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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 de-
pends on rates of re-encroachment, which are often unknown and seldom considered in restoration plan-
ning. In this study, we determine the rate of re-encroachment for Juniperus virginiana L. after 16 yr of
fire-based restoration actions in the Loess Canyons Experimental Landscape in Nebraska. In this experi-
mental landscape, reclamation fires are used to collapse J. virginiana woodlands and have been applied
almost every yr 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 yr and reached densities
similar to unburned woodlands in 5—11 yr. Cover was low and stable 8—10 yr 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 yr, marking a demographic transition
in the re-encroachment process as restoration sites become sources of seed exposure. These results sug-
gest that single restoration treatments are likely to be short-lived. A key implication is that follow-up J.

virginiana treatments are needed to maintain restored grasslands at fairly regular intervals.
© 2021 The Society for Range Management. Published by Elsevier Inc. All rights reserved.

Introduction

Woody encroachment is the process in which grasslands tran-
sition to an alternative, woody-dominated state (Ratajczak et al.
2014; Wilcox et al. 2018). Woody transitions result in fundamen-
tal changes in the structure, function, and composition of grass-
land systems including reductions in herbaceous biomass and di-
versity, 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 restora-
tion tool used to induce a shift back to a grass-dominated state.
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Indeed, various forms of brush management have proven to be ef-
fective 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 com-
mon encroaching species (Archer et al. 2011), despite substantial
investments in brush management.

Here, we implemented the first study to track Juniperus virgini-
ana L. re-encroachment following restoration with high-severity
fire. J. virginiana is a notorious encroaching species in the North
American Great Plains and is driving a large-scale woodland tran-
sition 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 restora-
tion initiative to quantify rates of J. virginiana re-encroachment
16 yr following woodland collapse with high-severity fire. This
study answers several questions concerning the re-encroachment

1550-7424/© 2021 The Society for Range Management. Published by Elsevier Inc. All rights reserved.
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Figure 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 yr after initial restoration with fire, respectively.

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 pro-
cess 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. 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 commu-
nity 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 sco-
parium [Michx.] Nash), and sideoats grama (Bouteloua curtipendula
[Michx.] Torr.). Before European settlement, the estimated fire re-
turn interval for this region was 6—10 yr (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 precipi-
tation 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 treat-
ments were implemented across 26 191 ha in the Loess Canyons
Experimental Landscape from 2002 to 2018 (see Fig. 1). Prescribed
fire treatments were typically implemented between early Febru-
ary and late April. All fire prescriptions targeted weather and fuel
conditions to create fire intensities above juniper mortality thresh-
olds (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 se-
lected for this study (see Fig. 1). Restoration at these sites consisted
of a single fire treatment and did not include reseeding of herba-
ceous plants or postfire management of woody plants (Bielski et al.
2021). The selected sites spanned an array of time-since-fire his-
tory and ranged from 3 mo to 16 yr. 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 (represen-
tative of unburned woodland sites; see later), at least 1 000 m?
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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 in-
tensity 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 in-
tact J. virginiana woodland patches to establish a reference point
for unburned woodlands in the Loess Canyons Experimental Land-
scape.

A 30-m transect was established at the center of each sampled
patch and oriented parallel to the canyon top and bottom to min-
imize differences among sites. Canopy cover of J. virginiana was
measured along this transect using the line-intercept method. Den-
sity and tree height were measured in three 10 x 10 m plots cen-
tered along the 30-m transect. Density measures included all in-
dividuals 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 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 (In[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 re-
sponse variables were log-transformed (In[y+1]) to meet normality
and heteroscedasticity assumptions. We used Akaike’s information
criterion corrected for small sample sizes (AIC.) to identify the top
model (i.e., linear, logarithmic, or polynomial) based on the lowest
AAIC, value and then used R? 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 boot-
strap 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 af-
ter initial restoration with fire. Seedlings established 1-2 yr af-
ter restoration and then increased in density following a loga-
rithmic trend (y = exp[0.4259 +2.9675 - In{x+1}] - 1; R2=0.66)
(Fig. 2A). Density recovered to levels within the range of un-
burned woodlands (633—1 267 trees ha~!) within 5—11 yr af-
ter restoration (based on bootstrapped 95% confidence intervals),
although some individual sites recovered earlier (see Fig. 2A).
Cover increased following a polynomial trend (y =exp[0.064044 -
0.111451x + 0.023644x°] - 1; R2=0.78), in which cover was low
and stable in the first 8—10 yr after restoration and then tran-
sitioned to a period of rapid growth as more trees escaped the
herbaceous layer (see Fig. 2B). Mean and maximum tree height
increased along polynomial (y =0.018684 + 0.00518x -+ 0.005317x%;
R?2=0.72) and linear (y=—0.82801+ 0.28257x; R%2=0.61) trends,
respectively (see Fig. 2C and 2D). Eight yr 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 in-
creases in cover (see Fig. 2). Between 7 and 11 yr after restora-
tion, the tallest trees reached heights associated with the onset
of seed production (1.5 m; Owensby et al. 1973), marking a de-
mographic transition in the re-encroachment process as restored

sites become seed sources and further contribute to encroachment.
Fourteen yr or more after restoration, sites were dominated by
dense stands of J. virginiana (3 900—5 633 trees ha~! with trees
up to 5.2 m in height) and resembled a young woodland (see
Fig. 1C).

Our results show two stages of re-encroachment after restora-
tion; the first is an incipient stage characterized by seedling re-
establishment, followed by a second stage of rapid growth and de-
mographic transitions to mature (i.e., cone-producing) trees. This
general pattern of nonlinear recovery is consistent with expec-
tations based on patterns of initial encroachment and woodland
transition (Briggs et al. 2002). Yet this study provides the first ev-
idence of a rapid and nonlinear re-encroachment process for ju-
niper. Results 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 approach-
ing. Indeed, the timing of a nonlinear increase in J. virginiana cover,
~10 yr 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 yr (Bates et al. 2005,
2006).

Multiple demographic stages, as well as the speed of de-
mographic 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 yr and 2) shortly thereafter reached den-
sities 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 ex-
pect our results to be generally applicable for similar grassland
systems where re-encroachment is not limited by early demo-
graphic 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 man-
agement, 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 conser-
vation success and should be incorporated into future planning ef-
forts.
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Figure 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.

Downloaded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 06 Oct 2022
Terms of Use: https://bioone.org/terms-of-uselAccess provided by University of Nebraska - Lincoln



116 D.T. Fogarty, C. de Vries and C. Bielski et al./Rangeland Ecology & Management 78 (2021) 112-116

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

We are grateful to the landowners who allowed us to access
their properties for this research. The Nebraska Cooperative Fish
and Wildlife Research Unit is jointly supported by a cooperative
agreement between the US Geological Survey, the Nebraska Game
and Parks Commission, the University of Nebraska—Lincoln, the US
Fish and Wildlife Service, and the Wildlife Management Institute.

References

Alexander, H.M., Collins, C.D., Reed, A.W., Kettle, W.D., Collis, D.A., Christiana, L.D.,
Salisbury, V.B., 2018. Effects of removing woody cover on long-term popu-
lation dynamics of a rare annual plant (Agalinis auriculata): a study com-
paring remnant prairie and oldfield habitats. Ecology and Evolution 8,
11975-11986.

Ansley, RJ., Wiedemann, H.T., Castellano, M.]., Slosser, J.E., 2006. Herbaceous
restoration of juniper dominated grasslands with chaining and fire. Rangeland
Ecology & Management 59, 171-178.

Archer, S.R., Andersen, E.M., Predick, K.I., Schwinning, S., Steidl, RJ., Woods, S.R.,
Briske, D.D., 2017. Woody plant encroachment: causes and consequences.
Rangeland systems: processes, management and challenges. Springer Interna-
tional Publishing, Cham, Switzerland, pp. 25-84.

Archer, S.R., Davies, KW., Fulbright, T.E., McDaniel, K.C., Wilcox, B.P.,, Predick, KI.,
Briske, D.D., 2011. Brush management as a rangeland conservation strategy:
A critical evaluation. Conservation benefits of rangeland practices: assessment,
recommendations, and knowledge gaps. US Department of Agriculture, Natural
Resources Conservation Service, Washington, DC, USA, pp. 105-170.

Archer, S.R,, Predick, K.I., 2014. An ecosystem services perspective on brush manage-
ment: research priorities for competing land-use objectives. Journal of Ecology
102, 1394-1407.

Arguez, A., Durre, I, Applequist, S., Vose, R.S., Squires, M.F, Yin, X., Heim, RR,
Owen, TW., 2012. NOAA's 1981-2010 U.S. climate normals: an overview. Bul-
letin of the American Meteorology Society 93, 1687-1697.

Bates, ].D., Miller, R.F., Davies, KW., 2006. Restoration of quaking aspen woodlands
invaded by western juniper. Rangeland Ecology & Management 59, 88-97.
Bates, J.D., Miller, R.E, Svejcar, T., 2005. Long-term successional trends following

western juniper cutting. Rangeland Ecology & Management 58, 533-541.

Bielski, C.H., Scholtz, R., Donovan, V.M., Allen, C.R., Twidwell, D., 2021. Overcoming
an “irreversible” threshold: a 15-year fire experiment. Journal of Environmental
Management 291, 112550.

Briggs, ].M., Hoch, G.A., Johnson, L.C, 2002. Assessing the rate, mechanisms, and con-
sequences of the conversion of tallgrass prairie to Juniperus virginiana forest.
Ecosystems 5, 578-586.

Engle, D.M., Kulbeth, ]J.D., 1992. Growth dynamics of crowns of eastern redcedar at
3 locations in Oklahoma. Journal of Range Management 45, 301.

Fogarty, D.T., Roberts, C.P., Uden, D.R., Donovan, V.M., Allen, C.R,, Naugle, D.E.,
Jones, M.O., Allred, B.W., Twidwell, D., 2020. Woody plant encroachment and
the sustainability of priority conservation areas. Sustainability 12, 8321.

Guyette, R.P,, Stambaugh, M.C., Dey, D.C., Muzika, R.M., 2012. Predicting fire fre-
quency with chemistry and climate. Ecosystems 15, 322-335.

Huxman, T.E., Wilcox, B.P,, Breshears, D.D., Scott, R.L., Snyder, K.A., Small, E.E., Hul-
tine, K., Pockman, W.T,, Jackson, R.B, 2005. Ecohydrological implication of woody
plant encroachment. Ecology 86, 308-319.

Jackson, R.B., Banner, J.L., Jobbadgy, E.G., Pockman, W.T., Wall, D.H., 2002. Ecosystem
carbon loss with woody plant invasion of grasslands. Nature 418, 623-626.
Owensby, C.E., Blan, K.R,, Eaton, BJ., Russ, O.G., 1973. Evaluation of eastern redcedar
infestations in the northern Kansas Flint Hills. Journal of Range Management

26, 256-260.

Ratajczak, Z., Nippert, ].B., Briggs, J.M., Blair, ].M., 2014. Fire dynamics distinguish
grasslands, shrublands and woodlands as alternative attractors in the central
great plains of North America. Journal of Ecology 102, 1374-1385.

Scholes, RJ., Archer, S.R., 1997. Tree-grass interactions in savannas. Annual Review
of Ecology Systems 28, 517-544.

R Core Team, 2018. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-
project.org/.

Toms, J.D., Lesperance, M.L., 2003. Piecewise regression: a tool for identifying eco-
logical thresholds. Ecology 84, 2034-2041.

Twidwell, D., Fuhlendorf, S.D., Taylor, C.A., Rogers, W.E., 2013a. Refining thresh-
olds in coupled fire-vegetation models to improve management of encroaching
woody plants in grasslands. Journal of Applied Ecology 50, 603-613.

Twidwell, D., Rogers, W.E., Fuhlendorf, S.D., Wonkka, C.L., Engle, D.M., Weir, J.R.,
Kreuter, U.P,, Taylor, C.A.J., 2013b. The rising Great Plains fire campaign: citizens’
response to woody plant encroachment. Frontiers in Ecology and the Environ-
ment 11, e64-e71.

Wilcox, B., Birt, A., Fuhlendorf, S., Archer, S., 2018. Emerging frameworks for under-
standing and mitigating woody plant encroachment in grassy biomes. Current
Opinions in Environmental Sustainability 32, 46-52.

Downloaded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 06 Oct 2022
Terms of Use: https://bioone.org/terms-of-uselAccess provided by University of Nebraska - Lincoln


http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0001
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0001
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0001
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0001
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0001
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0001
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0001
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0001
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0002
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0002
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0002
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0002
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0002
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0003
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0003
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0003
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0003
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0003
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0003
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0003
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0003
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0004
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0004
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0004
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0004
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0004
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0004
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0004
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0004
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0005
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0005
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0005
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0006
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0006
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0006
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0006
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0006
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0006
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0006
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0006
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0006
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0007
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0007
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0007
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0007
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0008
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0008
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0008
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0008
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0009
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0009
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0009
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0009
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0009
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0009
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0010
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0010
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0010
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0010
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0011
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0011
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0011
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0012
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0012
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0012
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0012
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0012
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0012
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0012
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0012
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0012
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0012
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0013
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0013
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0013
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0013
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0013
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0014
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0014
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0014
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0014
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0014
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0014
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0014
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0014
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0014
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0014
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0015
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0015
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0015
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0015
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0015
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0015
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0016
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0016
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0016
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0016
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0016
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0017
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0017
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0017
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0017
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0017
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0018
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0018
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0018
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0020
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0020
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0020
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0021
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0021
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0021
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0021
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0021
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0022
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0022
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0022
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0022
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0022
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0022
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0022
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0022
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0022
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0023
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0023
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0023
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0023
http://refhub.elsevier.com/S1550-7424(21)00070-1/sbref0023

	Rapid Re-encroachment by Juniperus virginiana After a Single Restoration Treatment
	Introduction
	Methods
	Study system
	Experimental design, sampling, and analysis

	Results and Discussion
	Implications
	Declaration of Competing Interest
	Acknowledgments
	References


