This illustrates the importance of 
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selecting an appropriate scale to meet an objective. Misleading results and undesirable 

outcomes occur when scale is misapplied or ignored. 

 

Spatial Scale 

Spatial Scale: The entire area over which observation or management occurs (i.e., 

extent) and the smallest unit of observation or management action (i.e., grain). Spatial  

scale is changed when either extent or grain, or both are altered. Various spatial scales are 

shown in Figure 1 and illustrate differences in measurements arising from different 

scales. 
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Figure L.1 Two components of spatial scale, grain (top) and extent (bottom). The number 

of cells aggregated to form the new data unit (i.e., new grain size) is indicated by n; total 

area, or extent is indicated by a. Adapted from Landscape Ecology in Theory and 

Practice. (Figure 1.5), by Turner and Gardner, 2015, Springer.       
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Temporal Scale 

Temporal Scale: The entire timespan of interest (i.e., extent) and the smallest unit of 

time over which observations are aggregated (i.e., grain). Temporal scale is changed 

when either extent or grain, or both are altered. In Figure 2, spatial scale is constant 

and temporal scale is changed, illustrating how different patterns emerge from different 

temporal scales. 
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Figure L.2 Changes in soil organic matter content viewed from different temporal scales. 

An extent of days (lower panel) shows rapid fluctuation of soil organic matter from wind 

and insects. At an extent of years (middle panel), seasonal patterns of organic matter 

decomposition become apparent. At an extent of centuries (upper panel), organic matter 

accumulates with oscillations from changes in the vegetation community. Adapted from 

Landscape Ecology in Theory and Practice. (Figure 1.8), by Turner and Gardner, 2015, 

Springer and from "Processes of soil organic matter accretion at a mudflow 

chronosequence, Mt. Shasta, California," by Sollins et al., 1983, Ecology, 64:889-911.
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Effects of Changing Scale - What Happens When We Look at the Same Location in 

a Different Way? 

What happens when we change grain or extent? 

The extent of a scale can be changed independently of grain, that is, a small grain can be 

maintained as extent increases in size or time (Figure 3) (Turner and Gardner 2015). 

Grain and extent are often positively correlated, in that, as extent increases so does grain 

size (Wiens 1989; Turner and Gardner 2015). Changing the scale of observation (extent 

and/or grain) leads to changes in the variability between observations. For example, when 

extent is held constant, increasing the grain size results in less variability among 

observations. This is because fine differences are “smoothed” or averaged when large 

grain size is used to make observations (Weins 1989). When grain is held constant and 

extent is increased in non-uniform (i.e., heterogeneous) environments the variation 

between observations (grain) increases because increasing the extent incorporates more 

variety within the area or time of interest (Weins 1989).  
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Figure L.3 Relationships between variability and grain size. As grain size increases, the 

amount of variation between observations (e.g., plots) decreases (top panel). At the same 

time, variation within individual grains (e.g., plots) increases with increasing grain size 

(bottom panel). Adapted from "Spatial Scaling in Ecology", by Weins, 1989, Functional 

Ecology, 3(4), 385-397. 
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Effects of Scale 

Different patterns in nature emerge when the scale is changed. Below we provide 

examples from the scientific literature. In the examples it is important to remember that 

scale is associated with both time and space. 

Real World Examples 

 In forests of the north-eastern United States, Least Flycatchers negatively 

influence the distribution of American Redstart (both are bird species) at the 

extent of 4-ha plots. However, at broad regional extents, these species are 

positively associated. This is expected to occur because at broad scales habitat 

suitability for both species overrides the influence of competition between these 

species at fine scales. Example is from Weins (1989). 

 In the Great Barrier reef, the distribution of fish species at the scale of coral 

patches is unpredictable due to chance events influencing the occurrence of 

individual species. However, at broader scales of reef systems, species 

composition is highly predictable. Example is from Weins (1989). 

 Plant physiologists studying plant transpiration at the scale of individual leaf 

surfaces have concluded that stomatal mechanisms regulate transpiration. While, 

meteorologists working at broad scales have concluded that climate is the 

principal control. Example is from Weins (1989). 
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 Similarly, at fine scales litter decomposition rates are explained by the properties 

of the litter and decomposers, but at larger scales climate variables explain 

variation in decomposition rates. Example is from Weins (1989). 

 Fine scale studies of cattle grazing in the shortgrass prairie show that cattle select 

for specific elements of plant communities on the basis of short-term foraging 

decisions. However, at broader scales, cattle select vegetation types in proportion 

to their availability within landscapes (i.e., no evidence of preference). Example is 

from Weins (1989). 

 At finer scales, self-sustaining populations of lesser prairie chickens (shown by 

white line in figure 4) occurred in areas with more cropland cover compared to 

declining populations (shown by green line in figure 4). However, at broader 

scales self-sustaining populations occurred in areas with less cropland cover 

compared to declining populations (Fig. 4). Example is from Fuhlendorf et 

al. (2002). 

 “Soil scientists investigating changes in soil organic matter found that different 

patterns emerged when the temporal scale was changed. An observation window 

of years (i.e., temporal extent) showed seasonal changes in soil organic matter. 

While, an observation window of centuries showed long-term increases in soil 

organic matter tied to successional changes in the plant community. Example is 

from Sollins et al. (1983).” 
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Figure L.4 Cropland cover at various observational scales surrounding self-sustaining and 

declining populations of lesser prairie chickens. Points along lines show the amount of 

cropland cover associated with lesser prairie chicken populations at multiple scales. 

Adapted from "Multi-scale effects of habitat loss and fragmentation on lesser prairie-

chicken populations of the US Southern Great Plains," by Fuhlendorf et al., 2002, 

Landscape Ecology, 17, 617-628.
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Operationalizing Scale: Functional and Observational - Are There Different Types 

of Scale? 

Functional scale, also referred to as the “scale of the phenomenon” (MA 2005), or the 

“absolute scale” (Turner and Gardner 2015), is the magnitude or rate of a process of 

interest (Cumming et al. 2006), referring to the extent or duration over which a 

phenomenon has an impact (MA 2005). For example, grazing by a herd of bison or plant 

invasions occur in specific dimensions of time and space. Functional scale reflects the 

“true” scale at which a system property (e.g., forage availability) affects a process of 

interest (e.g., grazing) (Li and Reynolds 1995; Fuhlendorf et al. 2017). 

Observational scale, also referred to as arbitrary scale (Weins 1989), is a human construct 

used for measurement and consists of grain and extent (MA 2005) (Figure 5). 

Observational scale may or may not accurately depict a functional scale and can 

influence how patterns are interpreted. Remember, functional scale reflects the scale(s) at 

which a system property affects a process (Li and Reynolds 1995), thus proper selection 

of scale affects our ability to understand and manage ecological processes. All 

observational scales are arbitrary--just because observational scales seems “right” 

provides no assurance that they perfectly represent the functional scale (Weins 1989). 

Selection of useful observational scales requires thinking about the functional 

relationships between a system property and the scale at which that property influences a 

process of interest. For example, what scales are relevant to a beetle versus a bison 

selecting a home range? Or a germinating acorn in a forest? Additionally, many natural 



442 

 

 

phenomena are influenced by multiple scales and therefore require multiple observational 

scales to understand (e.g., real world examples provided earlier in this lesson). 

Some considerations when selecting an observational scale 

 How big of an area or window of observation (i.e., extent) is needed to represent 

the process of interest? Considerations should include the amount of area or time 

needed to represent the full range of variability of the process of interest. For 

example, to understand seasonal weather patterns, an observation window of 

many years is needed. 

 What grain size is needed to make appropriate observations? Considerations 

include the size of what is being measured (e.g., grasses versus trees), how often a 

process of interest occurs, and the rate at which it occurs. For example, studying 

events that happen very quickly (i.e., earthquakes) may require that observations 

are taken over the course of seconds rather than hours or days. 

 What is an appropriate extent and grain combination? Some studies may require 

large extents with coarse grain, while, others may require large extents with fine 

grain. For example, seed dispersal may occur over a large area (i.e., extent), but 

germination may depend on very fine differences in soil, moisture, and light 

exposure that can only be appropriately represented with a small grain size. 

 What other scales are important? Processes at finer or broader scales may 

influence a studies results. For example, apparent population growth rates in 
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wildlife populations could be driven by factors occurring at broader scales 

compared to the observational scale used in a study.  

 

Figure L.5 Conceptual example of observational and functional scale. Figure created by 

D. Fogarty 2020.
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Scale Mismatches - Can Scale Be Misused? 

Scale mismatches arise when the observational scale does not align with goals and 

objectives related to the functional scale of a natural phenomenon (Cumming et al. 2006). 

In studies, scale mismatches can arise when inappropriate spatial and temporal scales are 

selected to make observations, or when variables are used that are not relevant to the data 

at the selected scale. Scale mismatches in studies often results in unexpected and 

misleading findings. In management applications, scale mismatches arise when a natural 

phenomenon is managed or regulated at inappropriate scales and results in the failure to 

meet a desired goal. Scale mismatches in management applications often occur when the 

rate of a phenomenon in time and space does not match the rate of management. For 

example, when controlling the spread of invasive species, a scale mismatch arises when 

management of invasive species is outpaced by expansion of invasive species (Roberts et 

al. 2018). 

 

Multiscale and Cross-Scale Phenomena 

Broad Scales Constrain Fine Scales 

Many natural phenomena occur at multiple scales and different factors are better at 

explaining these phenomena at different scales (Turner and Gardner 2015). Cross-scale 

interactions occur when processes at one scale affect those at higher or lower scales 

(Allen et al. 2014). Hierarchical confinement is a specific case of cross-scale interactions 

and refers to when broad scale processes constrain a phenomena occurring at finer scales 
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nested within the broader scale (Walker et al. 2006; Turner and Gardner 2015). In other 

words, factors that are relevant to broad scale (e.g., climate) constrain the influence 

of fine scale factors on an observed phenomena (Turner and Gardner 2015). For 

example, hierarchical confinement occurs when lake temperatures constrain what fish 

species occur in the lake, despite the presence of suitable vegetation and prey in the lake. 

Fine Scale Patterns Become Broad Scale Patterns 

Another case of cross-scale interactions is when fine scale phenomena become broad 

scale phenomena when they occur at the same time (i.e., synchronously) at the extent of a 

broad scale. This is referred to as “scaling up” or a “revolt” and helps explain why 

invasions, pest outbreaks, disease epidemics, economic depression, climate change, etc. 

occur (Holling 2001). Processes like births and deaths that occur asynchronously (or 

randomly) in time and space at a scale of interest result in relatively stable conditions and 

do not emerge as trends at broader scales. Thus, trends at small scales do not reflect 

large-scale trends unless there is synchrony at the extent of the larger scale. 

For example, increasing invasive species presence on a single land parcel does not 

necessarily mean that the species is increasing at the regional scale because the species 

may be declining on other land parcels (Figure 6). However, when invasive species 

presence increases across many land parcels at the same time at the extent of the region, 

regional scale trends of increasing invasive species emerge. A key implication is that fine 

scale processes occurring over large extents can influence systems at broad scales.
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Figure L.6 Example of tree cover changes in two landscapes over the course of 17 years. 

On the left panel (a), local changes in tree cover did not result in directional change at the 

landscape scale (tree cover fluctuates but is relatively stable over time). Local increases 

in tree cover (red) were offset over time by local decreases in tree cover (green) in other 

parts of the landscape. On the right panel (b), local increases in tree cover (red) resulted 

in an increase in tree cover at the landscape scale. In this landscape, local increases in tree 

cover occurred over a large proportion of the landscape and were too widespread to be 

offset by decreases in tree cover that occurred in other parts of the landscape (green).  
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Utility of Scale - How Can Scale Be Used in Real-World Management? 

Scale is a concept that applies to all aspects of management and is a critical component of 

achieving management goals. Failure to properly account for scale is a widespread issue 

in the management of natural resources that often leads to scale mismatches and failure to 

meet goals. To avoid scale mismatches in management it is important that managers 

consider multiple scales. Zooming in and out among scales will help identify what is 

needed, how much, and how fast management needs to occur in order to achieve a goal. 

Understanding when and where hierarchical confinement occurs is also important to 

avoiding unnecessary investments of time and money that are not capable of achieving a 

desired result. The following page provides a practical example of how scale can be used 

in a real-world application. 

Example - A Multi-Scale Approach to Lesser Prairie-Chickens 

How do landscape patterns affect animals? Do animals respond differently to broad-scale 

patterns versus fine-scale pattern? How do animals respond to broad-scale land cover 

change compared to fine-scale changes? These were questions asked in a study of Lesser 

Prairie-Chickens (Figure 7) in Oklahoma and Texas that can help us understand real-

world implications of scale (Fuhlendorf et al. 2002). 

In their study, the researchers looked at 10 separate populations of Lesser Prairie-

Chickens in the panhandles of Oklahoma and Texas. They then classified each population 

as either “Declining” or “Sustained” based on decades of surveys. 
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Figure L.7 A Lesser Prairie-Chicken. Reprinted from IMG_7997, by Always a Birder!, 

2017, Flickr. CC BY 2.0. 

Next, the researchers looked at the land around each population. At multiple scales, the 

researchers measured how much land consisted of cropland and how tree cover had 

changed over time. They used the same grain but different spatial extents including 450, 

900, 1800, 3600, and 7200 hectares. This allowed them to look for relationships among 

scale, land cover, and Lesser Prairie-Chickens. 

To picture how much land the researchers studied, it is important to know how big a 

hectare is. One hectare is approximately equivalent to two gridiron football fields. At the 

smallest scale (450 hectares) the researchers studied an area equivalent to 900 football 
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fields surrounding each population. They scaled this up step-by-step until they reached 

the broadest scale (7200 hectares), which was the equivalent of 14,400 football fields, or 

1.5 city blocks, surrounding each population. 

The researchers found several important takeaways from their study (see Figure 8): 

1. Researchers found that at finer scales (450 ha, 900 ha, and 1800 ha) the sustained 

populations had slightly higher percentages of cropland surrounding them. But at 

the broadest scales (3600 ha and 7200 ha) the declining populations had more 

cropland, while the sustained populations had similarly low cropland cover across 

all scales. This shows that influence of cropland cover on Lesser Prairie-Chickens 

is scale dependent. In other words, results from one scale do not match 

relationships at other scales. 

2. When studying the effect of changing tree cover on Lesser Prairie-Chickens at 

various scales, they found that at finer scales (450 ha, 900 ha, and 1800 ha) there 

was very little difference between declining and sustained populations. However, 

at the broadest scales (3600 ha and 7200 ha), tree cover changed very little for the 

sustained populations but increased around the declining populations. This 

indicates that Lesser Prairie-Chickens respond to increasing tree cover at broad 

scales. However, this does not mean that Lesser Prairie-Chickens are not sensitive 

to tree cover at fine scales. Lesser Prairie-Chickens avoid trees at fine scales, thus 

no populations occurred in areas with large increases in tree cover at fine scales 
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These findings are important to understand, especially for those who want to help the 

Lesser Prairie-Chicken, a species that has been in decline across much of its range. 

Firstly, the results from tree cover change are a warning to land managers who wish to 

manage for the Lesser Prairie-Chicken. Scale mismatches may occur when managers 

focus on removing trees at fine scales (i.e. <500 ha), but do not consider tree cover 

changes at broader scales (>3500 ha). To avoid declining prairie-chicken populations, 

tree cover must be reduced at broad scales. 

In addition, the influence of cropland on Lesser Prairie-Chickens is scale dependent. At 

fine scales relatively low levels of cropland appears to have little influence on 

populations but at broad scales greater cropland cover is associated with declining 

populations. Thus, areas with high levels of cropland at broad scales are poorly suited for 

Lesser Prairie-Chicken reintroduction or local habitat improvement investments. 

In summary, this example illustrates the importance scale in interpreting the influence of 

land use on wildlife populations. Different implications arise from different scales, thus it 

is increasingly important that we reconcile management goals with scale. 
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Figure L.8 The influence of difference spatial extents on Lesser Prairie-Chicken 

populations. Adapted from "Multi-scale effects of habitat loss and fragmentation on 

lesser prairie-chicken populations of the US Southern Great Plains," by Fuhlendorf et al., 

2002, Landscape Ecology, 17, 617-628. Copyright 2002 by Springer. 
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Summary - What Did We Learn? 

Scale represents the physical dimensions of time and space for natural phenomenon and 

human observations. Observational scales are a human construct used to observe natural 

phenomena and are measured in terms of grain and extent. Functional scales refers to the 

area and timespan over which a phenomenon of interest has an impact. Many phenomena 

occur at multiple scales where there is not a single best scale, yet, some observational 

scales are better than others. Thus, scale is always a critical component of interpreting 

information because different conclusions can emerge from different scales. One way to 

overcome the issue of scale-dependent conclusions is by using multiple scales to 

understand or manage a natural phenomenon. 

Key considerations 

 Different patterns emerge from different scales. 

 Patterns emerge from processes occurring at multiple scales and information from 

multiple scales is required to understand these natural phenomena. 

 Processes at broad scales can constrain the influence of processes at smaller 

scales. Recognizing this is essential in prioritizing management actions that are 

most likely to achieve a desired result. 

 Processes that occur at the same time across a broad extent result in directional 

changes. Therefore, fine-scale phenomena can become broad-scale phenomena 

when they occur synchronously at large extents. This is a fundamental concept for 
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management because most management treatments are applied at scales that are 

finer than the scales associated with management goals. 
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Scale Glossary  

 

Asynchronous 

A process or multiple processes that do not occur at the same time. 

Broad scale 

A spatial or temporal scale with an extent that is considered to be relatively large. 

Cross-Scale Interactions 

Processes at one scale that affect those at higher or lower scales 

Extent  

The entire window from which all observations are taken, referring to an area or time 

span. 

Fine scale 

A spatial or temporal scale with an extent that is considered to be relatively small. 

Grain 

The size or duration of the individual units of observation. Grain may refer to a plot size, 

pixel resolution, the size of grid cells, or the minimum unit of time from which 

observations are taken from.  

Heterogeneity 

Variability within a system that accounts for scale. It is the quality of something to be 

made up of many different parts, elements, kinds, or individuals with these different 

components occurring at different scales at varying densities. 

Hierarchical Confinement 

A specific case of cross-scale interactions in which broad scale processes constrain a 

phenomenon occurring at finer scales 
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Scale 

The spatial or temporal dimension of an object or process, characterized by both grain 

and extent (Turner & Gardner, 2015) 

Spatial scale 

The entire area of interest (i.e., extent) and the smallest unit of area (i.e., grain) over 

which observations are taken. All measurements have a spatial scale. 

Synchronous 

A process or multiple processes that occur at the same time. 

Temporal scale 

The entire timespan of interest (i.e., extent) and the smallest unit of time over which 

observations are taken. All measurements have a temporal scale. 
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APPENDIX M: UNDERSTANDING RESILIENCE WITH JENGA 

 

This material has been published as a classroom lesson plan (Fogarty, D. T., Hogan, K. 

F. E., Barnes, Ludwig, A., Fowler, J. A., Johnson, J. E., & Twidwell, D. [2020] 

Understanding resilience with jenga. Council for Resilience Education, University of 

Nebraska-Lincoln).  

 

Title: Understanding Resilience with Jenga  

 

Authors: Dillon Fogarty, Katharine Hogan, Conor Barnes, Alison Ludwig, Julie Fowler, 

Jessica Johnson, and Dirac Twidwell  

 

Acknowledgements: Dr. Jessica Burnett had the idea of using Jenga to teach ecological 

resilience concepts, which ultimately gave rise to this lesson plan.  

 

Created by the Council for Resilience Education at the University of Nebraska- Lincoln.  

 

Licensing: Understanding Resilience with Jenga by Conor Barnes, Hugh Ellerman, 

Dillon Fogarty, Julie Fowler, Katharine Hogan, Jessica Johnson, Alison Ludwig and 

Daniel Morales is licensed under a Creative Commons Attribution-NonCommercial-

ShareAlike 4.0 International License. This license does not apply to figures and photos as 

noted in the case, which are incorporated into these materials under “fair use” guidelines 

or by permission from the author.  

 

Topic Areas: Ecological Resilience, Agriculture, Ecology, Natural Resources, Policy, 

Management, Socio-Ecological Systems  

 

This lesson plan has been classroom tested in an upper level agriculture/natural resource 

undergraduate course.  

 

Link to Box with Resilience Jenga Instructions and Results Visualization Spreadsheet: 

https://unl.box.com/s/g0pc6ici3skugyzepxc68uw1iyph1498  

 

Lessons on ecological resilience and related topics authored by the Council for Resilience 

Education are available on the Plant and Soil Science eLibrary website: 

https://passel2.unl.edu/view/community/70ffd07aff59 

 

 

 

 

 

https://unl.box.com/s/g0pc6ici3skugyzepxc68uw1iyph1498
https://passel2.unl.edu/view/community/70ffd07aff59
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UNDERSTANDING ECOLOGICAL RESILIENCE WITH JENGA  

This class activity uses a modified version of the block-stacking game Jenga to 

illustrate the concept of resilience in natural resource use, policy, and management. The 

activity places students in teams and has them draw numbered blocks from the Jenga 

tower according to different sets of rules designed to illustrate various approaches to 

resource management, including obstructive policy, policy with limited knowledge, 

policy to maximize harvest, policy to maximize returns while minimizing tradeoffs, and 

resilience policy for working lands. Resilience is a topic of increasing relevance and 

popularity in the face of our modern world’s complex challenges, including climate 

change, sustainability of our natural resources base, poverty, and social inequity. 

Resilience helps us visualize, understand, and manage the complex systems that are 

driving forces behind these systemic issues, and has been applied to practical problems 

across disciplines and industries.  

The class activities packet is appropriate for college students in diverse courses 

including agronomy and agriculture, ecology, natural resources, law and policy, land and 

resource management, security, environmental sciences, and general inquiry into coupled 

social-ecological systems. The packet includes directions for setting up, moderating, and 

playing Jenga in class, a scoring spreadsheet for inputting data from class activity 

sessions and visualizing results, Kahoot! questions for immediate concept review, and 

discussion questions for more in-depth reflection. For a more in-depth overview of 

resilience and other related topics, we provide links to open-access online educational 

modules on the Plant and Soil Sciences eLibrary (PASSeL)- 
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https://passel2.unl.edu/view/community/70ffd07aff59. Overall, the activities packet and 

related materials are designed to get students to think critically and explicitly about how 

policy and management decisions impact the natural resources on which we all rely.  

 

Learning Goals  

Develop a basic understanding of resilience, how it relates to natural resource 

management, and how resilience-based management compares to traditional yield-

focused management strategies.  

 

Learning Objectives: By the end of this lesson plan students will be able to:  

1. Describe key differences between management strategies/policies and how they 

relate to yield and resilience 

2. Described differences in how resilience is measured and applied.  

3. Identify how existing management policies promote resilience versus yield 

production. 

4. Identify the tradeoffs between resilience and yield in management 

strategies/policies. 

5. Identify situations where resilience versus yield focused management 

strategies/policies are appropriate.  

6. Describe the interplay between scale and management strategies/policies. 
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Classroom Management: Total estimated time: 1-1.5 hours  

Overview  

1. Introduction to Resilience definitions (5-10 minutes) (resilience and alternative 

states learning modules can be assigned before class)  

2. Play Jenga (30-45 minutes)  

3. Small group discussions (15-30 minutes)  

4. Class discussion on scenario performance (10-15 minutes)  

5. Take home essay questions 

 

Teaching Ecological Resilience with Jenga  

Necessary Materials: Students handouts; materials to display excel scoring sheet to class; 

Jenga towers (4); random number generating device; writing utensils. 

 

1. Introduction to Resilience Definitions  

○ We begin the lesson plan with a brief introduction to Holling’s resilience. 

We recommend assigning the ecological resilience and alternative stable 

state theory and regime shifts learning modules before class 

(https://passel2.unl.edu/view/community/70ffd07aff59) and providing a 

~10 minute review at the beginning of class. 

2. Play Jenga 

○ Divide the class into small groups of 3-6 students. Provide each group 

with one of the five Jenga policy scenarios, four scoring sheets, and a 
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Jenga tower. Each group will need to designate a score keeper. As groups 

set up their Jenga towers, visit with each group to ensure that they 

understand the instructions provided on their Jenga policy scenario 

handout. Jenga policy scenarios are meant to illustrate natural resource 

management strategies/policies and include: obstructive policy scenario; 

policy with little knowledge of the system; policy to maximize harvest; 

policy to maximize return while minimizing tradeoffs; and resilience 

policy for working lands.  

○ Students play 4 rounds of Jenga according to the rules assigned in the 

student handout. Note that students harvest the Jenga blocks and do not 

replace them on top of the tower. A round is ended when the tower 

collapses.  

○ At the end of each round the instructor enters final scores into the excel 

scoring sheet (available for download at 

https://unl.box.com/s/g0pc6ici3skugyzepxc68uw1iyph1498). Note that the 

students will need their scoring sheets for small group discussions after all 

rounds have been completed. 

3. Small Group Discussions 

○ Provide students 5-10 minutes to discuss questions 1-3 from the handout: 

i.  Based on Holling’s resilience, calculate the resilience of your 

policy scenario.  

ii. Calculate the yield of your policy scenario.  
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iii. Describe management policies or incentives that align with your 

policy scenario. 

○ Ask each small group to give a 2-3 minute overview of their Jenga 

scenario and their responses to questions 1-3.  

○ Expectation: Ensure that students understand that the number of blocks 

harvested before collapse is a measure of Holling’s resilience. Students 

should be able to identify components of their Jenga scenario that relate to 

natural resource management strategies/policies.  

○ As a class discuss the following question:  

i. What would happen to Holling’s resilience if bounce back was 

optimized?  

ii. Expectation: In the context of Jenga, students should be able to 

recognize that Holling’s resilience would be reduced if the goal 

was to re-assemble the tower as quickly as possible. Students 

should also be able to identify how this may apply to natural 

resource management.  

4. Discussion of Scenario Performance 

○ Show the class how the different Jenga policy scenarios scored in terms of 

yield and resilience using the excel scoring sheet provided. Make sure to 

highlight comparisons between score means and variance. For example, 

two scenarios may have similar mean yields but different variance, 
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illustrating the difference between dependable production and boom and 

bust.  

○ As a class, discuss some of the key performance similarities and 

differences among scenarios and how these relate to real-world examples.  

○ As a class, discuss the relationship between yield and resilience. Can they 

both be maximized or do tradeoffs exist?  

○ Expectation: Yield increases as an increasing number of blocks are 

harvested (resilience metric). However, not all policies can achieve both 

high yield and resilience and we oftentimes see a tradeoff in real-world 

examples. The take home essay questions are meant to further explore 

tradeoffs and the appropriateness of resilience versus yield focused 

management under different circumstances (e.g., scale). 

5. Take Home Essay Questions: 

○ Imagine you are the lead manager of a greenhouse tasked with growing 

produce for the summer, how would manage for yield versus resilience? In 

your answer, indicate whether this profession tends to optimize yield or 

resilience and management practices that support yield, resilience, or both. 

○ Now, imagine that you are the lead manager of a wildlife refuge complex 

tasked with managing wildlife for the next 50 years. How would you manage 

for yield versus resilience? In your answer, indicate whether this profession 

tends to optimize yield or resilience and management practices that support 

yield, resilience, or both. 
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Modification Options  

Take home essay questions: These questions are meant to contrast management policies/ 

strategies under different circumstances (and scales) to generate reflection about the 

appropriateness of yield versus resilience focused management. We have selected two 

general themes that work well with students in cross-listed agriculture and natural 

resource courses. However, these questions can be modified to better reflect your 

classroom by selecting a more disciplinary specific example if this is desired.  

Examples:  

1. Fisheries: Hatchery manager versus a manager of a network of lakes  

2. Wildlife: Raising captive wildlife versus creating a state wildlife action plan  

3. Agriculture: Managing a greenhouse versus a farm or ranch operation 

 

Suggested Readings:  

Allen, C. R., Angeler, D. G., Chaffin, B. C., Twidwell, D., & Garmestani, A. (2019). 

Resilience reconciled. Nature Sustainability, 2(10), 898-900.  

Birgé, H. E., Allen, C. R., Garmestani, A. S., & Pope, K. L. (2016). Adaptive 

management for ecosystem services. Journal of Environmental Management, 183, 343-

352.  

Gunderson, L. H. (2000). Ecological resilience—in theory and application. Annual 

review of ecology and systematics, 31(1), 425-439.  

Holling, C. S., & Meffe, G. K. (1996). Command and control and the pathology of 

natural resource management. Conservation biology, 10(2), 328-337.  
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Twidwell, D., Allred, B. W., & Fuhlendorf, S. D. (2013). National-scale assessment of 

ecological content in the world’s largest land management framework. Ecosphere, 4(8), 

1-27.  

Twidwell, D., Wonkka, C. L., Wang, H. H., Grant, W. E., Allen, C. R., Fuhlendorf, S. D., 

... & Rogers, W. E. (2019). Coerced resilience in fire management. Journal of 

environmental management, 240, 368-373. 
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QUIZ QUESTIONS 

**Bold indicates correct answer 

1. Under which scenario do you try to maximize your yield, but the current policies 

in place limit your actions to an area that will only degrade your social-ecological 

system?  

a)  Policy to maximize return and minimize trade-offs scenario  

b) Obstructive policy scenario  

c) Resilience policy scenario  

d) Little knowledge of the system scenario 

2. What does the Jenga tower itself represent in Resilience Jenga? 

a) Yield value  

b) The ecosystem  

c) Harvestable units  

d) Resource policy 

3. In which scenario do you attempt to harvest the most yield, but a lack of 

knowledge of the system creates policy constraints and limits your ability to 

manage the system? 

a) Resilience policy scenario  

b) Maximize harvest scenario  

c) Little knowledge of the system scenario  

d) Obstructive policy scenario 

4. The resource manager focuses solely on maximizing yield in this scenario: 
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a) Maximize harvest scenario  

b) Resilience scenario  

c) Obstructive policy scenario  

d) None of the above 

5. The numbers located on the Jenga blocks represent: 

a) Yield value  

b) Resilience value  

c) Resource type  

d) Ecosystem services 

6. The policy in this scenario is to avoid collapse of the Jenga tower while 

harvesting as many blocks as you can: 

a) Resilience scenario 

b) Obstructive policy  

c) Little knowledge of the system  

d) None of the above 

7. Name That Concept: The ability of a system to absorb some disturbance while 

retaining its structure and function. 

a) Adaptive Cycle  

b) Disturbance theory  

c) Ecological resilience  

d) Photosynthesis 
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8. Name That Concept: the spatial or temporal dimension of natural phenomena 

which provides context for observations and measurement of objects, time, and 

processes. 

a) Ecological resilience  

b) Time  

c) Heterogeneity  

d) Scale 

9. Name That Concept: Variability or complexity at temporal and spatial scales, 

often in the context of landscapes. 

a) Grain  

b) Heterogeneity 

c) Extent  

d) Photosynthesis 
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STUDENT HANDOUTS  

Obstructive Policy Scenario  

Objective: Harvest the most yield, but policy and management constraints limit your 

actions to an area that can make the problem worse – not better  

Roles:  

- Harvest recorder (1 player)  

- Harvesters (all players including harvest recorder)  

Game Components:  

- Jenga tower = ecosystem  

- Blocks = harvestable units  

- Block numbers = yield value  

- Students = resource users  

Directions:  

1. Set up the jenga tower.  

2. One player at a time pulls 1 jenga block from the bottom 4 rows of the tower. 

Move on to next player. Rotate clockwise.  

3. Harvest recorder – record (i) the number of blocks removed from the tower and 

(ii) the value of each block.  

4. After the tower collapses make sure that the number of jenga blocks harvested 

and the value of each block is recorded for the group.  

Group Tasks:  

1. Based on Holling’s resilience, calculate the resilience of your policy scenario.  

2. Calculate the yield of your policy scenario.  

3. Describe management policies or incentives that align with your policy scenario.
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Policy with Little Knowledge of the System  

Objective: Harvest the most yield, but lack of knowledge of the system resulted in policy 

constraints that limit actions to randomly-generated resource harvest  

Roles:  

- Harvest recorder (1 player)  

- Harvesters (all players including harvest recorder)  

Game Components:  

- Jenga tower = ecosystem  

- Blocks = harvestable units  

- Block numbers = yield value  

- Students = resource users  

Directions:  

1. Set up the jenga tower.  

2. Random number generator – Google random number generator. This will be used 

to assign each player a new random number (1-9) for every turn. 

3. One player at a time pull 1 jenga block with the randomly assigned number. 

Rotate clockwise. 

4. Harvest recorder – record (i) the number of blocks removed from the tower and 

(ii) the value of each block.  

5. After the tower collapses make sure that the number of jenga blocks harvested 

and the value of each block is recorded for the group.  

Group Tasks:  

1. Based on Holling’s resilience, calculate the resilience of your policy scenario.  

2. Calculate the yield of your policy scenario.  

3. Describe management policies or incentives that align with your policy scenario. 
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Policy to Maximize Harvest 

Objective: Maximize yield and harvest efficiency 

Roles:  

- Harvest recorder (1 player)  

- Harvesters (all players including harvest recorder)  

Game Components:  

- Jenga tower = ecosystem  

- Blocks = harvestable units  

- Block numbers = yield value  

- Students = resource users  

Directions:  

1. Set up the jenga tower.  

2. One player at a time harvest the highest valued jenga block from the tower. Move 

on to the next player. Rotate clockwise. 

3. Note: the highest valued blocks must be harvested before harvesting lower valued 

blocks, even if it causes the collapse of the tower. 

4. Harvest recorder – record (i) the number of blocks removed from the tower and 

(ii) the value of each block.  

5. After the tower collapses make sure that the number of jenga blocks harvested 

and the value of each block is recorded for the group.  

Group Tasks:  

1. Based on Holling’s resilience, calculate the resilience of your policy scenario.  

2. Calculate the yield of your policy scenario.  

3. Describe management policies or incentives that align with your policy scenario.
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Policy to Maximize Return While Minimizing Trade-Offs 

Objective: Maximize yield and harvest efficiency, while minimizing loss of tower 

integrity and collapse 

Roles:  

- Harvest recorder (1 player)  

- Harvesters (all players including harvest recorder)  

Game Components:  

- Jenga tower = ecosystem  

- Blocks = harvestable units  

- Block numbers = yield value  

- Students = resource users  

Directions:  

1. Set up the jenga tower.  

2. One player at a time harvest the most high-yielding blocks while deciding which 

blocks to leave to maintain tower integrity and prevent collapse. Move on to the 

next player. Rotate clockwise. 

3. Harvest recorder – record (i) the number of blocks removed from the tower and 

(ii) the value of each block.  

4. After the tower collapses make sure that the number of jenga blocks harvested 

and the value of each block is recorded for the group.  

Group Tasks:  

1. Based on Holling’s resilience, calculate the resilience of your policy scenario.  

2. Calculate the yield of your policy scenario.  

3. Describe management policies or incentives that align with your policy scenario.
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Resilience Policy for Working Lands 

Objective: Avoid collapse while harvesting as many blocks as possible 

Roles:  

- Harvest recorder (1 player)  

- Harvesters (all players including harvest recorder)  

Game Components:  

- Jenga tower = ecosystem  

- Blocks = harvestable units  

- Block numbers = yield value  

- Students = resource users  

Directions:  

1. Set up the jenga tower.  

2. One player at a time, harvest a single block from the tower in a manner that 

maximizes tower integrity, regardless of the value of the block. Move on to the 

next player. Rotate clockwise. 

3. The next player harvests a single block from a row that is NOT within 2 rows of 

the block harvested in the previous players turn, if possible. This rule is no longer 

in use when the tower becomes too small. 

4. Harvest recorder – record (i) the number of blocks removed from the tower and 

(ii) the value of each block.  

Group Tasks:  

1. Based on Holling’s resilience, calculate the resilience of your policy scenario.  

2. Calculate the yield of your policy scenario.  

3. Describe management policies or incentives that align with your policy scenario. 
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Scoring Sheet  

Scenario name: ___________________________________  

Round number: ______ 

 

Calculate:  

1. Total yield (unit yield = value of each block) 

= _________________ 

2. Number of harvested units (blocks) before collapse 

=_________________ 

Notes: 

Block Value Block Value Block Value Block Value 

1  16  31  46  

2  17  32  47  

3  18  33  48  

4  19  34  49  

5  20  35  50  

6  21  36  51  

7  22  37  52  

8  23  38  53  

9  24  39  54  

10  25  40  55  

11  26  41  56  

12  27  42  57  

13  28  43  58  

14  29  44  59  

15  30  45  60  
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Take Home Essay Questions 

 

1. Imagine you are the lead manager of a greenhouse tasked with growing produce 

for the summer, how would you manage for yield versus ecological resilience? In 

your answer, identify management practices that would be the same for yield and 

resilience and practices that would be specific to yield or resilience 

 

2. Now, imagine that you are the lead manager of the Valentine National Wildlife 

Refuge Complex (72,000 acres) in the Nebraska Sandhills, tasked with managing 

wildlife for the next 50 years. How would you manage for yield and ecological 

resilience? In your answer, identify management practices that would be the same 

for yield and resilience and practices that would be specific to yield or resilience.  

 

 

 

 


