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ABSTRACT. Woody plant encroachment in grasslands represents one of the greatest challenges for global biodiversity conservation.
Furthermore, this is a social-ecological problem, where human activity and behavior have resulted in significant changes in ecological
processes that control woody plants, and failure to fully recognize the role of human activity has led to continued loss of grasslands
worldwide. It is therefore critical that conservation professionals understand how ecological systems, settlement patterns, and
fragmentation from anthropogenic development interact to influence rates of woody plant encroachment. Using annual estimates of
tree cover derived from regionally available remote-sensing data, our objectives were, first, to describe rates of woody plant encroachment
over the last 20 years (2000–2019) across three ecologically and socially diverse ecoregions in the Southern Great Plains of North
America. Then, we examined how anthropogenic and biophysical variables influenced rates of encroachment (both directly and
indirectly) within the region. Results indicate that, despite marked differences in social and ecological characteristics, all three ecoregions
have experienced consistent increases in woody plant encroachment during the study period. This included the Flint Hills ecoregion
of Kansas and Oklahoma, an area that experiences widespread and frequent fires. At the regional scale, rates of encroachment were
directly and negatively related to the average area burned in a county, initial cover of trees, and fragmentation from row crops. Percent
cover of development and row crop agriculture also indirectly alter rates of encroachment in a county by influencing initial tree cover
and fire activity. The pervasive nature of woody plant encroachment, even in regions that experience frequent fires, suggests that many
grasslands are being managed outside of critical ecological thresholds needed to maintain grasslands and limit woody encroachment,
which can have significant implications for biodiversity. Our results show that anthropogenic or ecological factors do not act in isolation
in their influence on woody plant encroachment and can form complex relationships that shape regional trends in woody plant
encroachment.
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INTRODUCTION
Grassland and savannah ecosystems are undergoing a rapid
change from plant communities dominated by herbaceous species
to a new state dominated by woody plants (Roques et al. 2001,
Briggs et al. 2005, Stevens et al. 2017). This regime shift, termed
woody plant encroachment, is a global challenge affecting
grasslands and savannahs across multiple continents and has
significant implications for global biodiversity (Stevens et al.
2017, Venter et al. 2018, García Criado et al. 2020). Woody plant
encroachment has been partly attributed to widespread
suppression of fire by humans, which has allowed disturbancesensitive tree species to increase in coverage and extent in
remaining grasslands (Sholes and Archer 1997, Van Auken 2000,
Bond and Keeley 2005, Briggs et al. 2005, Archer et al. 2017).
Factors such as rising CO₂ levels (Bond and Midgley 2000),
increases in nitrogen (Kochy and Wilson 2001), and overgrazing
of grasslands have also been linked to accelerating tree
encroachment (Archer et al. 2017). These changes in grassland
systems can lead to a loss in biodiversity (Ratajczak et al. 2012)
and in productivity of forage (Van Auken 2009), reduced
ecological resilience (Alofs and Fowler 2013, Eldridge et al. 2015),
interrupted ecosystem services (Archer et al. 2001, Eldridge et al.
2015, Koch et al. 2015), and loss of habitat for grassland
dependent species (Grant et al. 2004, Fuhlendorf et al. 2017,
Lautenbach et al. 2017). Because grasslands and savannahs
worldwide have already undergone extensive reduction and
degradation from anthropogenic activity (Hoekstra et al. 2005),
the increase in woody plant cover poses an existential
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conservation challenge for remaining grasslands. Understanding
the causes and scope of woody plant encroachment is a vital step
toward effectively addressing this challenge.
An emerging paradigm in grassland conservation is the shift
toward understanding that woody plant encroachment in
grasslands is a social-ecological problem (Donovan et al. 2018,
Luvuno et al. 2018, Wilcox et al. 2018). Under this paradigm, it
is understood that human activity and behavior interacts with
underlying ecological patterns to determine the maintenance of
a landscape in either a grassland or woodland state. At broad
scales, woody plant encroachment is controlled by both the social
and economic factors that determine whether a region
implements effective control measures for woody plants, such as
frequent fires or targeted mechanical/herbicide treatments
(Wilcox et al. 2018). These broad patterns are influenced by
historical land-use practices (Higgins et al. 1999), local
regulations regarding land use and liability associated with use of
prescribed fire (Yoder et al. 2004, Kreuter et al. 2019), capital or
resource constraints, and cultural or personal perceptions about
the danger or utility of fire (Harr et al. 2014, Hoffman et al. 2021).
Other factors relating to human activity such as settlement
patterns, alternative land uses, and intensity of fragmentation can
further influence tree encroachment by creating refuges where
trees can become established or by altering disturbance patterns,
such as fire and grazing, that would have otherwise limited
encroachment (Hoch and Briggs 1999, Briggs et al. 2005, Scholtz
et al. 2018a), or through the intentional planting of trees (Gardner
2009). However, ecological factors such as rainfall (Scholtz et al.
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Table 1. Anthropogenic and biophysical variables used to assess rates of county level woody plant encroachment in the Edwards
Plateau, Flint Hills, and Rolling Red Hills ecoregions in the Southern Great Plains, USA, from 2000 to 2019. All variables, average
percent area burned, represent conditions at the beginning of the study period (2000–2001) as we were interested in how initial conditions
would influence subsequent rates of encroachment. The mean and standard deviation (parentheses) of the county level data are shown
for each ecoregion.

Biophysical Variables
Average percent area burned
Percent Cover Trees (%)
Mean Annual Precipitation (mm)
Anthropogenic Variables
Population Density (people per km²)
Percent Cover Agriculture (%)
Percent Cover Developed (%)
Road Density (roads per km²)

Edwards Plateau

Flint Hills

Rolling Red Hill

0.17 (0.35)
24.99 (11.09)
682.59 (142.36)

4.73 (4.58)
8.23 (3.68)
905.69 (74.87)

0.47 (0.81)
7.13 (3.32)
672.26 (51.85)

Monitoring Trends in Burn Severity Database
Rangeland Analysis Platform
PRISM Climate Data

39 (107.96)
4.9 (7.17)
5.44 (6.69)
0.68 (0.85)

17.15 (27.73)
32.02 (15.93)
5.36 (3.07)
1.39 (0.38)

4.71 (3.42)
27.86 (17.15)
4.63 (0.7)
0.6 (0.16)

2000 census
National Land Cover Dataset
National Land Cover Dataset
National Tiger Roads GIS

2018b), soils (Kaur et al. 2020), and distance to seed sources
(Donovan et al. 2018), place limits on where trees could become
established. Social and ecological factors can further interact with
each other to form feedback loops that further reinforce patterns
of encroachment (Ratajczak et al. 2012, Luvuno et al. 2018).
Despite these known or perceived interactions between social and
ecological landscape patterns in shaping the distribution of
woody plants, most studies treat these factors as independent
processes and rarely consider them as part of a causal network
that can form complex interactions and feedbacks.
The Southern Great Plains of North America has experienced
encroachment at rates five to seven times higher than any other
region in North America, threatening much of the remaining
grasslands in the region (Engle et al. 2008, Barger et al. 2011).
However, the Southern Great Plains is a culturally and
ecologically diverse region, which has resulted in the many
imbedded ecoregions having experienced different rates of
encroachment over the last century (Barger et al. 2011). An eastwest precipitation gradient and a diversity of soil types largely
determine productivity of grasslands in the region, and in turn
settlement patterns and land uses by European settlers. The
resulting differences in cultural and economic practices set many
ecoregions on different trajectories in terms of woody plant
encroachment and responses (Wilcox et al. 2018). For example,
widespread fire suppression, improper grazing, and fragmentation
from row crop agriculture has facilitated encroachment in the
southwestern extent of the region in Texas (Box 1967, Diamond
and True 2008). In contrast, shallow rocky soils that prevented
cultivation and a widespread and persistent fire culture in the
Flint Hills ecoregion have allowed grasslands to persist with low
levels of encroachment (Hoy 1989, Briggs et al. 2005), though
recent studies suggest woody plant encroachment may be an
emerging problem in the region (Hoch and Briggs 1999, Briggs et
al. 2005, Ratajzak et al. 2016). Because of the diverse nature of
the region, the Southern Great Plains represents a potentially
important case study for understanding how social and ecological
factors interact to influence rates of woody plant encroachment.
Increasing emphasis is being placed on understanding woody
plant encroachment as a social-ecological challenge. Developing
a clear model for the complex interactions between anthropogenic
land-use change, management, and rates of woody plant
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encroachment is needed to better understand the drivers of this
global conversion. Our objective in this study was to describe
trends in woody plant encroachment across three ecoregions in
the Southern Great Plains of North America that differ in their
social and ecological composition. Specifically, we tested the
hypothesis that ecoregions where broad socioeconomic patterns
favor widespread and frequent fire as a management tool would
experience limited woody plant encroachment, whereas
ecoregions where the prevailing cultural attitudes toward fire
preclude effective management practices would have the highest
rates of encroachment. Our secondary objective was to assess the
causal relationships between regional anthropogenic and
ecological factors and woody plant encroachment and determine
how these factors interact to shape patterns of woody plant
encroachment. To match the scale of our first objective, we used
variables related to land use, development, and fragmentation as
proxies for differences in regional social and anthropogenic
activities, and variables related to fire and availability of seed
sources to represent ecological processes. Although many studies
exist documenting increases in woody plant cover throughout the
Great Plains and local scale anthropogenic and ecological factors
leading to this rise in woody plants, few studies exist that examine
the factors that influence woody plant encroachment at broad
regional scales. By examining how landscape level variables
influence the rate of woody plant encroachment across several
ecoregions that make up gradients of ecological, anthropogenic,
and biophysical variables, we attempt to provide a framework for
understanding woody plant encroachment in the Great Plains,
with this knowledge being able to guide conservation decisions at
the regional scale.
STUDY SITE
To investigate rates of woody plant encroachment and the factors
that influence encroachment we selected three ecoregions
described in Wilcox et al. (2018) as a case study. These ecoregions,
the Edwards Plateau of Texas, the Flint Hills of Kansas and
Oklahoma, and the Rolling Red Hills of western Oklahoma were
selected to represent gradients in ecological and anthropogenic
variables that are predicted to influence rates of woody plant
encroachment (Table 1, Fig. 1; Wilcox et al. 2018). The three
ecoregions fall along an east-west rainfall gradient, ranging from
a mean annual precipitation of around 900 mm in the eastern
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Flint Hills to 670 mm in the Rolling Red Hills. This rainfall
gradient results in a corresponding gradient of productivity
ranging from tallgrass prairie communities in the east to shortgrass vegetation communities in the west (Bragg and Streuter
1996, Assal et al. 2015). All three regions were dominated by
grassland vegetation communities with scattered woodlands and
forests that persisted in areas with limited fire activity (Wells, 1965,
Fowler and Dunlap 1986, Bragg and Streuter 1996). Following
European settlement, land use within each region was dominated
by cattle grazing until the early 1900s, when increased settlement
resulted in a shift toward crop production in many areas (Wilcox
et al. 2018). The Flint Hills is the exception to this trend of
increased crop production, because shallow rocky soils prohibited
widespread tillage in the region. Use of fire has largely persisted
in the Flint Hills primarily as a management tool for removing
old grass litter and stimulating new grass growth (Hoy 1989,
Briggs et al. 2005). Use of fire as a management tool is much rarer
in the Rolling Red Hills and Edwards Plateau (Table 1). Though
much of the three ecoregions is still primarily used for pastoral
activities and agricultural activities, these regions have also
undergone considerable development for human settlements
(Table 1). All three ecoregions have similar amounts of total cover
for development but show diverging trends in population density
and road density (Table 1). The Edwards Plateau contains several
metropolitan areas (including San Antonio and Austin, TX)
resulting in a higher average population density, although the
Rolling Red Hills has remained relatively sparsely populated. The
Flint Hills is intermediate in terms of population compared to
the other two regions, with several large cities (e.g., Manhattan,
KS) interspersed with open rangelands (Hoch and Briggs 1999).
Compared to the other two regions, the Flint Hills has a higher
overall density of roads per county.
Fig. 1. Three study ecoregions, which include the Flint Hills,
Rolling Red Hills, and Edwards Plateau (regions outlined in
bold dark lines) within the Southern Great Plains ecoregion
(grey) of North America, USA.

METHODS
Data preparation
Rates of encroachment
To define the extent of the three ecoregions considered, we used
Level III U.S. Environmental Protection Agency ecoregions to
define the Edwards Plateau and the Flint Hills, and Level IV
ecoregions to define the Rolling Red Hills. To delineate a smaller,
regional scale, we divided each of the three ecoregions into
counties (Edwards Plateau encompassed 36 counties, Flint Hills
encompassed 20 counties, and Rolling Red Hills encompassed
nine counties). To estimate woody plant encroachment, we used
data available from the Rangeland Analysis Platform, an annual
resolution, 30 m grain, plant functional type dataset (Jones et al.
2018; https://rangelands.app/]). For each county, we downloaded
the time-series data for tree cover from 2000 to 2019. To estimate
the average annual rate of change in tree cover for each county,
we used simple linear regression where the year (2000–2019) was
used as the predictor variable and the estimated tree cover for
each year was the response variable. The estimated slope was
interpreted as the average annual rate of change per year for each
county where a positive slope represents increasing woody plant
encroachment, and a negative slope represents woody plant
decline. Although linear regression does not allow for the
detection of nonlinear relationships and short-term fluctuations
in tree cover, the use of relatively simple models allowed us to
estimate broad trends in tree cover for the study period while
minimizing the influence of variance inherent in remotely sensed
data.
Structural equation model development and anthropogenicecological variables
We developed predictions that would serve as the foundation for
the structural equation models through a review of recent
literature that assessed different factors associated with woody
plant or invasive species encroachment (Table 2). Because of the
course resolution of the woody plant data, we focused on
developing hypotheses that could be represented by broad-scale
landscape variables such as cover of different land uses,
population density, and road density so that the resolution of our
social-ecological data matched the resolution of the woody plant
data.
For the anthropogenic and ecological variables, we downloaded
county-level data from freely available online data sources for each
region we investigated (Table 1). Because our objective was to
determine the relative importance of anthropogenic versus
ecological patterns on woody plant encroachment, we chose to
focus on variables from categories that have been shown to
influence woody plant encroachment in past studies (Table 1). We
calculated population density for each county as the number of
people counted in the 2000 Census divided by the area of county
(km²). We calculated road density using the national TIGER road
database and calculated the length of road per km² in each county.
We used data from the Rangeland Analysis Platform to estimate
tree and grassland cover in each county at the start of the study
period. Because the Rangeland Analysis platform does not
provide estimates of non-vegetation landcover we used the 2011
National Land Cover data set to estimate percent cover of
agriculture and development (Scholtz et al. 2018a). To find the
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Table 2. Hypotheses describing the direct and indirect relationships between rates of woody plant encroachment and anthropogenic
and biophysical variables in three ecoregions of the Southern Great Plains, USA, from 2000 to 2019. In some cases, two or more
hypotheses offer alternative explanations for the link between two variables and may even have contrasting predictions (one hypothesis
may predict a positive effect while another predicts a negative effect). Hypotheses were used to determine the structural equation model
used in subsequent analysis.
Direct effects
Hypothesis 1

Hypothesis 2
Hypothesis 3

Hypothesis 4

Indirect effects
Hypothesis 5

Hypothesis 6

Hypothesis 7

Counties that experienced more fires will have lower rates of woody plant encroachment, because fires will
limit the establishment of new trees.
Counties with higher initial tree cover will have higher rates of woody plant encroachment, because these
already established trees can act as propagule sources for new trees.
Fragmentation of grasslands from anthropogenic sources such as roads, development, agriculture, or trees
will alter rates of encroachment either by limiting areas where trees can spread or because of alternative
land uses that limits management for trees.
Higher annual precipitation will allow for higher rates of encroachment, as woody cover potential has been
shown to be related to precipitation patterns.

Counties with higher levels of fragmentation of grassland will have reduced fire activity leading to greater
woody plant encroachment. This may be due to limited spread of fires, or because of a greater diversity of
land use practices that may not facilitate or allow for prescribed burning.
Counties with higher levels of fragmentation or population density will have higher initial tree cover
because trees are intentionally planted near human structures, or because variable/inconsistent management
practices have allowed trees to become established around human structures. This may alter encroachment
rates through either increased propagule sources (higher encroachment) or increased competition (lower
encroachment).
Counties with higher population densities will have fewer fires resulting in greater woody plant
encroachment. This can be the result of increased risk of liability for managers using prescribed fire, local
regulations regarding smoke management, or increased use of land use practices that may not facilitate or
allow for prescribed burning.

mean annual precipitation for each county we used 4-km gridded
national weather maps from the Climate PRISM group, using the
long-term average datasets (https://prism.oregonstate.edu/
normals/). For fire data, we downloaded fire perimeter shapefiles
from the Monitoring Trends in Burn Severity (MTBS) database
(Eidenshink et al. 2007, Picotte et al. 2020). MTBS data have a
minimum mapping resolution of 404 ha, so our results may
underestimate fire activity because many small fires may not be
represented. However, because we are attempting to develop an
index of fire activity during our study period rather than map
individual fires, we believe MTBS data represent the best option
for estimating fire activity over large geographic areas. We
combined all fires in each county into a single fire variable because
75% of the fires recorded in our study area were classified as
having unknown origins. This precluded us from developing any
hypothesis about the role of prescribed fire versus wildfire in our
analysis. We then estimated the average proportion of the county
burned each year for the period of 2000 to 2019. We converted
burned areas to proportion of counties burned to standardize our
measure of fire activity across counties of different sizes. To verify
that our choice of datasets did not influence the overall findings
of our study we calculated the same variable using the MODIS
burned area product (Roy et al. 2005). We found the Pearson’s
correlation between the average area estimated using the MTBS
dataset and the MODIS dataset was rs = 0.99. This suggests there
is considerable overlap in datasets, and that both datasets are
largely detecting the same fires over the course of our study. All
data management and processing were conducted in ArcGIS Pro
(ESRI, Redlands, CA).
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al. 2018b
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Data Analysis
Ecoregion comparisons
To compare rates of encroachment in the three ecoregions we
used the Kruskal-Wallis test. We then used a Dunn test to perform
a post-hoc test to determine pairwise differences among the
ecoregions. All tests were considered significant at the p < 0.05
level.
Anthropogenic-biophysical variables
We assessed the influence of social-ecological factors on woody
plant encroachment using a structural equation modeling
approach. As the foundation for our analysis, we developed a path
diagram representing connections predicted by the hypothesis
presented in Table 2. We then assessed the strength of
relationships between variables using maximum likelihood
methods using the R Package “lavaan” (Rosseel 2012). We did
not attempt to reduce the original model, because we were testing
a specific hypothesis about the relationship of different landscape
variables and rates of woody plant encroachment. We did
calculate modification indices to determine if there were any
missing causal links. This resulted in the addition of a single link
between mean annual precipitation and initial cover of trees in a
county. We evaluated the final fit of the model using a χ² test and
reporting the degrees of freedom and root mean square error
(RMSE).
RESULTS
Analysis of land-cover data showed a trend of increasing tree
cover in all three ecoregions (Fig. 2; Figs. A1, A2, A3, Appendix
1). The Edwards Plateau showed the lowest overall percent change

Ecology and Society 27(3): 11
https://www.ecologyandsociety.org/vol27/iss3/art11/

in tree cover with a 18.62% increase from 2000 to 2019 (Table 3).
The Flint Hills ecoregion had the highest percent change in tree
cover at a 46.6%, and the Rolling Red Hills ecoregion was
intermediate at a 39.2%. As a result of differing amounts of initial
tree cover and the size of the ecoregions, this resulted in the
conversion of 372,930 ha, 39,896 ha, and 84,232 ha from
grasslands to woody plants in the Edwards Plateau, Rolling Red
Hills, and Flint Hills ecoregions, respectively (Table 3). Despite
the differences in overall area converted to trees, the mean rate of
encroachment at the county level did not differ significantly
between the three ecoregions (χ² = 5.00, p = 0.08), but this may
have been in part because of the considerable within ecoregion
variability in woody plant encroachment (Fig. 2; Figs. A1, A2,
A3, Appendix 1).
Table 3. Area covered by trees (percent area covered by trees in
parenthesis) in the Edwards Plateau, Flint Hills, and Rolling Red
Hills ecoregions in the Southern Great Plains, USA, at the start
of the study period (2000) and end of the study period (2019).
Additionally, we present the percent change in cover of trees in
each ecoregion from 2000 to 2019.
Region

Initial tree cover Final tree cover in
in km²
km²

Percent
change

Flint Hills
Edwards Plateau
Rolling Red Hills

180770 (6.4%)
2002122 (26.7%)
101763.8 (7.7%)

46.59%
18.62%
39.20%

265002 (9.4%)
2375052.5 (31.68)
141659.9 (10.7%)

Fig. 2. Estimated rate of change in woody plant cover per year
at the county level (A) and the estimated percent change (B)
between 2000 and 2019 in woody plant cover for regions within
the Edwards Plateau, Rolling Red Hills, and Flint Hills
ecoregions in the Southern Great Plains, USA.

Structural equation models
Fit indices indicated mixed evidence for the overall fit of our
model. The Standardized Root Mean Square Residual (SRMSR)
and Comparative Fit Index (CFI) indicated a good fit (SRMSR

= 0.048, CFI = 0.96; lower values for SRMSR and values close
to one for CFI indicate a good fit) whereas high values of Root
Mean Square Error (RMSE) indicated a large amount of variance
remained unexplained (RMSE = 0.187; values less than 0.06 are
considered good; Fan et al. 2016). Our model indicated that many
of our variables influenced woody plant encroachment both
directly and indirectly (Fig. 3). Counties with greater areas that
were burned annually had lower overall rates of woody plant
encroachment supporting Hypothesis 1, that greater fire activity
would limit tree encroachment (β = -0.07, SE = 0.02, p = 0.004).
In contrast to Hypothesis 2, which predicted counties with greater
tree cover would have higher rates of encroachment, initial cover
of trees in each county had a negative effect on subsequent rates
of encroachment (β = -0.08, SE = 0.03, p = 0.01). However, the
observed relationship between initial tree cover and rate of
encroachment, and the negative relationship between
encroachment and percent crop in a county (β = -0.07, SE = 0.03,
p = 0.01), provide support for Hypothesis 3, that counties with
greater amounts of non-grassland landcover would experience
lower rates of encroachment. Finally, counties with higher mean
annual precipitation had higher rates of encroachment
supporting Hypothesis 4 (β = 0.10, SE = 0.04, p = 0.006). Road
density and the percent cover of development in a county had
nonsignificant direct effects on woody plant encroachment (Fig.
3).
We also observed several indirect relationships between
anthropogenic variables and woody plant encroachment.
Specifically, counties with greater fragmentation from alternative
land cover types such as roads (β = -0.23, SE = 0.15, p = 0.1) or
development (β = -1.11, SE = 0.46, p = 0.02) in general had lower
overall areas burned annually, whereas road density had a positive
relationship with area burned (β = 1.24, SE = 0.27, p < 0.001).
This provides mixed support for Hypothesis 5, which states that
counties with greater fragmentation would have less fire activity.
We found mixed support for the hypothesis that increased
fragmentation would influence initial tree cover (Hypothesis 6),
because percent agriculture (β = -0.60, SE = 0.09, p < 0.001) and
road density (β = -0.79, SE = 0.29, p = 0.10) had a negative effect
on initial tree cover whereas percent developed (β = 0.25, SE =
0.32, p = 0.36) had a nonsignificant effect on initial tree cover.
Population density in a county did not influence initial tree cover
(β = 0.34, SE = 0.24, p = 0.15) or average area burned (β = -0.04,
SE = 0.41, p = 0.92) in a county, suggesting no support for
Hypothesis 7.
DISCUSSION
Historically, factors such as precipitation, soils, and disturbance
from herbivory and fires (many of which were anthropogenic,
particularly in the Great Plains) limited the ability of woody plants
to spread and become established in grasslands (Archer et al.
2017). Because human populations have expanded and are
becoming an increasingly dominant force in shaping biotic
communities worldwide (Ellis and Ramankutty 2008), changes in
human activity have played an important role in facilitating the
rise in woody plants in grasslands across the globe (Archer et al.
2017, Stevens et al. 2017, Venter et al. 2018). Here, we found that
three grassland-dominated ecoregions, which differ in their social
and ecological characteristics, are currently experiencing
widespread woody plant encroachment. Most notable, the Flint
Hills ecoregion, where prescribed fire is a common grassland
management tool, had rates of encroachment that were
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Fig. 3. Path diagram showing the relationships between anthropogenic and biophysical variables with each other
and rates of woody plant encroachment in the Southern Great Plains, USA. Boxes overlaid on significant paths
show the standardized parameter estimate and the estimate’s p-value. Estimates and p-values are not shown for
nonsignificant pathways (greyed lines).

comparable to ecoregions that receive limited fire. Further, our
results show that anthropogenic and ecological factors rarely act
in isolation in their influence on woody plant encroachment and
can form complex relationships that shape regional trends in
woody plant encroachment. Grasslands are among the most
heavily altered ecosystems in the world (Hoekstra et al. 2005), and
the pervasive nature of woody plant encroachment represents a
significant conservation challenge that current management
practices and strategies may not be sufficient to address (Fogarty
et al. 2020, Scholtz et al. 2021). Further, continued encroachment
has the potential to alter a number of important ecosystem
services provided by remaining grasslands (Archer and Predick
2014). Failure to account for the direct and indirect relationships
between landscape variables and woody plant encroachment can
hinder our ability to accurately predict trends in encroachment.
By generating multiple hypotheses and developing a causal
diagram describing the direct and indirect effects of
anthropogenic and ecological factors, we were better able to
elucidate the role these variables had in shaping woody plant
encroachment across the three ecoregions. Our predictions that
woody plant encroachment would be higher in counties with
greater annual precipitation (Sankaran et al. 2005, Scholtz et al.
2018b), and lower in areas with greater fire activity (Archer et al.
2017) were generally corroborated. However, we found that
several of the remaining variables that were considered had more
complex relationships with woody plant encroachment. Some of
the anthropogenic variables, such as roads and development,
appear to influence woody plant encroachment indirectly through
other variables such as area burned, whereas other anthropogenic
factors, such as fragmentation from crops, influenced woody
plants both directly and indirectly. Although this supports
previous research indicating woody plant encroachment is higher

in areas with greater fragmentation (Scholtz 2018a), these results
suggest consideration of the specific source or type of
fragmentation is important because different landscape factors
can interact with existing ecological processes in a variety of ways.
In contrast to our stated hypothesis that increased tree cover in a
county would result in greater propagule pressure and thus higher
rates of encroachment, we found rates of encroachment were
lower in counties with high tree cover. Lack of support for
increased tree cover leading to higher rates of invasion in the
surrounding grasslands may be in part because we could not
distinguish between different tree species found in the region:
different species can vary considerably in seed production rates
and invasive ability (Richardson et al. 1994). Although
consideration of propagule source and pressure may be important
for assessing local scale probability of encroachment (Lockwood
et al 2005), our results suggest this relationship may be more
complex at regional scales. Factors such as rainfall, woody plant
species, and available space for new trees to invade may also be
important considerations.
Despite the growing acknowledgement of woody plant
encroachment as a social-ecological process (Donovan et al. 2018,
Luvuno et al. 2018, Wilcox et al. 2018), these factors are often
studied separately. Human behavior and anthropogenic
modifications to the landscape can affect woody plants directly
either through afforestation practices or tree removal (Gardner
2009, Ding and Eldridge 2019), or indirectly by alterations in the
ecological processes that would have otherwise influenced tree
encroachment. Changes in the extent and frequency of fire has
been cited as an important driver in the rise of woody plants
globally (Bond and Keely 2005, Archer et al. 2017). Although
there are many factors that can influence the use of fire as a
management tool, our study indicates that increased
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fragmentation from development and row crops had a negative
relationship with average area burned in a county during the study
period, which then potentially facilitated woody plant
encroachment. This reduction in fire may be the result of changes
in the ability of fire to spread across the landscape, or because of
reduced fires, or use of low intensity fires when burning near
developed areas (Pickens et al. 2017). In contrast, rates of
encroachment were also lower in counties with greater
fragmentation, particularly from agriculture, potentially because
of reduced grasslands for trees to invade and become established.
These contrasting relationships between fragmentation and
woody plant encroachment highlight the importance of studying
social and ecological factors together, because considering the
effects of fragmentation alone would have likely resulted in an
incomplete understanding of the effects of landscape change on
woody plant encroachment.
Despite differences in management practices and land use, all
three ecoregions had similar rates of woody encroachment.
However, these similarities may be superficial, and more
accurately represent different stages of the invasion process. Many
biological invasions follow a consistent pattern, where initial
establishment and population growth may be slow because of
limited propagule sources or interactions with already present
species, but then exhibit periods of rapid population growth once
a critical population size is reached (Crooks 2005), followed
finally by a slowing of growth as a population approaches the
carrying capacity of a landscape (Shigesada and Kawasaki 1997).
Whereas all three ecoregions were historically dominated by
grassland vegetation, different histories of settlement and land
use in these ecoregions have caused these regions to have
undergone different levels of tree invasion prior to the time period
of our study. The persistent use of prescribed fire as a management
tool in the Flint Hills has likely maintained this region in the early
stages of invasion, where spread of trees is slow as new individuals
struggle to become established as a result of frequent burning
(Hoy 1989, Briggs et al. 2005). Alternatively, the Edwards Plateau
may represent the endpoint of a biological invasion, where
encroachment may be slowing because of the higher number of
established trees and higher levels of grassland fragmentation in
the region limits the available space for new trees to become
established (Archer et al. 2017). Importantly, despite current
similarities in rates of encroachment, subsequent population
dynamics of invading trees may be very different for regions at
different stages of invasion, and management strategies and
resources should be allocated in anticipation of these potential
changes in population growth (Yokomizo et al. 2009, Roberts et
al. 2018). For example, management in the Flint Hills should place
greater emphasis on preventative measures and targeted removal
of trees in key areas needed for maintaining grassland
connectivity in the region, whereas in the Edwards Plateau more
intensive management may be needed to remove trees and
management should be targeted to areas with the greatest
restoration potential (Yokomizo et al. 2009, Roberts et al. 2018).
Despite the negative relationship between encroachment and the
average area burned annually in a county, the Flint Hills
ecoregion, where a widespread fire culture has largely persisted,
was shown to be experiencing rates of encroachment similar to
regions with little to no fire. Recent studies of the spatial and
temporal patterns of fires in the Flint Hills showed considerable

variation among landowners in terms of the frequency with
which fire was applied to the landscape (Ratajzak et al. 2016).
Although many landowners burn frequently, as much as 57% of
grasslands in the Flint Hills experiences a fire frequency that is
too low to prevent woody plant encroachment, with at least one
fire every one to three years (Ratajzak et al. 2016). Individual
landowners or agencies may exhibit a wide array of behaviors
as a result of differing land uses for their property (Coppedge et
al. 2001), personal ethics, risk perception for different
management tools (Toledo et al. 2013, Harr et al. 2014), aesthetic
preferences (Sharp et al. 2012, Stroman et al. 2020), as well as
capital or resource constraints that influence how they manage
their property (Toledo et al. 2014). Additionally, many managers
have changed when they burn during the year to periods when
conditions are milder (typically March to April) resulting in
lower intensity fires (Twidwell et al. 2016a). These milder burning
conditions may result in fires that lack the intensity needed to
effectively control woody plants (Twidwell et al. 2016b, Twidwell
et al. 2019). Alternatively, the pervasive nature of woody plant
encroachment, even in regions where fire is still used as a
management tool, has been cited as evidence for global drivers
of woody plant encroachment (Bond and Midgley 2000, Stevens
et al. 2017, García Criado et al. 2020). For example, increasing
atmospheric CO₂ and warmer temperatures that are the result
of climate change, may provide a competitive advantage to
woody plants that use C₃ photosynthetic pathways over
herbaceous C₄ species that dominate in many grasslands (Bond
and Midgley 2000). A critical step forward in understanding the
causes and consequences of human activities on woody plant
encroachment will involve investigating the relative importance
of top-down (e.g., global climate change) and bottom-up (e.g.,
local effects of fire or fragmentation) drivers and how these
drivers interact to influence encroachment.
Our results indicate that as a whole, managers are losing the
battle with woody plants. This is despite decades of brush
management, millions of dollars in cost-share programs, and the
collective efforts of thousands of managers (Scholtz et al. 2021).
This problem transcends regions and the scale of this challenge
suggests managing woody plants may require a reevaluation of
how and where management takes place. Given the short-lived
nature of many efforts to control woody plants, especially in
areas where these species may already be common (Fogarty et
al. 2021, Scholtz et al. 2021), resources may be better allocated
to regions or localities that have low levels of tree cover but are
at higher risk of encroachment or have especially high
conservation importance to prevent further losses (Yokomizo et
al. 2009, Sullins et al. 2019). In order to achieve this, managers
must understand the landscape-scale processes that influence
woody plant encroachment, and develop a framework that
incorporates both anthropogenic and ecological processes for
identifying at-risk areas. Our work attempts to begin to address
the need. Although local processes are certainly critical for
determining the exact rate and extent of woody plant spread,
broad-scale analyses such as ours are essential for guiding
regional planning.
The loss of grasslands at a global scale has been described as an
impending “biome crisis” (Hoekstra et al. 2005) and developing
models that acknowledge the diverse and dynamic nature of
North American grasslands are essential for effectively
allocating conservation and management resources (Wilcox et
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al. 2018). Confronting this will require a reevaluation of how we
understand the social and ecological factors that influence woody
plant encroachment, and how we apply management practices to
the landscape (Twidwell et al. 2013). Current low amounts of tree
cover in ecoregions such as the Flint Hills and the Rolling Red
Hills may still allow for early intervention practices, such as
increased use of fire, herbicide, or targeted use of mechanical
removal. Despite our broad-scale findings, variation in regional
trends in encroachment suggest local landscape factors still have
an important role in determining encroachment (Higgins and
Scheiter 2012, Stevens et al. 2017, Venter et al. 2018) and
individual properties can maintain grasslands and grassland
biota. Although we distinguished between anthropogenic and
ecological variables in this study, in many cases variables such as
fire and tree cover cannot be so clearly defined as separate from
human behavior, and settlement patterns play a critical role in
determining how and where trees and fire occur (Berg et al. 2015).
Consideration of woody plant encroachment and human
behavior together will be critical for effective management
(Wilcox et al. 2018). However, positive feedback loops that are
associated with plant community shifts may soon accelerate the
process of woody plant encroachment, challenging our ability to
manage with current tools and potentially resulting in irreversible
losses in biodiversity.
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Appendix A.

Figure A1. Estimated trends in tree encroachment at the county level in the Flint Hills Ecoregion
USA, in 2000-2019. Shaded areas represent 95% confidence intervals.

Figure A2. Estimated trends in tree encroachment at the county level in the Rolling Red Hills
Ecoregion USA, in 2000-2019. Shaded areas represent 95% confidence intervals.

Figure A3. Estimated trends in tree encroachment at the county level in the Edwards Plateau
Ecoregion USA, in 2000-2019. Shaded areas represent 95% confidence intervals.

