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Abstract

Context Encroachment of woody vegetation repre-

sents a significant global threat to biodiversity in

grasslands, but practices used to reverse encroachment

are rarely evaluated comprehensively. Several factors

may drive encroachment, such as land use history,

alteration of disturbance regimes, and local environ-

ment, but their relative importance is poorly under-

stood. Another complicating factor is that

encroachment may proceed via positive feedbacks

that result in thresholds, beyond which its reversal is

difficult.

Objectives We ask what impact reintroducing fre-

quent fire has on encroachment relative to the

influences of landscape context and historical vegeta-

tion. We investigate whether woody cover frequency

distributions suggest that feedbacks reinforce

encroachment after a threshold of woody cover is

surpassed.

Methods We analyze aerial photos in glade grass-

lands in Missouri, USA, to assess encroachment

patterns over a 75-year period. Fire was excluded

from this landscape for the first 45 years, and then

reintroduced at varying frequencies in the last

30 years.

Results Woody vegetation cover increased seven-

fold from 1939 to 2014 overall. After the reintroduc-

tion of prescribed fire, woody cover stayed

approximately constant in burned glades, but contin-

ued increasing in unburned glades. Woody cover

followed bimodal frequency distributions in burned

areas. Fire-tolerant vegetation tended to encroach near

historically wooded areas, while fire-sensitive vege-

tation responded more to fire history.

Conclusions Altered disturbance regimes, in addi-

tion to numerous recognized drivers, can cause

ecosystem state changes associated with losses to

biodiversity. Conducting management early in the

encroachment process and restoring grasslands at
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broad landscape scales may help counteract local

feedbacks that promote encroachment.

Keywords Bistability � Glades � Hysteresis �
Juniperus virginiana � Nonlinear responses � Regime

change � Ozarks � Resilience � State changes � Global
change

Introduction

Grasslands support immense biodiversity and provide

a number of critical ecosystem services but are one of

the most threatened habitats in North America today

(Hoekstra et al. 2005). The expansion of woody

vegetation into historically open habitats, or woody

encroachment, causes major habitat structural changes

in grasslands and savannas, with profound effects on

biotic communities and ecosystem services (Ratajczak

et al. 2012; Anadón et al. 2014). Once established,

dense woody vegetation displaces shade-sensitive

herbaceous plants, which can cause complete com-

munity turnover and a steep decline in forage produc-

tion for grazers (Hoch et al. 2002; Anadón et al. 2014).

Since the average annual rate of encroachment is

relatively slow (i.e., 1–2% woody cover increase per

year; Barger et al. 2011), it can often go unnoticed

until significant areas of open habitat have been

altered, potentially resulting in landscape-level shifts

in vegetation structure. In addition, thresholds of

woody vegetation cover may exist beyond which it

becomes difficult or impossible to return to a previous

grassland state (i.e., hysteresis; Bestelmeyer et al.

2011), resulting in long-term threats to natural

communities.

Although encroachment has been widely docu-

mented in grasslands (Johnson and Miller 2006;

Barger et al. 2011; Ratajczak et al. 2012), long-term

studies of encroachment patterns at regional scales are

rare (e.g., Danz et al. 2013), and processes that

underpin encroachment remain incompletely under-

stood (Briggs et al. 2005). Fire exclusion is widely

recognized as an important driver of encroachment

because fire is one of the primary mechanisms that

excludes woody plants frommore mesic environments

(Bond 2008). Many grassland and savanna communi-

ties are adapted to frequent, low-intensity fires, but

have undergone prolonged periods of fire exclusion

during the last century (Bond 2008; Cavender-Bares

and Reich 2012). However, numerous other factors

may contribute to encroachment, including the loss of

native browsers (Weigl and Knowles 2014), grazing

domestic livestock (Bestelmeyer et al. 2011), elevated

atmospheric CO2 levels (Buitenwerf et al. 2012; Ward

et al. 2014), increased nitrogen deposition (Kochy and

Wilson 2001), and climate change (Brandt et al. 2013).

It is likely that multiple, interacting factors are

responsible for the widespread woody encroachment

in grasslands and savannas.

Addressing encroachment is a pressing manage-

ment priority in grasslands. Prescribed fire, mechan-

ical thinning, and other management techniques have

been widely implemented over the last few decades in

efforts to restore historical landscape structure and

biodiversity in grasslands and savannas across North

America. However, there has been relatively little

comprehensive analysis of the effectiveness of these

practices despite their significant costs (Brudvig and

Mabry 2008). Although there are examples of suc-

cessful restorations of encroached communities (for

example: Brudvig and Asbjornsen 2009; Larkin et al.

2014), the effects of restoration efforts may be short-

lived (Asner et al. 2003). Restoration of grasslands is

all the more difficult because the main drivers of

encroachment remain poorly understood, making it

unclear what ecological processes should be targeted

to effectively maintain or return to a grassland state.

Reversing changes in grassland state is especially

difficult when ecosystems display hysteresis—a con-

dition where returning driver variables to their pre-

transition values fails to reverse changes in ecosystem

system state (Scheffer et al. 2001). For example,

frequent fire can prevent woody plants from estab-

lishing in grasslands with climates capable of sup-

porting forests (Briggs et al. 2005). However, if fire is

excluded long enough for trees to establish, woody

plants may reinforce their own dominance through

several mechanisms, including shading out fuel-pro-

ducing grasses—thus reducing fire intensity and

preventing a return to grassland even when frequent

fires are reintroduced (Staver et al. 2011; Twidwell

et al. 2013). Even when such feedbacks are not strong

enough to cause bistability—where a system is

stable in either of two alternate stable states—they

can slow recovery to grassland (Briske et al. 2005;

Twidwell et al. 2013; Ratajczak et al. 2014). Mathe-

matical models have demonstrated that feedbacks,
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thresholds, and hysteresis may characterize grassland

systems undergoing encroachment (Fuhlendorf et al.

1996), but empirical studies have been limited (Rata-

jczak et al. 2014). In particular, the spatial scale at

which feedbacks operate in grasslands undergoing

encroachment is poorly understood.

In this study, we used a regional-scale set of

historical aerial photographs to analyze patterns of

long-term landscape change in mesic grasslands. The

study covers two distinct periods: one from the early

1940s through the 1970s, when management was

minimal and fire was absent or very infrequent, and a

second period from the 1980s to 2010s, when

prescribed fire was imposed at varying frequencies

in some glade grasslands with varying woody cover.

We asked how management with prescribed fire,

landscape context (topographic slope and distance

grassland edges), historical woody vegetation cover,

and interactions among these factors influenced

encroachment patterns over a 75-year period. We

tested four hypotheses:

1. Due to a near-absence of fire from the 1940s until

the 1980s or later, we hypothesized that woody

vegetation cover would increase across the land-

scape. We expected that areas managed with

prescribed fire and thinning in more recent

decades would be less wooded than unburned

areas, but still more wooded than the historical

landscape due to feedbacks between woody plants

and fire intensity.

2. We hypothesized that the relative importance of

drivers of encroachment would vary between

woody plant guilds, with the cover of fire-

sensitive trees responding more to fire history

and fire-resistant woody vegetation responding

more to landscape context.

3. We hypothesized that woody vegetation expan-

sion would be greater in areas with high historical

woody cover due to positive feedbacks.

4. We hypothesized that landscapes undergoing

encroachment would exhibit patterns suggestive

of bistability, where internal thresholds may lead

to limited reversibility of woody encroachment,

even with frequent fires. We also examined

whether evidence for bistability was more pro-

nounced at finer scales, potentially indicating

local feedback effects from existing woody cover

that further encroachment.

This study fills a key knowledge gap because most

studies on woody encroachment are either too short to

test for long-term reversibility or are focused on

conditions that prevent encroachment, rather than

conditions under which it can be reversed (Briggs et al.

2005; Twidwell et al. 2016).

Methods

Study system

We studied long-term patterns of encroachment in

dolomite glade grasslands in the Ava District of Mark

Twain National Forest (MTNF) in the southwest

Missouri Ozarks (centered at 36.7� latitude, -92.8�
longitude: Fig. 1; Nelson 2005). Dolomite glades are

rocky grasslands that occur on mid- to upper-slopes of

hills, where hot and dry conditions, as well as

disturbance regimes, have historically limited tree

establishment. Glades are associated with particular

geological formations (Erickson et al. 1942) and

generally occur as insular communities embedded in a

matrix of oak woodland. In the Ava district glades

range in size from\1 to[100 ha, covering approx-

imately half of the landscape in some areas (Nelson

2005). Glades contain a number of endemic species

and other specialized plants and animals of conserva-

tion concern, but bear a floristic resemblance to

tallgrass prairies, sharing many of the same dominant

warm-season grasses (Miller et al. 2015). Glade

restoration and management has been labeled a

priority for regional government agencies and non-

profit organizations (Nelson 2005).

Glades are fire-adapted ecosystems that burned

frequently prior to widespread fire-suppression that

began around 1940 (Baskin and Baskin 2000; Guyette

et al. 2002). Dendrochronology from the Ozark region

shows that mean fire return intervals were commonly

\10 years, and in many cases 2–4 years prior to the

1900s (Cutter and Guyette 1994; Stambaugh and

Guyette 2005; Guyette et al. 2006). Anthropogenic

ignitions, both by Native Americans and early Euro-

American settlers, has had a strong influence on fire

frequency in the region, though natural ignitions

sometimes occurred as well (Guyette et al. 2002).

There is evidence that in the early 1800s fire increased

from an intermediate background frequency of

approximately 8 year fire return intervals to a high
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frequency of approximately 3 year intervals, which

coincided with increasing populations of Native

Americans and Euro-American settlers in the region

(Guyette et al. 2002; Stambaugh and Guyette 2005;

Guyette et al. 2006). However, fire frequencies

decreased between 1920 and 1940, in part because

of a shift from grazing towards logging, representing a

new period of widespread fire exclusion (Ladd 1991;

Guyette et al. 2002). Fires historically occurred during

both growing and dormant seasons, although dormant

season fires may have been more common (Guyette

et al. 2006). Analyses of historical vegetation and fire

reconstructions have shown that areas in the Ozarks

that burned more frequently had lower densities of

woody plants (Batek et al. 1999).

Early records indicate that Ozarks landscapes were

relatively open when the first Euro-Americans arrived

in the 1800s, with extensive grasslands and open-

canopy savannas (Ladd 1991; Dey et al. 2004). Sparse

oaks were probably the most abundant woody species

Fig. 1 Study region in the

Missouri Ozarks. Study

glades shown in black, and

topography shown in grey
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on glade landscapes historically (Nelson 2005). It is

widely recognized that woody vegetation has become

more abundant across the Ozarks during the 1900s

(Ladd 1991; Hanberry et al. 2012). Two of the

principal woody invaders of grasslands are the

conifers Juniperus virginiana (eastern red-cedar) and

Juniperus ashei (Ashe juniper), which are ecologically

similar and are hereafter referred to collectively as

cedar (Ware 2002). Cedar is relatively fire-intolerant

and was mostly restricted to fire-protected areas such

as bluffs prior to fire suppression (Batek et al. 1999;

Hanberry et al. 2012). However, if cedar reaches a

large size it can develop bark thick enough to resist

grass fires, and shading from cedar canopies reduces

grassy fuel loads, thereby decreasing ground fire

intensity (Fuhlendorf et al. 1996; Hoch et al. 2002).

Cedar poses a particular threat to native grassland

dependent species because it forms closed canopy

thickets, casts dense shade (Ganguli et al. 2008), has

allelopathic effects (Young and Bush 2009), and

produces abundant seeds that disperse long distances

(Holthuijzen and Sharik 1985). Although cedar is

generally considered the primary species of encroach-

ment concern in glades, a suite of broadleaf shrubs and

small trees also frequently encroach and form dense

stands (personal observations). Although cedar can

easily be top-killed by fire, many broadleaf shrubs

resprout after fire. Therefore, this study tests whether

purported drivers of encroachment affect cedar and

broadleaf trees and shrubs differently.

The Ava District is well suited for studying woody

encroachment because of the abundance of glades,

high variation in the degree of woody cover, variation

in and records of fire histories, and the availability of

historical aerial imagery for establishing baseline

conditions. Fire was generally excluded from Ava

District lands for several decades beginning around

1940. Beginning in the 1970s and 1980s, the MTNF

began using prescribed fire as a management tool for

small areas of the landscape, while fire remained

excluded for most of the Ava District. The use of fire

was expanded in the 1990s and early years of the

2000s, when prescribed fire units were delineated

across much of the landscape of the Ava District.

These units range in size from *10 ha to[ 500 ha,

and have been managed with recurring prescribed fire

in 3–6 year rotations since they were established. The

prescribed fires are generally low-intensity so that they

can be controlled, and may not represent the full range

of historical fire intensity in the region (Nelson 2005).

Glades outside of these units have not burned for

decades, andMTNF usually suppresses human-caused

fires that are not part of the prescribed fire program.

Burned areas have also received sporadic mechanical

thinning treatments aimed at reducing cedar cover.

Both burned and unburned glades contained varying

densities of woody vegetation in both 1939 and 2014.

Remote sensing

To quantify woody encroachment in glades, we ana-

lyzed 1939 aerial photos and contemporary landscape

imagery from 2014. We obtained georeferenced 1939

greyscale aerial photos from the MTNF, and we

obtained 2014 four-bandNational Agricultural Imagery

Program (NAIP) imagery from the Missouri Spatial

Data Information Service. We overlaid a map of all

glades in the region (created using contemporary and

historical aerial photos and other landscape imagery;

Nelson 2014) onto the historical aerial photos, and then

randomly selected 69 glades within the extent of the

historical aerial photos for study (Fig. 1).

To better understand encroachment patterns before

and after the initiation of management with prescribed

fire, we sought to analyze woody cover at an

intermediate time point between 1939 and 2014, but

we could not find imagery of high enough resolution to

calculate woody cover accurately. However, we

extracted data from another study that represents an

intermediate time point. Kimmel and Probasco (1980)

analyzed woody cover in 20 unburned glades using

aerial photos taken in 1974. Kimmel and Probasco

(1980) did not report the precise locations of the

individual glades they studied, but they were all within

bounds of our study area. The original photos used in

that study have been lost, but we extracted the average

cover of three woody vegetation cover classes (0–15,

15–50, and 50–100%) from their paper, and organized

our data from 1939 to 2014 for comparison (Fig. 3).

To map woody vegetation cover in 1939, we used a

greyscale pixel classification approach in which we

examined spectral histograms and then used a trial and

error method to choose a threshold pixel value that

most reliably defined woody vegetation. To map

woody vegetation cover in 2014 we used supervised

classification in ArcGIS 10.1 (ESRI 2011). To calcu-

late the accuracy of imagery classification, we

randomly selected 100 points within each cover class
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for the 1939 and 2014 maps and manually evaluated

whether they were classified correctly. We then

constructed confusion matrices, which showed that

our maps classified woody vegetation cover with

94–97% accuracy (Table S1 in the Supplementary

Material); uncertainty in the cover data was small

relative to the variation in woody cover from 1939 to

2014 or among 2014 management treatments. To

improve accuracy, we adjusted woody cover data

based on the confusion matrices, and we present this

adjusted data in the results section (Fig. 2) and for

comparisons with Kimmel and Probasco (1980;

Fig. 3). We used unadjusted data for statistical tests

(linear mixed models and dip tests, described below)

because adjustments slightly altered the distributional

properties of the data in an unrealistic matter by

creating spikes in plots with 100% cover, which made

the data conform less well to model assumptions.

To analyze relationships between local predictor

variables and woody cover, we randomly selected

1560 study points within the 69 study glades. Points

were separated by at least 50 m. Tominimize potential

confounding influences of land use history, we sam-

pled only on U.S. Forest Service lands. We created 5

and 10 m buffers around each point, which resulted in

79 and 314 m2 circular polygons, respectively. We

calculated tree cover at both time points for each of

these polygons. We chose these scales of sampling to

examine fine-scale encroachment patterns, which

could suggest local feedbacks and influences of

historical woody vegetation. Specifically, the 5 m

radius plots are large enough to capture [1 mature

cedar, and the 10 m radius plots provide a broader

scale of sampling while still being small enough to

represent a gradient of distances to glade edges.

Landscape variables

To test the effects of the landscape context on

encroachment, we analyzed three variables that rep-

resent gradients of environmental stress, which may

limit the ability of woody plants to establish (Coop and

Givnish 2007; Rice 2009): heat load, distance to glade

edge, and topographic slope. Heat load represents the

average heat a site receives—solar radiation, corrected

for afternoons being warmer than mornings—and was

calculated following methods described by McCune

and Keon (2002). Greater distances from glade edge

represent more environmental stress, since edges offer

a cooler microclimate from shading. Steeper slopes

also represent less stressful environments because

soils in flatter glades (which usually occur on rocky

ridgelines) are shallower (Miller et al. 2015). Slope

was determined using the National Map (Dollison

2010).

Fig. 2 Mean (a) and median (b) tree cover in 1939 and 2014

across unburned, infrequently burned, and frequently burned

plots. The bar for 2014 tree cover is divided into broadleaf cover

and cedar cover. Unburned sites have been unburned since fire

management began, infrequently burned sites have received 1–3

fire treatments, and frequently burned sites have received 4–8

fire treatments. Error bars represent standard error (SE); 2014

tree cover bars show SE for total 2014 tree cover
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We used MTNF records to calculate fire histories

for the 1560 sample points, which had a range of fire

histories from 0 to 8 burns over the last 30 years. To

investigate how fire management has affected woody

vegetation cover, all sample points were classified as

either unburned (0 fires), infrequently burned (burned

1–3 times; a mean fire return interval of 10–30 years),

or frequently burned (burned 4–8 times, a mean fire

return interval of 3.75–7.5 years). Three fires was a

natural threshold for dividing fire history classes

because there were few sites that had burned exactly

three times.

Statistical analysis

To test our hypotheses about drivers of woody cover in

glades, we used linear mixed models (LMM) to

analyze relative effects of multiple drivers of total tree

cover in 1939 and 2014 (all data used in statistical tests

is summarized in Table S2). To assess how drivers of

woody cover in glades changed over time, we created

separate models for total tree cover in 1939 and 2014.

To assess how drivers of woody functional group

cover varied in 2014, we created separate models for

cedar cover and broadleaf tree and shrub cover in

2014. Management history, topographic slope, heat

load, and distance to glade edge were included as fixed

effect predictor variables (potential drivers) in all

models, and 1939 tree cover and management history

were also included as fixed effect predictor variables

for 2014 response variables. Management history was

a categorical variable with three levels (unburned,

infrequently burned, and frequently burned). Glade

was also included as a random (blocking) effect in all

models to account for non-independence of sample

points within individual glade polygons. All models

included two-way interactions between all fixed

effects. We ran the models using the lme4 package

(Bates et al. 2015) in R (R Core Team 2014), and we

used the lmerTest package (Kuznetsova et al. 2015) to

calculate denominator degrees of freedom and p-val-

ues based on Satterthwaite’s approximations. We

calculated R2
GLMMðCÞ values for the GLMMs with the

MuMIn package (Bartoń 2015), which is based on

methods described by Nakagawa and Schielzeth

(2013). To calculate partial R2
GLMMðCÞ values for

model fixed effects, we divided the sum of squares

for each fixed effect by the total sum of squares of all

fixed effects in the model and multiplied the product

by the model fixed effect R2
GLMMðCÞ. We present

models for 10 m radius study plots, which were

qualitatively similar to models for 5 m plots. We

examined variable distributions, model residuals, and

bivariate scatterplots to confirm that model assump-

tions were met (Gelman and Hill 2007).

To test our hypothesis that glade landscapes exhibit

patterns suggestive of bistability and hysteresis, we

tested whether woody vegetation cover had bimodal

distributions. Systems that are regulated by internal

thresholds are typically characterized by bimodal

distributions of system state variables (Bestelmeyer

et al. 2011; Scheffer et al. 2012). We used Hartigan’s

dip test (Hartigan and Hartigan 1985) to examine

whether frequency distributions of 2014 tree cover

classes exhibited a bimodal distribution, which would

be expected if the system is characterized by thresh-

olds and/or hysteresis (Staver et al. 2011). The dip test

tests whether there is a potential ‘‘dip’’ somewhere

within a frequency distribution. We conducted the dip

test on unadjusted total 1939 tree cover (combining all

plots) and on 2014 tree cover in unburned, infre-

quently burned, and frequently burned plots using the

dip test package in R (Fig. 4; R Core Team 2014). We

tested both 5 m and 10 m radius sample plots to

evaluate whether distributions were only—or more—

bimodal at finer scales, which would suggest feed-

backs operating at a local scale. A bimodal distribution

would indicate that many plots have high or low tree

Fig. 3 Comparison of tree cover class proportions in 1939,

1974, and 2014; 1974 data and cover classes are from Kimmel

and Probasco (1980). 2014 data are divided into burned and

unburned plots. Burned plots include all frequencies of fire-

managed plots. Bars represent the proportion of plots occupied

by 0–15, 15–50, and 50–100% cover classes
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cover while relatively few plots have intermediate tree

cover. In a bistable system intermediately wooded

plots would either be cleared by fire or would converge

to a wooded state despite the return of fire due to local

fire-suppressing feedbacks (e.g., insufficient grass

cover due to shade).

Results

Woody vegetation increased substantially over the

course of our study period across all fire treatments,

from a median of 8% cover across all plots in 1939 to

59% cover in 2014 (Fig. 2). Median woody cover in

2014 was lower in burned areas than unburned areas,

Fig. 4 Histograms of

woody vegetation cover

classes in 5 m radius plots

(left column) and 10 m

radius plots (right column):

a all plots in 1939,

b unburned plots in 2014,

c occasionally burned plots

in 2014, and d frequently

burned plots in 2014.

Asterisks (*) indicate plots

that had significantly multi-

modal distributions (dip-test

P\ 0.05)
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but had still increased greatly since 1939 even at

frequently burned sites. Cover of broadleaf woody

vegetation showed little sensitivity to fire history, with

median cover ranging from 19 to 22% in frequently

burned and unburned glades, respectively. Cedar

cover, however, increased as the number of fires

decreased, ranging from a median of 20% cover in

frequently burned glades to 37% cover in unburned

glades.

Greater broadleaf tree and shrub cover in 2014 was

associated with greater historical tree cover, suggest-

ing that many broadleaf trees and shrubs occur in or

near patches of woody vegetation that have long been

present in the landscape (Table 1, Table S3). Cedar

cover in 2014, on the other hand, had only a weak

positive relationship with historical tree cover, and

was influenced slightly more strongly by fire history,

although fire history still explained relatively little of

cedar cover variation. Fire history did not have a

significant effect on broadleaf woody vegetation.

Interactions between predictor variables were not

significant or had very weak effects (R2
GLMMðCÞ\ 0:02

in all cases).

Woody cover in 1939 was influenced only weakly

by the landscape context variables we measured; it

was greater closer to glade edges and at sites with

lower (cooler) heat loads. Models for 2014 woody

cover had greater explanatory power than the model

for 1939 woody vegetation (Table 1), probably

because fire history and historical woody cover were

included in the 2014 models—where they provided

substantial predictive power—but were not available

for the 1939 model.

Table 1 ANOVA table for linear mixed model for drivers of woody vegetation cover in 10 m radius plots across 69 glades

Predictors 1939 2014

Total woody

vegetation cover

Total woody

vegetation cover

Cedar cover Broadleaf cover

R2a P value R2a P-value R2a P-value R2a P-value

Total 1939 woody veg. cover 0.388 *** 0.031 *** 0.362 ***

Fire frequency 0.023 *** 0.040 *** 0.003 *

Heat load 0.007 ** 0.011 *** 0.008 ** 0.008 ***

Distance to edge 0.048 *** 0.036 *** 0.019 *** 0.027 ***

Slope 0.000 0.011 *** 0.000 0.017 ***

1939 woody veg: fire 0.003 * 0.015 *** 0.000

Fire: heat load 0.004 ** 0.014 *** 0.000

Fire: distance to edge 0.003 * 0.010 ** 0.000

Fire: topographic slope 0.001 0.003 0.000

1939 woody veg: heat load 0.002 * 0.006 ** 0.001 .

Heat load: distance to edge 0.003 * 0.001 . 0.000 0.001 .

Heat load: topographic slope 0.000 0.001 0.000 0.002 *

1939 woody veg: distance to edge 0.004 0.011 *** 0.003 **

1939 woody veg: topo. slope 0.000 0.000 0.001

Distance to edge: topo. slope 0.003 * 0.003 ** 0.000 0.004 **

Total R2
GLMMðCÞ (fixed effects)b 0.061 0.492 0.157 0.430

Total R2
GLMMðCÞ (fixed and random effects)b 0.163 0.581 0.346 0.563

For 2014 response variables, woody vegetation cover was included as a predictor variable, and was allowed to interact with other

variables. Bolded R2 values had P-values\0.01, which was our threshold for significance

P-values\0.1 are represented using symbols: P\ 0.1*, P\ 0.05 * *, P\ 0.01 * **, P\ 0.001 * ***
aSee methods section for description of how we calculated partial R2 values

bR2
GLMMC was calculated as described by Nakagawa (Nakagawa and Schielzeth 2013)
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Compared to 1974 (Kimmel and Probasco 1980),

woody cover in 2014 was similar in burned glades, but

had increased substantially in unburned glades

(Fig. 3). These results suggest that burned glades have

maintained approximately the same level of woody

cover since management practices were implemented

around the 1980s, while woody vegetation has

continued to expand in unburned glades.

Woody cover frequency distributions were signif-

icantly multi-modal in the 5 m radius burned plots

with a dip around 50% cover (dip statistic = 0.034,

P\ 0.001 for infrequently burned plots; dip statis-

tic = 0.043, P\ 0.001); Fig. 4). The unburned plots,

in contrast, did not show multi-modality and were

instead skewed towards 100% cover, with almost all

plots above 30% cover (dip test P[ 0.05 for both 5

and 10 m burned plots). Neither frequently or infre-

quently burned plots showed significant multi-modal-

ity for the larger plot size (dip test P[ 0.05).

Discussion

Woody vegetation in glade grasslands has increased

considerably since 1939, illustrating that much of the

open grassland landscape has been lost over a 75-year

period (Fig. 5). Rather than returning to an open state,

frequently burned glades maintained woody cover far

above 1939 and similar to that reported in 1974

(Kimmel and Probasco 1980). These results suggest

that the prescribed fire regime used here allows glade

grasslands to ‘‘hold the line’’ by limiting the estab-

lishment of new woody vegetation, but has limited

ability to reverse transitions from open to wooded

glades. A small proportion of the burned glade

landscape has remained entirely open, and probably

consists primarily of either areas that have been

mechanically cleared or are inhospitable for trees,

such as bare rocks and very shallow soils (Ware 2002).

Cedar and broadleaf woody plant cover respond to

different drivers, highlighting that woody plants with

different functional traits may exhibit unique dynam-

ics (Table 1). Broadleaf woody vegetation in 2014 is

predicted by 1939 tree cover, but not fire history.

Conversely, cedar cover in 2014 is only weakly related

to historical woody vegetation cover, but shows a

significant (albeit weak) response to fire history.

Visual comparison of study plots at both time points

indicates that broadleaf trees and shrubs that were

present in 2014 usually occurred in areas where trees

were present in 1939. Cedars, however, have become

abundant in areas that were open or wooded in 1939

(Fig. 5). These findings suggest that most woody

plants on the landscape in 1939 were broadleaf

species, and that cedar was historically uncommon

on glade landscapes (Batek et al. 1999; Nelson 2005).

Cedar’s long-distance dispersal abilities and drought

tolerance likely help it establish in open glades, while

broadleaf species appear to expand locally from

existing population centers. Both cedars and broadleaf

species had weak, negative responses to environmen-

tal stress (e.g., hotter, drier microclimates), but this

explained relatively little of their variation.

Woody vegetation cover frequency distributions

suggest that positive feedbacks may reinforce

encroachment at local scales (e.g., Scheffer et al.

2012), since burned glades exhibit multi-modal woody

cover class frequency distributions in 5 m radius plots,

but not in 10 m radius plots (Fig. 4). These results

suggest that feedbacks operating at fine scales may

affect vegetation patterns at broader landscape scales,

since there were great increases in woody cover at both

scales we sampled, but only smaller plots showed

bimodal distributions (D’Odorico et al. 2012). While

bimodal frequency distributions are not in themselves

conclusive evidence for hysteresis, our findings and

management practices in our study area both suggest

that the current prescribed fire regime does not

effectively restore grassland after a certain threshold

of woody cover has been crossed (e.g., mechanical

thinning is needed to restore densely encroached

glades; Nelson 2005). Woody vegetation is also likely

more resistant to contemporary low intensity pre-

scribed fires than it was to the historical fire regime,

which was more variable and included some high-

intensity fires (Ladd 1991; Lashley et al. 2014). Under

current management practices, restoration appears to

become difficult after local woody cover reaches

approximately 40–70% (based on our 5 m radius

plots; Fig. 4), suggesting that this represents a thresh-

old for a persistent shift in the system state (Suding and

Hobbs 2009).

Several positive feedback mechanisms could help

explain why frequent, low-intensity prescribed fire has

not been able to consistently shift wooded areas within

glades back to grass dominance. First, woody vege-

tation may cause local-scale feedbacks by creating a

mesic, shaded microclimate that makes it easier for
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other woody plants to establish, allowing them to

expand into the open glade (Alford et al. 2012).

Second, a threshold of fine fuels is necessary to carry

surface fires, and areas that were already moderately

wooded (and lost grass cover due to shading) during

the decades of fire exclusion probably do not carry fire

as well as open grasslands (Abades et al. 2014). This

could result in patchy burns that fail to kill existing

trees or even cedar seedlings, especially in more

densely wooded areas of the landscape—as an empir-

ically informed mathematical model of a similar

system has demonstrated (Fuhlendorf et al. 1996).

However, the lack of bimodality at larger scales (i.e.,

10 m plots) suggests that woody encroachment has not

progressed to the point where the transmission of fire

at a landscape scale is widely limited by decreased

functional connectivity between fire-prone patches

(Abades et al. 2014). Third, cedars became abundant

on the landscape during the period of fire exclusion,

and are known to produce abundant seeds that birds

disperse long distances (Holthuijzen and Sharik 1984).

This intense and pervasive dispersal pressure repre-

sents a large-scale feedback mechanism that may

overwhelm the ability of even frequently burned

Fig. 5 Examples of how glade landscapes have changed over

75 years: 1939 landscape scenes (left column), correspond-

ing 2014 landscape scenes (middle column), and 2014 woody

vegetation maps with cedar cover in grey and broadleaf tree and

shrub cover in black (right column). The top row shows a

landscape that was sparsely wooded in 1939, but became

densely encroached by 2014 despite being burned 5 times from

*1990 to 2014. The bottom row shows a landscape that was

almost entirely open in 1939. The right half of the scene was

managed with mechanical thinning followed by frequent

prescribed fire, which successfully produced a landscape of

open grassland except for some areas of broadleaf shrubs. The

left half of the scene shows an unburned area that became

densely wooded primarily by cedar. In both scenes, broadleaf

woody vegetation occurs where woody vegetation was present

in 1939, while cedars have mostly encroached in areas that were

open. Curving striations in the imagery are caused by a stair-step

pattern in underlying bedrock, which produces variations in soil

depth
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landscapes to resist encroachment. This study poten-

tially captures the first and second type of feedback,

but not the third, since cedars may disperse distances

greater than the scale of our analysis. However, it is

likely that propagule pressure has a strong influence on

encroachment in grasslands (Archer et al. 1988;

Briggs et al. 2005).

In addition to potential internal feedbacks, several

external factors likely contribute to encroachment.

Although fire has been restored to Ozark glades, the

intense fires that sometimes occurred on hot, windy

days prior to Euro-American settlement undoubtedly

killed trees and shrubs more effectively than the

lower-intensity fires that are generally prescribed by

managers today (Ladd 1991; Twidwell et al. 2016).

Changes in large-scale influences such as atmospheric

composition and climate may have also influenced

encroachment. There is substantial evidence that

increased CO2 levels can favor woody vegetation

over warm-season (C4) plants, such as glade grasses

(e.g., Bond and Midgley 2012; Ward et al. 2014), and

nitrogen deposition has also been shown to favor

woody plants (Kochy and Wilson 2001). Midwestern

grasslands were originally formed and maintained by

the combined influences of intense drought and high

intensity fire (Axelrod 1985), and it may be difficult to

maintain grassland in the relatively wet, productive

climate of the Ozark plateau in the absence of

prolonged droughts. Increased CO2 levels may also

cause woody plants to be more drought resistant

through the development of larger root systems (Bond

2008), which may explain why the intense drought of

2012 caused only limited tree morality (personal

observations). However, if large-scale factors had

wholly altered the competitive balance in favor of

woody plants, then we would expect little open

grassland to remain present on the landscape. Instead,

we see that a combination of thinning followed by a

return to antecedent fire frequencies has allowed some

areas to remain as open grassland (Figs. 4, 5),

highlighting that feedbacks between grass and fire

can still maintain grass dominance in some locations.

Management implications

Our findings raise critical questions about the future of

mesic grasslands. As local feedbacks and large-scale

drivers tip the balance towards woody vegetation in

spite of intensive management efforts, is it possible to

maintain open grasslands for the foreseeable future?

While we lack an experimental consensus, it is

difficult to see much benefit from abandoning efforts

to restore grasslands, since prescribed fire is ‘‘holding

the line’’ against encroachment and grassland loss

would clearly be detrimental for biodiversity and

ecosystem services (Hoekstra et al. 2005). While

higher-intensity fires would likely kill more woody

vegetation than the lower-intensity fires that are

typically prescribed (Lashley et al. 2014; Twidwell

et al. 2016), high-intensity fires are not usually feasible

on the multi-use public lands with where this study

took place. High-intensity fire can also kill perennial

grassland plants in some circumstances (personal

observations), and thus may not achieve management

goals of promoting grassland diversity.

Although woody encroachment is a serious threat to

grassland communities and a major challenge to land

managers, it is important to note that some woody

vegetation has historically been present in glades and

similar grasslands, and restoration should not entail

the removal of all woody plants (Nelson 2005). Some

woody species such as Quercus muehlenbergii and

Bumelia lanuginosa occur in reference-condition

glades and are compatible with diverse, flammable,

herbaceous plant communities (Nelson 2005). Man-

agement should focus on reducing the cover of

adventive woody species (e.g., cedar and broadleaf

shrubs). When possible, managers should prioritize

maintaining existing grassland habitat and intervening

before woody vegetation becomes dense and requires

intensive labor to remove mechanically. Extensive

landscape-scale restorations are likely more resilient

than small, isolated restorations, because feedbacks

from dispersal and the environment may cause woody

plants to rapidly overtake smaller restored areas

(Petraitis and Latham 1999). Successful restorations

are achievable, as some sites from our study have

shown, but will still require vigilant monitoring and

management to persist. Considering that our study site

shares many characteristics of other temperate C4

grasslands and savannas—i.e. dominance by flam-

mable warm season grasses with a diverse subdomi-

nant community—our results speak to the potential for

reversing encroachment across a range of grassland

ecosystems.
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