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“

Woody plant
encroachment
represents a threat
to grassland, shrubsteppe, and savanna
ecosystems and the
plants and animals
endemic to them…

”
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IntRoduCtIon

et al. 2009). In semiarid and subhumid
areas, encroachment of shrubs and trees
Rangelands support the majority of the world’s into grasslands and savannas may have
livestock production (Safriel and Adeel 2005)
neutral to substantially positive effects on
and play an important role in human health
primary production, nutrient cycling, and
and global carbon, water, and nitrogen cycles
accumulation of soil organic matter (Archer
(Campbell and Stafford Smith 2000). Their
et al. 2001; Knapp et al. 2008a; Barger et al.
extensive airsheds and watersheds provide
2011). While impacts of WP encroachment
habitat for game and nongame wildlife and
may vary among bioclimatic zones, there is
myriad ecosystem goods and services important one constant: grass-dominated ecosystems
to rapidly growing settlements and cities that
are transformed into shrublands, woodlands,
may be geographically distant. Rangelands
or forest. As such, WP encroachment
thus have considerable, multidimensional
represents a threat to grassland, shrub-steppe,
conservation value. Stewardship of vegetation
and savanna ecosystems and the plants and
composition, cover, and production is
animals endemic to them, a threat on par
the foundation of sustainable rangeland
with those posed by exurban and agricultural
management, a key component of which is
development (Sampson and Knopf 1994;
maintaining vegetation within a desirable mix
Maestas et al. 2003).
of herbaceous and woody plants (WPs).
Efforts to counteract the real and perceived
One of the most striking land cover changes
threats of WP encroachment fall into the
on rangelands worldwide over the past 150
broad category of brush management. Brush
yr has been the proliferation of trees and
management, defined by the Natural Resource
shrubs at the expense of perennial grasses.
Conservation Service (NRCS 2003) as the
In some cases, native WPs are increasing
removal, reduction, or manipulation of
in stature and density within their historic
nonherbaceous plants, has been an integral
geographic ranges; in other cases, nonnative
component of range management since its
WPs are becoming dominant. These shifts in
formal emergence in the 1940s. However,
the balance between woody and herbaceous
brush removal has historically been criticized,
vegetation represent a fundamental alteration especially when large-scale programs have failed
of habitat for animals (microbes, invertebrates, to consider the needs of diverse stakeholders
and vertebrates) and hence a marked
and the impact on multiple goods and services
alteration of ecosystem trophic structure. In
during planning and implementation stages
arid and semiarid regions, increases in the
(e.g., Klebenow 1969; Belsky 1996).
abundance of xerophytic shrubs at the expense
of mesophytic grasses represent a type of
Our goal here is to provide a contemporary,
desertification (e.g., Schlesinger et al. 1990;
critical evaluation of “brush management” as a
Havstad et al. 2006) often accompanied by
conservation tool. We begin with a brief review
reductions in primary production (Knapp
of potential drivers of WP encroachment. An
et al. 2008a) and accelerated rates of wind
understanding of these drivers will 1) shed
and water erosion (Wainwright et al. 2000;
light on the causes for the changes observed
Gillette and Pitchford 2004; Breshears
to date; 2) help us determine if management
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Woody plant encroachment has
been widespread in rangelands, including these desert
grasslands in New Mexico.
(Photo: Paolo D'Odorico)
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tABlE 1. Potential causes for increases in woody plant (WP) abundance in rangelands. There is likely no single-factor explanation for this
widespread phenomenon. Most likely, it reflects drivers that vary locally or regionally or from the interactions of multiple drivers. Changes
in a given driver may be necessary to tip the balance between woody and herbaceous vegetation but may not be sufficient unless cooccurring with changes in other drivers. For detailed reviews and discussions, see Archer (1994), Archer et al. (1995), Van Auken (2000),
Briggs et al. (2005), and Naito and Cairns (2011).

driver
Climate

grazing

Mechanism

Potential vegetation response

Increased precipitation

Enhances WP establishment, growth, and density

Decreased precipitation

Promote shifts from mesophytic grasses to xerophytic shrubs

Shift from winter to summer
precipitation

Favors WP over grasses, particularly on relatively deep, well-drained soils

Utilization of grasses by
livestock

Herbaceous production and species composition may shift to a community
more susceptible to WP encroachment; livestock are effective agents of
dispersal of some WP species; reductions in fine fuel mass and continuity
(see “Fire”)

Seed dispersal
Browsing

Reduced utilization of WPs by
native herbivores

Elimination of browsers promotes WP recruitment and growth; WPs kept
small in size by browsers more susceptible to fire

Fire

Reduced fire frequency,
intensity, and extent

Increased WP recruitment and growth (see “Grazing”)

Atmospheric Co2

Increased atmospheric CO2
concentrations

WPs with C3 photosynthetic pathway may be favored over grasses with C4
photosynthetic pathway

nitrogen deposition

Increased N availability

Correlated with forest expansion into grassland

intervention is realistic; if so, 3) what
approaches might be most effective; and 4)
when, where, and under what conditions to
apply them. We then discuss the ecological
role of WPs in rangeland ecosystems and how
human perspectives on WPs in rangelands
influence management decisions and
conservation objectives. The ecological impacts
of WP proliferation are then reviewed with
the aim of addressing the question, What
are the environmental consequences of not
managing WPs in rangelands? As it turns
out, there are indeed consequences. Many
of these have emerged relatively recently
and hence are not yet reflected in current
management guidelines. Advances in our
understanding of the ecological consequences
of WP proliferation in rangelands have
paralleled changes in both perspectives on
and approaches to brush management since
the mid-1900s and have influenced how the
NRCS has advised landowners. We therefore
review the evolution of brush management in
the spirit of putting current perspectives into
their historical context. The basis for NRCS
expectations underlying recommendations in
the NRCS Brush Management Conservation
Practice Standard matrix (hereafter described
as “projected effects”) is then evaluated on
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the basis of a pooling of expectations into
five overarching areas: herbaceous cover,
production, and diversity; livestock response;
watershed function; wildlife response; and fuels
management. Evaluations are then followed by
recommendations, an itemization of knowledge
gaps, and a series of overarching conclusions.

Why hAS WP ABundAnCE
InCREASEd on RAngElAndS?
Understanding the drivers of tree/shrub
encroachment can help identify when, where,
how, and under what conditions management
might most effectively prevent or reverse WP
proliferation. Traditional explanations center
around intensification of livestock grazing,
changes in climate and fire regimes, the
introduction of nonnative woody species, and
declines in the abundance of browsing animals
(Table 1). Historical increases in atmospheric
nitrogen deposition and atmospheric carbon
dioxide concentration are also potentially
important drivers. Exploring this important
question is beyond the scope of this discussion,
but detailed reviews and discussion can be
found in Archer (1994), Archer et al. (1995),
Van Auken (2000), Briggs et al. (2005), and
Naito and Cairns (2011). Likely all these

S. R. Archer, K. W. Davies, T. E. Fulbright, K. C. McDaniel, B. P. Wilcox, and K. I. Predick

factors have interacted to varying degrees, and
the strength and nature of these interactions
likely varies from one biogeographic location
to another. Thus, local knowledge is important
in developing WP management plans. In many
respects, WP encroachment is a specific case
of weed and invasive plant management, and
the concepts and principles developed for those
perspectives are widely applicable (Sheley et al.
this volume).
It is important to note that once the process
of WP encroachment is set in motion, grazing
management per se may do little to prevent
the conversion of grasslands and savannas to
shrublands and woodlands (e.g., McClaran
2003; Browning et al. 2008). In fact, on sites
with a long history of heavy grazing, removal
of livestock may actually promote rather than
deter WP encroachment (Smeins and Merrill
1988; Browning and Archer 2010). However,
grazing management influences on WP
encroachment are indirectly important in terms
of how they affect the amount and continuity
of fine fuels available for wildfire or prescribed
burning (Fuhlendorf et al. 2008; Fuhlendorf et
al. this volume). Because grazing management
alone is generally not sufficient to curtail or
reverse shrub encroachment, progressive brush
management is a potentially important tool for
grassland conservation.
Although WP encroachment has been formally
documented and qualitatively observed in
some areas, it should not be assumed that
this transformation has been uniform or
ubiquitous. Indeed, repeat ground photography
in western North America documents areas
where WPs have dominated landscapes since
the 1800s (e.g., Humphrey 1987; Turner et al.
2003; Webb et al. 2007). Thus, many areas may
have been historically comprised of mixtures
of woody and herbaceous vegetation (e.g.,
shrub-steppe or shrub or tree savannas), and
efforts to eradicate WPs from such sites may
be misguided (McKell 1977) and sometimes
detrimental to native plants and wildlife (e.g.,
Knick et al. 2003).

PERSPECtIvES on WPs In
RAngElAndS
Brush management practices have historically
focused on the goal of maximizing livestock
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production and promoting groundwater
recharge and stream flow. Contemporary
perspectives have been broadened to include
impacts on biological diversity, ecosystem
function (primary production and nutrient
cycles), and land surface–atmosphere
interactions (Appendix 2; Fig. 1). These
broader perspectives are recognized to
varying levels of specificity in NRCS Brush
Management Conservation Practice Standards
(code 314) and its projected effects. The
current challenge lies with articulating these
more explicitly in the CPPE worksheet,
exposing landowners and the public to these
perspectives, and articulating these perspectives
in terms that can be quantified and objectively
monitored and evaluated.
tABlE 2. Perspectives on woody plants (WPs) in rangelands. In areas subject to
heavy livestock grazing, palatable species typically give way to less palatable, less
preferred species, and in rangelands, these less palatable species are often shrubs.
The fact that unpalatable shrubs dominate many grazed rangelands has led to the
mistaken generalization that all WPs in rangelands are undesirable. WPs have been
typically viewed as the problem on grazed rangelands, but in fact they are likely a
consequence of past mismanagement. Brush management conducted in isolation of
grazing management is therefore treating symptoms rather than addressing the root
causes of the problem (excessive grazing and fire suppression). When assessing
whether to invest in efforts to reduce WP cover or density, the points shown in the
table should be considered. For further discussion, see McKell (1977), Archer and
Smeins (1993), and Archer (2009).

• Palatable WPs may have been displaced along with palatable grasses and
herbs (Lange and Willcocks 1980; Orodhu et al. 1990; Kay 1997).
• Shrubs may decrease grazing pressure on grasses and provide protection for
heavily utilized herbaceous species.
• WPs may provide important habitat for a variety of vertebrate and invertebrate
wildlife (nongame as well as game).
• Shrubs may provide an important and underappreciated source of nutrimental
stability and reduce supplemental feed requirements during cold or dry periods
(Le Houérou 1980; Coppock et al. 1986; Stuth and Kamau 1990; Styles and
Skinner 1997).
• WPs may be the best adapted for the prevailing environmental conditions (Le
Houérou 1994).
• Were it not for the “damn brush,” there might be little or no vegetative cover.
It may not be realistic to expect brush management to enhance herbaceous
production, especially where soils have extensively eroded.
• Will brush management stimulate herbaceous production and increase livestock
carrying capacity sufficiently to offset treatment costs? If so, how much time will
be required before a follow-up treatment? Will treating one problem perhaps
create another (i.e., loss of valuable nontargeted species, invasion by weeds or
exotic species, induced multiple-stemmed growth habit in shrubs, or replacement
of nonsprouting species with sprouting species)?

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation
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FIguRE 1. Traditional and contemporary perspectives on woody plant (WP) encroachment (from Archer 2009).

thE CoSt oF doIng nothIng

season C3 vs. warm-season C4 grass), and
the species of WP and its growth form (i.e.,
evergreen vs. deciduous), canopy architecture
(i.e., single vs. multiple stemmed), size,
density, and spatial arrangement (Jameson
1967; Mitchell and Battling 1991; Scholes
and Archer 1997; Scholes 2003; Fuhlendorf
et al. 2008; Teague et al. 2008a). When
stocking rates are based on total area rather
than grazable area, WP encroachment can
intensify grazing pressure to further depress
grass production unless stocking rates are
adjusted to compensate for WP-induced
losses of forage production. WP impacts
on herbaceous plants must therefore be
considered in the context of livestock
management (Briske et al. this volume) and
the ecological site(s) being managed.
It is important to note that relationships
between WPs and grass are typically described
at either the plant or the stand scale of spatial
resolution. This can cause confusion and
apparent contradictions. For example, velvet
mesquite (Prosopis velutina) typically has
neutral to positive effects on grasses at the
plant scale but negative effects at the stand
scale (McClaran and Angell 2007). Thus, care
should be taken when generalizing results
from a given study. Stand-scale assessments
are generally most appropriate for pasture and
landscape management.

Changes in WP cover and density represent
fundamental changes in vegetation
composition and structure and animal
(microbes, invertebrates, and vertebrates)
habitat. These, in turn, can fundamentally
alter ecosystem primary production, trophic
structure, biological diversity, nutrient cycling,
and land surface–atmosphere interactions
How do declines in herbaceous cover and
(Fig. 2).
biomass that typically accompany WP
encroachment impact overall ecosystem
herbaceous Cover and Production
primary production? A recent comparison
The projected effects of brush management
of sites around North America suggests
typically assume that herbaceous cover and
aboveground primary production declines with
production will increase following brush
WP encroachment in hot and cold deserts
management. Implicit in this expectation
but that it increases dramatically as a function
is the assumption that WPs have a negative
of annual rainfall in semiarid and subhumid
impact on ground cover. Does the literature
regions (Knapp et al. 2008a). Recent estimates
support this perspective? The answer to this
suggest that for every millimeter increase in
question is context dependent. Herbaceous
mean annual precipitation above 330 mm,
cover and biomass typically decline as WP
aboveground net primary production (ANPP)
cover and basal area increase. However, the
will increase by ~0.6 g C·m−2 ·yr−1 with shrub
encroachment (Barger et al. 2011). Thus, losses
specific nature of the response ranges from
of grass production can lead to a net decline
an immediate linear or exponential decline
in overall ecosystem production in arid areas,
to an initial stimulation, followed by a
whereas increases in production attributable
subsequent decline (Fig. 3; Table 3). The
shape of these curves depends on the site and to WPs more than compensates for declines
its grazing history, its climate, the physiology in herbaceous production in other bioclimatic
zones.
of the herbaceous vegetation (e.g., cool-
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FIguRE 2. Drivers of woody plant encroachment (see Text Box 1) and the potential consequences of ecosystem function and land surface–
atmosphere interactions (from Archer 2009).

Soil Condition and Erosion
Projected effects generally assume that soil
conditions and soil surface stability will be
slightly to substantially improved by brush
management and that soil erosion will be
reduced by WP removal. Although not
explicitly stated, these assumptions appear
predicated on the expectation that WP
proliferation adversely affects these parameters.
Does WP encroachment lead to a deterioration
of soil condition and site stability?
Changes in grass and WP abundance impact
soils through alteration of above- and
belowground productivity, quality of litter
inputs, rooting depth and distribution,
hydrology, microclimate, and energy balance
(Fig. 2). The abundance of soil organic matter
or, more precisely, soil organic carbon (SOC)
is a good indicator of soil condition, as it
integrates a variety of ecosystem processes that
influence fertility, water-holding capacity, and
site stability.
A substantial majority of the carbon in
rangeland ecosystems resides in the SOC
pool (Schlesinger 1997), but it is not yet clear
how grazing, climate, and WP encroachment
and “infilling” (shifts from relatively low to
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FIguRE 3. Potential responses of herbaceous vegetation to increases in woody plant cover or basal
area. See Table 1 and reviews by Jameson (1967),
Mitchell and Battling (1991), Scholes and Archer
(1997), Scholes (2003), Fuhlendorf et al. (2008),
and Teague et al. (2008a).

relatively high WP cover or density) interact
to affect gains and losses from these large
carbon pools. Despite consistent increases
in aboveground carbon storage with woody
vegetation encroachment (Knapp et al. 2008a)
and dryland afforestation (e.g., Nosetto et al.
2006), the trends in SOC are highly variable,
ranging from substantial losses to large gains to

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation
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tABlE 3. Herbaceous response to shrub encroachment (US studies only).

herbaceous
responsea

dominant woody plant(s)
Big sagebrush (Artemisia tridentata )

Soils

MAP (mm)

D1

Aeolian sandy loams
and loess (aridisols)

210

A

Loam/sandy loam

225–405 (eight sites)

D

Silt loam

406

C

—

279

A

Gravelly loam

323 (Vaughn)
328 (Roswell)

Fine sandy loam

480

B, D

Sandy loam

221–430 (4 sites)

D

Gravelly/loamy

A/B

Shallow sandy

C

—

255

A

Gravelly

—

2

Broom snakeweed (Gutierrezia sarothrae )

B
Creosotebush (Larrea tridentata )

1

1

honey mesquite (Prosopis glandulosa )

C

Clay loam

—

A

Sandy loan

231

B

Silt loam/clay loam

648

B

Loamy sand

231

B

Clay loams

D2

Shallow clay

C

Sandy loam

345

B (total); C
(cool-season grass)

Clay

850

Redberry juniper (J. pinchottii )

B

—

—

Redberry juniper (J. pinchottii )

A (grazed);
B (ungrazed)

Fine loam and clay

~ 525

Western juniper (J. occidentalis)

B

Loams with variable
rockiness

410

D2

Clay loam

430

C

—

248

Ponderosa pine (P. ponderosa )

A

—

—

Ponderosa pine (P. ponderosa )

A

Limestone derived

560

Ponderosa pine (P. ponderosa)

A

—

380–510 (31 sites,
varies with elevation)

P. taeda, P. echinata

A

—

—

longleaf pine (P. palustris )

B
A

Silty loam
—

~ 584
—

D3

—

345

D2

—

~ 330–432 (varies with
elevation)

C (one site); D2
(three sites)

—

~ 197–304 (varies with
elevation)

A

—

—

huisache (Acacia farnesiana)
Juniper
(Juniperus spp.)

Pine (Pinus spp.)

240

Pinyon–juniper (Pinus edulis–Juniperus spp.)
velvet mesquite (Prosopis velutina)

665

As per Figure 3 (A, negative exponential decline; B, linear decline; C, initial positive response, followed by decline; and “D,” “Other,” including no change (D1), increase (D2),
or decline in C4, increase in C3 (D3).

a

Space-for-time substitution (sampling stands of different shrub abundance at one point in time).

*
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Scale (plant/
stand)

Study duration (yr)

Study location

Reference

Plant

28 (1950–1978)

Southeastern ID

Anderson and Holte (1981)

Stand

20

Northwestern NM

McDaniel et al. (2005)

Stand

4 (1967–1970)

Southern ID

Hull and Klomp (1974)

Stand

4 (1951–1954)

OR

Hyder and Sneva (1956)

Stand

10 (1979–1989)

Vaughn and Roswell, NM

McDaniel et al. (1993)

Stand

2 (1946–1947)

TX

Ueckert (1979)

Stand

2* (1981–1982)

Chihuahua, Mexico, and southern AZ

Morton et al. (1990)

Stand

14–17 (1984/1987–2001)

Southwest NM

Perkins et al. (2006)

Stand

76 (1915–2001)

Central NM

Baez and Collins (2008)

Stand

Model

South-central NM

Bestelmeyer et al. (2009)

Stand

5 (1970–1975)

West TX

Dahl et al. (1978)

Stand

105 (1858–1963)

South-central NM

Buffington and Herbel (1965)

Stand

6 (1995–2001)

North-central TX

Teague et al. (2008a)

Stand

45 (1935–1980)

Southern NM

Hennessy et al. (1983)

Stand

1*1998

North-central TX

Hughes et al. (2006)

Stand

46 (1957–2003)

Southern AZ

McClaran and Angell (2006)

stand

2 (1978–1979)

South TX

Scifres et al. (1982)

Stand

1*1995

Nolan County, TX

Johnson et al. (1999)

3 (1984–1986)

Western TX

McPherson and Wright (1990)

2* (2005–2006)

Northeastern CA

Coultrap et al. (2008)

Stand

7 (1975–1982)

CA

Evans and Young (1985)

Stand

13 (1991–2004)

Southeastern OR

Bates et al. (2005)

Tree

1*

Northern AZ

Jameson (1967)

Stand

1* (1988)

Northern AZ

Moore and Deiter (1992)

1* (1984)

Rocky Mountain front range, CO
and WY

Mitchell and Battling (1991)

Stand

2* (1960–1961)

Eastern TX

Halls and Schuster (1965)

Stand

11

Alexandria, LA

Grelen and Lohrey (1978)

Stand

1*

Northern and central AZ

Jameson (1967)

Stand

2 (1984–1985)

South-central NM

Pieper (1990)

Stand

10 (nonsequential;
1954–1967)

Southern AZ

Cable (1971)

Stand

5 (1945–1950)

Southern AZ

Parker and Martin (1952)

Stand

—

Southeastern AZ

Upson et al. (1937)

Stand
Stand

Stand

CHAPTER 3:

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation

113

FIguRE 4. Changes in soil organic pools following shrub encroachment in
different precipitation zones (from Asner and Archer 2009). Numbers on
symbols/legend entries indicate references listed in Appendix III.

on SOC have been explicitly accounted for,
it appears that losses of SOC associated with
heavy grazing can be recovered subsequent to
WP encroachment and that SOC in the shrubdominated system can be substantially greater
than that of the original grasslands (Archer et
al. 2001; Hibbard et al. 2003).
SOC and N levels are typically highly
correlated; hence, increases in SOC are
typically accompanied by increases in soil N
(Seastedt 1995; Wheeler et al. 2007). When
the encroaching woody species is a nitrogen
fixer, soil N levels can increase substantially
(Geesing et al. 2000; Hughes et al. 2006), thus
augmenting a key resource that, along with
water, typically colimits rangeland productivity.
The resultant increase in soil fertility and waterholding capacity likely drives the increase in
herbaceous production that typically follows
WP removal.

no net change (Wessman et al. 2004; Asner and In arid regions, the loss of grass cover due
Archer 2009; Fig. 4).
to grazing is accompanied by loss and
redistribution of soil resources from plant
Variation in SOC response to WP
interspaces to areas beneath shrubs. Many
encroachment is perhaps not unexpected
studies have investigated this grass-erosion
given the myriad factors that influence SOC
feedback, with the consensus that erosion
pool and fluxes (Wheeler et al. 2007). These
by wind and water is capable of removing
include growth characteristics of the WPs
soil resources required for grass growth and
(e.g., evergreen or deciduous, N fixing or not,
propagation while creating semipermanent
shallow or deep rooted, etc.), climate (mean
fertile islands beneath shrub canopies (see
annual rainfall and temperature), soil properties Okin et al. 2009). The net result is a dramatic
(e.g., texture, pH, carbonate content), initial
increase in wind and erosion resulting from
conditions (e.g., amount, type, and distribution increased bare areas in shrublands compared to
of SOC present at the time WP encroachment the grasslands they replaced. Aeolian sediment
begins), and prior land management (e.g.,
flux in mesquite-dominated shrublands in
whether WPs are establishing in native
the Chihuahuan Desert are 10-fold greater
rangeland vs. abandoned cropland). In areas
than rates of wind erosion and dust emission
where shrub-induced increases in SOC have
from grasslands on similar soils (Gillette and
been documented, changes are typically
Pitchford 2004). Flow and erosion plots in
restricted to the upper 10–20 cm of the soil
the Walnut Gulch Experimental Watershed
profile, and accumulation appears to be a
in Arizona and the Jornada Long Term
linear function of time since WP establishment Ecological Research site in New Mexico have
(Boutton et al. 2009) with rates ranging from
demonstrated significant differences in water
8 g C·m−2 ·yr−1 to 30 g C·m−2 ·yr−1 (Wheeler
erosion between grasslands and shrublands
et al. 2007). Some of the uncertainty in
(Wainwright et al. 2000). For example, higher
SOC response may reflect the fact that WP
splash detachment rates (Parsons et al. 1991,
encroachment often occurs in areas with a
1994) and interrill erosion rates (Abrahams et
history of livestock grazing, which itself has
al. 1988) are observed in shrublands compared
positive, neutral, and negative effects on SOC
to grasslands, and shrubland areas are more
pools (Milchunas and Lauenroth 1993; Piñeiro prone to develop rills, which are responsible
et al. 2010; Briske et al. this volume). Where
for significant increases in overall erosion
historical grazing and WP encroachment effects rates (Luk et al. 1993). Episodes of water
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erosion are often associated with decadal
drought–interdrought cycles because depressed
vegetation cover at the end of the drought
makes the ecosystem vulnerable to increased
erosion when rains return (McAuliffe et al.
2006). In hot desert systems where shrub
encroachment has occurred, reestablishment
of grass cover would help curtail erosion losses.
However, the loss of topsoil to date, coupled
with low and highly variable precipitation,
make these among the most challenging
environments in which to reestablish perennial
grass cover once it has been lost (see the
section “Herbaceous Vegetation and Native
Communities”).

Air Quality and land Surface–
Atmosphere Interactions
Brush management impacts on air quality
are treated as “not applicable” or “neutral”
with respect to particulate matter, ozone, and
greenhouse gas production. However, these
factors and others related to pollen production
and land surface–atmosphere interactions may
warrant more attention in the next generation
of projected effects worksheets.
A synthesis of aeolian sediment transport
studies spanning a grassland–forest continuum
suggests 1) that among relatively undisturbed
ecosystems, arid shrublands have inherently
greater aeolian transport because of wake
interference flow associated with intermediate
levels of density and spacing of WPs and 2) that
among disturbed ecosystems, the upper bound
for aeolian transport decreases as a function of
increasing amounts of WP cover because of the
effects of the height and density of the canopy
on airflow patterns and ground cover associated
with WP cover (Breshears et al. 2009).

of land surface–atmosphere interactions.
Shifts from grass to WP domination have
the potential to influence biophysical aspects
of land–atmosphere interactions related to
albedo, evapotranspiration, surface roughness,
boundary layer conditions, and dust loading
that affect cloud formation and rainfall (Figs.
1 and 2). Increases in C and N pools that
occur when WPs proliferate in grasslands and
savannas may be accompanied by increases
in trace gas emissions (e.g., carbon dioxide,
nitrous oxide, and methane; McCulley et al.
2004; Sponseller 2007; McLain et al. 2008)
and nonmethane hydrocarbon emissions
(Monson et al. 1991; Guenther et al. 1995;
Klinger et al. 1998; Geron et al. 2006).
Emissions of such compounds can influence
atmospheric oxidizing capacity, heat retention
capacity, greenhouse gas half-life, aerosol
burdens, and radiative properties. As a result,
air quality (Monson et al. 1991) and energy
balance can be affected.
WP encroachment has been accompanied
by increased dust production in arid regions
(Gillette and Pitchford 2004). Dust can
potentially influence weather and climate by
scattering and absorbing sunlight and affecting
cloud properties, though the overall effect
of mineral dust in the atmosphere is likely

Woody plant
encroachment
has been
accompanied by
increased dust
production in arid
regions”

Changes in vegetation have
the potential to influence
biophysical aspects of land–
atmosphere interactions via
effects on trace gas and
hydrocarbon emissions,
albedo, evapotranspiration,
surface roughness, and dust
loading. (Photo: Rich Reynolds)

Pollen from WPs trigger nasal allergies and
asthma (Chang 1993; Gutman and Bush
1993). Tree/shrub proliferation thus has the
potential to influence the onset, duration,
concentration, and total production of
pollen allergens both locally and at great
distances (Levetin 1998). However, the role
of these allergens on human health is not well
understood (Al-Frayh et al. 1999).
Climate and atmospheric chemistry are
directly and indirectly influenced by land cover
via biophysical and biogeochemical aspects
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FIguRE 5. (A) Conceptual model of landscape-scale changes in ecosystem
biodiversity (species, growth form, or structural) that potentially accompany
woody plant (WP) proliferation in grasslands and savannas (from Archer
2009). Plot-scale reductions in herbaceous species richness with increases
in (B) juniper (Juniperus virginiana) density (10-m2 plots) and within Cornus
drummondii shrub islands and surrounding grasslands (m 2 plots; insert) in Tall
Grass Prairie (Knapp et al. 2008b) and (C) with creosote bush encroachment
in Desert Grasslands (Baez and Collins 2008). In A, diversity is predicted
to increase during early stages of WP encroachment because of the mixture
of woody and herbaceous floral/faunal elements. Maximum diversity might
be expected in savanna-like configurations where woody and herbaceous
plants co-occur. As WP abundance increases, loss of grassland components
eventually occurs. In subtropical thorn woodland and dry forests with high WP
species richness, a net increase in diversity may result. In other settings, there
may be no net change in diversity, only a change in physiognomy. Where
WPs form virtual monocultures with little or no understory (e.g., panels B and
C), the loss of diversity may be profound. Regardless of the numerical changes
in biodiversity, the existence of grassland and open savanna ecosystems
and the plants and animals endemic to them are jeopardized with WP
encroachment.

small compared to other human impacts
(Intergovernmental Panel on Climate Change
2007). However, the mineral aerosols in dust
originating from drylands are thought to
play a major role in ocean fertilization and
CO2 uptake (Blain et al. 2007), terrestrial soil
formation and nutrient cycling (Chadwick et
al. 1999; Neff et al. 2008), and public health
(e.g., Mohamed and El Bassouni 2007). Dust
deposition also decreases albedo of alpine
snowpack, thus accelerating melt and reducing
snow-cover duration (Painter et al. 2007). In
arid regions, erosion increases sediment delivery
and changes flow conditions of rivers (Jepsen
et al. 2003) and impacts water quality, riparian
vegetation, aquatic fauna (Cowley 2006), and
soil fertility and ecosystem processes (Valentin
et al. 2005; Okin et al. 2006). Thus, the
replacement of grasslands by shrublands in arid
areas has potentially far-reaching ramifications.
Modified land cover can affect weather and
climate (Bryant et al. 1990; Pielke et al. 1998).
Changes in vegetation height and patchiness
that occur when WPs replace grasses over large
areas affect boundary layer conditions and
aerodynamic roughness; changes in leaf area
and rooting depth alter inputs of water vapor
via transpiration; and changes in fractional
ground cover, phenology, leaf habit (e.g.,
evergreen vs. deciduous), albedo, and soil
temperature influence evaporation and latent
and sensible heat exchange (Fig. 2; e.g., Graetz
1991; Bonan 2002). The extent to which these
changes in structure influence meteorological
conditions likely vary with annual rainfall
(e.g., via leaf area changes accompanying shrub
encroachment [Knapp et al. 2008a]), soil
texture, shrub rooting depth, and proximity to
water tables (Jobbaggy and Jackson 2004).
Effects of WP encroachment on mesoscale
climate and local weather have not been
assessed. However, evidence from tree-clearing
studies suggest that decreases in WP cover
can potentially influence evapotranspiration,
the incidence of convective storms, and
cloud formation (Jackson et al. 2007). Model
simulations in tropical savannas indicate that
clearing of woody vegetation could increase
mean surface air temperatures and wind speeds,
decrease precipitation and humidity, and
increase the frequency of dry periods within the
wet season (Hoffman and Jackson 2000). Thus,
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by extension, we might expect increases in WP
abundance to have the reverse effect on local
weather and climate.

Biodiversity
Effects of WP encroachment on biodiversity,
whether quantified as the genetic diversity of
populations, species richness, or the number
of plant functional groups or animal guilds
represented in an area, have not been widely
quantified. At the landscape scale, colonization
of grasslands by WPs initially represents
new species additions and hence promotes
biodiversity, and shrub modification of soil
properties, vertical vegetation structure, and
microclimate may subsequently promote the
ingress and establishment of other plant and
animal species (Fig. 5A). In its early stages,
WP encroachment may have a multiplier
effect on animal diversity by adding keystone
structures and habitat heterogeneity (Tews et al.
2004b) and providing nesting, perching, and
foraging sites and shelter against predators and
extreme climatic conditions (Whitford 1997;
Cooper and Whiting 2000; Valone and Sauter
2005; Blaum et al. 2007a). Indeed, numerous
reptiles, birds, and mammals appear to prefer
heterogeneous grass-dominated landscapes
where scattered WPs provide up to 15% cover
(Solbrig et al. 1996; Meik et al. 2002; Eccard et
al. 2004; Bock et al. 2006; Thiele et al. 2008).
In arid savanna rangelands, the diversity of
small carnivores and their prey peaks at about

10–15% shrub cover (Blaum et al. 2007d). In
the Chihuahuan Desert, shrub-invaded sites
harbor four times the number of ant forager
species found at a relatively pristine desert
grassland site, suggesting that ant diversity is
enhanced by shrub invasion and that several
taxa benefit from it (Bestelmeyer 2005). The
effects of WP encroachment vary among animal
taxa and functional groups (e.g., Kazmaier et al.
2001), but as WP cover increases and habitat
characteristics continue to shift, shrubland/
woodland-adapted species are expected to
become favored over grassland-adapted species.

Grasslandobligate plants
and animals
may be affected
immediately and
negatively by WP
encroachment”

Grassland-obligate plants and animals may be
affected immediately and negatively by WP
encroachment (Table 4). Even so, diversity may
be maintained or enhanced if new species cooccur with the more broadly adapted original
species and if the displacement of grasslandobligate species is more than offset by the
arrival of new species (e.g., Sauer et al. 1999;
Blaum et al. 2007b, 2007c). As WP cover and
biomass continue to increase, the end result
may be an overall gain in diversity, no net
change in diversity, or a net loss in diversity
(Fig. 5A). Qualitative observations suggest
that tropical and subtropical grasslands may
potentially experience net gains in diversity
with WP encroachment because of large
pools of tree and shrub species, large pools
of herbaceous species capable of coexisting
with WPs, and large pools of invertebrates

tABlE 4. Avifauna and woody plant (WP) encroachment. Grassland passerines are declining at a faster
rate than any other bird group in North America (Peterjohn and Sauer 1999). Woody plant encroachment associated with livestock grazing is among the contributing factors (Bakker 2003; Brennan and
Kuvlesky 2005).

vegetation change

Effects on grassland avifauna

Citation(s)

thresholds of WP cover
and height exceeded

Reduction in suitable habitat

Lloyd et al. (1998); Grant et al.
(2004); Gottschalk et al. (2007)

Proximity to
woodlands

Decreased food abundance;
increased predation and brood
parasitism

Johnson (2001); Bakker et al.
(2002); Fletcher and Koford
(2002); Thiele et al. (2008)

grasslands converted
to shrublands

Increased overall avian species
richness but declines in groundnesting passerine and gallinaceous
species

Whitford (1997); Pidgeon et al.
(2001); Rosenstock and van Riper
(2001); Fuhlendorf et al. (2002)

Juniper encroachment
into sagebrush–steppe
communities

Eliminates sagebrush-obligate
species habitat

Connelly et al. (2000); Miller
et al. (2000); Crawford et al.
(2004); Reinkensmeyer et al.
(2007)
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of plant roots are indicator taxa for changes
in belowground microbial communities.
The maximum depth of occurrence of these
organisms increased from 2.1 m in grasslands
to 4.0 m in areas where WPs have replaced
grasses, but the composition of the nematode
food web at this depth was markedly reduced
from five trophic groups to two (Jackson et
al. 2002). Invaded woody sites also had lower
species richness in soils due primarily to the
loss of root feeding species.

FIguRE 6. Undisturbed (left) and mowed (right) mountain big sagebrush (Artemisia
tridentata vaseyana)–bunchgrass plant community in southeastern Oregon. (Photo:
K. W. Davies)

and passerine bird species. In other cases, the
number of encroaching woody species may
be very small and their traits detrimental to
the persistence of other plant species. WP
encroachment may then result in virtual
monocultures of vegetation (Figs. 5B and 5C)
with concomitant impacts on faunal diversity.
Changes in aboveground biological
diversity with WP proliferation may also be
accompanied by changes in the diversity of
microbial communities belowground. Shifts
from bacterial to fungal populations may
accompany shifts from herbaceous to woody
domination (e.g., Imberger and Chiu 2001;
Purohit et al. 2002), enabling the microbial
biomass to effectively deal with lower litter
quality and thus maintain or even increase soil
respiration and mineralization. Aanderud et
al. (2008) found differences in gram-positive
bacteria, Actinobacteria, and fungi communities
in soils below and between shrubs. Thus,
changes in microbial communities would be
expected to accompany changes in composition
and abundance of shrubs.
Parasitic nematodes and nematodes feeding on
bacteria and fungi in the immediate vicinity
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The conceptual model in Figure 5A is based
on numerical assessments of species, functional
group, and structural diversity. However, from
the perspective of physiognomic diversity, WP
encroachment is transformative. Grasslands
become shrub or tree savannas, and shrub
and tree savannas become shrublands or
woodlands. Thus, even in cases where numerical
diversity may be maintained or enriched by
WP encroachment, there is a loss of grassland
and savanna ecosystems and the plants and
animals endemic to them. Thus, while brush
management has historically been advocated
from the perspective of potential benefits for
livestock production and hydrology, it should
also be considered from the perspective of
maintaining the existence of grassland and
savanna ecosystems.

BRuSh MAnAgEMEnt: A BRIEF
hIStoRy
WP encroachment has long been of concern
to rangeland managers (Leopold 1924). Thus,
there is a long history of devising management
tools for reducing WP cover. The basis for
concerns over WP proliferation was historically
centered around the adverse effects of shrubs on
forage production (Fig. 6) and livestock safety
(e.g., WPs as cover for predators), health (e.g.,
as habitat for insect and arthropod pests and
parasites such as ticks and horn flies [Teel et al.
1997]), and handling (difficulty in gathering
and moving animals with increasing WP
stature/cover/density). This traditional focus on
rangeland value for livestock production was also
the impetus for other management practices,
such as efforts to eliminate competitors (e.g.,
certain predators, herbivores, and insects) viewed
as directly or indirectly reducing ranch profits.
In some cases, these wildlife may have played an
important role in keeping WPs in check, and
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their systematic elimination may have opened
the door for WPs to increase in abundance (e.g.,
prairie dogs; Weltzin et al. 1997).

the 1940s and 1950s
During the post–World War II era, heavy
equipment and chemicals were readily
available and were used on a broad scale. Our
understanding of ecosystem processes and
ecosystem goods and services was in its infancy
during this period, and few environmental
regulations were in place. Applied research
in range science focused on the development
and application of herbicides and mechanical
techniques (Scifres 1980; Bovey 2001), often
with the goal of eradicating shrubs. Brush
management during this period was typically
applied indiscriminately.

• � increase risks for catastrophic soil
erosion and weed invasion, and
• � be too costly for a ranching enterprise,
and
• � can be short lived, with shrubs
reestablishing dominance in 5–10 yr.
Collectively, these realizations led to the
development of integrated brush management
systems (IBMS) in the 1980s (Scifres et al.
1985; Brock 1986; Hamilton et al. 2004).

1980s to Present: IBMS
IBMS are long-term planning processes that
move away from a purely livestock production
perspective and toward management of
rangelands for multiple uses and values. The
IBMS planning process begins by identifying
management goals and objectives for a
the 1960s and 1970s
specific site and the surrounding management
Efforts aimed at widespread eradication in the
unit. These might include increasing forage
1940s and 1950s gave way to efforts aimed
production; maintaining or promoting
at selective control and containment in the
suitable wildlife habitat; augmenting stream
1960s and 1970s. By this time, it was clear
flow or groundwater recharge; controlling
that there were no “silver bullets” for brush
pests, pathogens, or invasive species;
management. Unlike many herbicide products maintaining scenic value; reducing wildfire
available today that provide a long treatment
risk; or preserving grassland and savanna
life (15–50 yr; McDaniel et al. 2005; Perkins et ecosystems. Specific objectives are refined
al. 2006; Combs 2007), treatments in the past on a comprehensive inventory of ecosystem
were relatively short lived (Jacoby et al. 1990a). components (plants, animals, and soils),
Following chemical spraying, shrub cover often projecting the responses of those components
returned to pretreatment levels (or higher)
to brush treatment alternatives, and considering
within 5–15 yr. The necessity of retreating
the effects of treatment alternatives on
landscapes at relatively high frequencies
management goals on other sites (Hanselka
made brush management nonsustainable and
et al. 1996). Brush management techniques
difficult to justify when cost often exceeded
(herbicidal, mechanical, and prescribed
revenues generated from subsequent livestock
burning) differ with respect to environmental
production.
impacts, implementation costs, efficacies, and
treatment longevities. Thus, the IBMS approach
Basic and applied research from the 1940s
advocates consideration of the type and timing
to the 1970s led to the realization that brush
of a given brush management technology and
management practices:
makes explicit allowances for consideration of
the type and timing of follow-up treatments.
• � were treating symptoms (the shrubs) rather This, in turn, requires knowledge of how woody
than root causes of land cover change (e.g., and herbaceous plants will respond and how
disruption of historic grazing and fire
climate, soils, topography, and livestock and
regimes);
wildlife management might mediate plant
• � must be conducted in concert with
responses. The IBMS approach is therefore
progressive livestock grazing management; inherently interdisciplinary and dependent on
• � when applied in an indiscriminant manner the active collaboration of a diverse group of
without careful planning, can
management professionals.
• � be detrimental to wildlife populations,
• � lead to homogenization and loss of
Examples of the IBMS approach abound
biological diversity,
(Teague et al. 1997; Grant et al. 1999; Paynter
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IBMS are longterm planning
processes that
move away from
a purely livestock
production
perspective
and toward
management of
rangelands for
multiple uses and
values.”
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The type, timing,
and sequencing
of brush
management are
the keys to longterm success”

and Flanagan 2004; Ansley and Castellano
2006; Ansley and Wiedemann 2008). Nearly
every State Cooperative Extension Service in
the western region offers a long list of guides
and publications that address the IBMS
approach and give specific recommendations
for management of important WPs. There are
expert system tools (e.g., PESTMAN 2009)
available to assist land managers in selecting
appropriate brush management practices and
techniques (Hanselka et al. 1996). There are
also special adaptations of the IBMS approach
for small landholdings (McGinty and Ueckert
2001). NRCS guidelines should promote the
IBMS approach and explicitly utilize it in the
conservation planning process.

BRuSh MAnAgEMEnt: CuRREnt
PERSPECtIvES
Brush management efforts must be viewed as
an integral part of the overall system for wise,
efficient use and conservation of grasslands.
Available brush management and conservation
methods are complex tools, the effectiveness
of which depends primarily upon the resource
manager’s understanding of their proper
application approached with consideration of
all potential uses of rangeland. (Scifres et al.
1983, p. 11)

and ecosystem restoration (Valentine 1989;
Whisenant 1999; Bovey 2001; Hamilton et al.
2004). The NRCS (2006) currently recognizes
six reasons for undertaking brush management:
• � Restore natural plant community balance
• � Create the desired plant community
• � Restore desired vegetative cover to protect
soils, control erosion, reduce sediment,
improve water quality, and enhance stream
flow
• � Maintain or enhance wildlife habitat,
including that associated with threatened
and endangered species
• � Improve forage accessibility, quality, and
quantity for livestock
• � Protect life and property from wildfire
hazards
A Texas survey found that the two primary
goals of landowners investing in brush
management were to increase forage
production and to conserve water (Kreuter et
al. 2005). Other reasons included improvement
of aesthetic values, benefit the next generation,
improve wildlife habitat, and improve real
estate value.

Short- and long-Range Planning Is
Essential
A well-thought-out, comprehensive resource
This statement, made over 25 yr ago, is still
management plan reflecting short-, medium-,
relevant today. This rationale is echoed in
and long-term goals and objectives should be
recent textbooks addressing brush management in place before attempting brush management.

In areas where shrubs
are dense, herbicides or
mechanical treatments, such as
this crawler tractor equipped
with push blades and discs,
may be initially required to
open up areas to promote
herbaceous production
and enable the subsequent
use of prescribed fire as a
management tool. (Photo: Tim
Fulbright)
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Evaluating multiple scenarios is useful
for explicitly assessing the advantages and
disadvantages of several alternatives. Given
that the type, timing, and sequencing of
brush management are the keys to long-term
success, management plans should identify
long-term objectives and work to ensure that
resources and commitments are in place at the
right time. Programs should include explicit
information on what constitutes success and, if
feasible, should address alternatives to primary
objectives. Objectives will vary with the specific
needs of the landowner, the community, and
context of the action. Well-defined short- and
long-term objectives are critical to determining
when, where, why, how, and under what
conditions brush management should be
undertaken.
Considerable momentum is now building for
landscape-scale IBMS projects. Such projects
usually require close consultation, coordination,
and cooperation among multiagencies and
associated stakeholders. Managing rangeland
brush and weeds requires adapting management
methods to match species physiological
and morphological traits and ecological site
conditions (Fig. 7). The decision-making
process associated with landscape-scale IBMS
projects can be restricted by numerous factors,
including equipment availability, financial
constraints, available manpower, time needed to
complete the task, environmental regulations,
and agency mission and policy.

the need for Monitoring
Monitoring is intrinsically linked to the IBMS
process (i.e., treatment monitoring, control,
revegetation (natural or planted), and pre- and
posttreatment monitoring; Scifres et al. 1983;
Scifres 1987; DiTomaso 2000). Assessing baseline
(pretreatment) conditions is essential to determine
the effects of brush management efforts.
Monitoring of weather and seasonal growth of
the plants targeted for manipulation should begin
well in advance (3–6 mo) of planned treatment.
Posttreatment monitoring should be conducted
at least annually to evaluate responses.
Field variables to be measured for baseline
inventories and posttreatment monitoring
should be selected on the basis of the objectives
of the brush management project. The
following represent initial field variables that
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should be assessed in baseline inventories and
to evaluate posttreatment responses:
•
•�
•�
•�
•�

Shrub age (or size as a rough proxy), class
distribution (baseline only), height, and
stem density and diameter
Plant composition and frequency of
occurrence
Ground cover of grass, forb (total and by
species), litter, and bare ground
Biomass (seasonal or peak live standing
crop; preferably by species)
Specific metrics will depend on the goals
and objectives of the brush management
project.

FIguRE 7. Ecosystem
response to brush management varies with time since
treatment (Y1, Y2, etc.) and
is determined by a variety
of interacting factors.

treatment options
Understanding the ecology of WPs and
herbaceous plants and how they interact
with each other on a particular site is crucial
in determining the IBMS strategy. Relevant
stand characteristics include plant community
composition, plant phenology, plant density,
plant size (stem diameter; canopy area,
volume, and height), canopy architecture, and
patterns of biomass allocation to leaves and
stems aboveground and roots belowground.
Each of these can influence the effectiveness
and longevity of a given brush management
practice. Realization of brush management
objectives often benefits from spatially
explicit prescriptions that take into account
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tABlE 5. Factors influencing the effectiveness and longevity of a given brush management practice. Cookbook or “one-size-fits-all” approaches for brush management seldom succeed. A given project should be tailored to individual goals, objectives, and
circumstances, and these, in turn, will be mediated by the items shown in the table.

• Site accessibility and terrain: If the site is difficult to reach or traverse (e.g.,
sandy soils, uneven topography), less labor-intensive methods (e.g., aerial
spraying) might be more effective.
• Stand characteristics: Extent, age, biomass, and plant density will be factors in
selecting the most cost-effective methods.
• Proximity to endangered species: The presence of a federally listed species
or environmentally sensitive sites may preclude some types of management
methods or limit the season of application.
• Presence of desirable plant species or other important resources (e.g.,
archaeological sites): Locally targeted methods (e.g., individual plant
treatments) may be warranted to protect other resources in the area.
• Extent of area to be treated: Suitability and efficiency of a given treatment
method may vary by the size of the area targeted for treatment.

the topoedaphic heterogeneity of landscapes
(i.e., uplands, side slopes, riparian, valley
bottomland, etc.; Taylor and McDaniel 2004;
Table 5).

quantifying responses to brush management.
Studies quantifying herbaceous responses
dominate the brush management literature
in the United States and comprised 48.7% of
those in the sample (Fig. 8). Treatment efficacy
and shrub regeneration studies accounted for
another 28.7%. Studies documenting water
(4.1%) and soil (2.0%) responses were the
least common.

herbaceous vegetation and native
Communities
The general expectations associated with
brush management are that it will mitigate
soil erosion, improve soil condition, enhance
water quantity and quality (via improvement
in infiltration and reductions in runoff,
which interact to reduce sedimentation),
and improve livestock production. Each of
these expectations is based on the assumption
that herbaceous ground cover will increase
following brush management. How good is this
assumption?

Herbaceous Response. The majority (>80%)
of studies in our literature sampling reported
positive herbaceous responses following brush
BRuSh MAnAgEMEnt AS A
management (Appendix I). Herbaceous plant
ConSERvAtIon tool: A CRItICAl
growth increases an average of 3- to 5-fold for
ASSESSMEnt
brush management conducted on productive
range sites, including sites with Wyoming big
The projected effects of brush management
sagebrush (Artemisia tridentata; Hyder and
on ecosystems and ecosystem processes
Sneva 1956; McDaniel et al. 2005) and broom
boils down to its effects on: 1) herbaceous
snakeweed (Gutierrezia sarothrae; McDaniel et
vegetation and native plant communities;
al. 1993). Management of other woody species,
2) livestock; 3) watershed properties related
including mesquite (Prosopis glandulosa) and
to erosion, soil condition, water quality, and
creosote bush, can result in substantial forage
water quantity; 4) wildlife; 5) air quality; and
increases on productive sites with adequate
6) human dimension considerations. The
rainfall (Ethridge et al. 1984; Perkins et al.
following sections summarize the scientific
2006; Combs 2007). In semidesert grasslands
literature addressing the first five of these
at the Santa Rita Experimental Range in
and the question, Are the outcomes expected
Arizona, herbage yields following velvet
from brush management being realized?
mesquite removal increased (Parker and Martin
For treatment of economics and the human
1952; Paulsen 1975; Cable 1976) or remain
dimensions area, see Tanaka et al. (this
unchanged in zones <1100 m in elevation
volume).
and when velvet mesquite cover was <25%
(McClaran and Angell 2006). These patterns
Our assessment began with a series of literature are consistent with field studies in southern
searches using the Web of KnowledgeSM.
New Mexico (Warren et al. 1996; Drewa and
Search strings included “brush management”
Havstad 2001).
and terms referring to specific brush
management techniques. Search results were
No consistent relationship between
filtered to include only studies conducted in
posttreatment changes in herbaceous
the United States on rangelands and only those production and annual rainfall were found;
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however, a survey of data across a range of
management contexts suggests an upper limit
for the herbaceous production responses that
might be expected for a given rainfall zone (Fig.
9A). Herbaceous response corrected for annual
rainfall varies with time since brush treatment
(Fig. 9B). The median first-year response is 0
and highly variable, with half the treated sites
responding positively and half negatively. By
year 2, the median response is slightly positive
but also highly variable. After year 2, the
response becomes more consistent and peaks in
year 5. The response then drops off in years 7
and 8, being slightly but consistently positive.
The longevity of brush management
treatments varies widely by type of treatment
applied, shrub species, effectiveness of
the initial treatment, composition of the
herbaceous vegetation, and soil properties
(Fig. 10). Variations in the Figure 10
conceptual model have been illustrated
for velvet mesquite (Cable 1976), honey
mesquite (Heitschmidt et al. 1986; Ansley
et al. 2004b), big sagebrush (McDaniel et
al. 2005), and creosote bush (Gibbens et al.
1987; Morton and Melgoza 1991; Perkins
et al. 2006). The change in foliage cover and
herbaceous response to brush management
ranges from 5 to 20 yr for velvet mesquite
(Cable 1976), from 10 to 25 yr for honey
mesquite (Dahl et al. 1978; Jacoby et al.
1991, 1990a, 1990b; Combs 2007), >25 yr
for sagebrush (McDaniel et al. 2005), and
>40 yr for creosote bush (Perkins et al. 2006).
The general curve shape of the overstory–
understory relationship for these shrub species
is similar, but average grass yield associated
with overstory cover is scaled quite differently:
from 2- to 3-fold greater for mesquite
relative to big sagebrush and creosote bush,
respectively. Mesquite management typically
provides a greater forage response, but it is
of shorter duration than for big sagebrush
and creosote bush removal. Accordingly,
timing of investments to re-treat communities
dominated by these shrubs would be on the
order of about 4–12 yr for mesquite, 20–30
yr for big sagebrush, and >30 yr for creosote
bush (Torell and McDaniel 1986; Torell et al.
2005a).

in the western United States, adequate data
to statistically estimate the relationships in
Figure 10 as a function of rainfall, soils, site
productivity, and so on are not generally
available. Instead, qualitative assessments by
experienced range scientists and economists
are currently the norm for projecting forage
response to brush management (Fig. 11).
Soil Condition. Some of the projected effects
of brush management on soil are associated
with the assumption that soil organic matter
depletion will occur with shrub encroachment.
However, as reviewed earlier (see the section
“Soil Condition and Erosion”), this is not a
robust assumption. It may be true in certain
cases, most likely those in arid areas where
disruption of grass cover by grazing has
accelerated wind and water erosion. But even
in those instances, soil resources may undergo
not a net change in abundance but, rather, a
change from a homogenous to a heterogeneous
distribution wherein they are concentrated
within shrub islands (Schlesinger and Pilmanis
1998). Thus, were it not for shrubs, soil
resources may have been lost from the site
because of grazing rather than being spatially
rearranged. Brush management, by reducing
shrub cover on fertile shrub islands, may put

Robust
generalizations
regarding brush
management
effects on soil
carbon are
currently not
possible.”

FIguRE 8. Proportion of brush management studies quantifying various categories of
treatment effects. Published papers resulting from Web of Knowledge search strings
that included “brush management” and terms referring to specific brush management
techniques were distilled to a database of 333 articles that reported quantitative
responses. These were then classified into the categories shown. Articles reporting
data for multiple metrics were tallied in multiple categories. Thus, the graph reflects
the information reported in the literature but not on a per-paper basis.

Although studies have or currently are being
conducted across different ecological sites
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FIguRE 9. (A) Changes in herbaceous biomass
production (kg · ha−1) 1, 2, and 3 yr after brush
management as a function of current years’ annual
precipitation (PPT, mm). Multiple observations for
a given PPT value reflect multiple sites or different
brush management applications. PPT was determined from nearby weather stations if not reported.
The number of studies pertaining to a given brush
treatment are listed parenthetically in the key. (B)
Change in herbaceous biomass per millimeter of annual precipitation received after brush management.
Responses are from 13 studies representing brush
management with fire, herbicides, and mechanical treatments. Tukey box plots show inner-quartile
range (IQR; rectangle) and the median (bold line).
Whiskers indicate the maximum and minimum
values or the values within 1.5*IQR of the third
and first quartiles, respectively. Values beyond
1.5*IQR of the first and third quartiles are considered statistical outliers and are indicated with open
circles. N = 13, 13, 11, 8, 5, 3, and 2 for years
1 through 7, respectively. The number of studies
pertaining to a given brush treatment are listed parenthetically in the figure legend. Citations used to
generate the data points are given in Appendix III.

A

these sites at risk for net losses of soil nutrients
unless ground cover is quickly established.
Alternatively, nutrient losses from shrub islands
following brush management may help reinstate
the homogeneous distribution of resources
by disrupting the processes that lead to the
concentration of nutrients in and around shrub
canopies (e.g., Davies et al. 2009a; Ravi et al.
2009). In the latter scenario, the likelihood of
getting grasses reestablished within intershrub
zones may improve. Site-specific factors may
dictate which of these competing scenarios is
most likely on a given landscape.

B

WP encroachment can have a moderate to
strong positive impact on SOC and N pools
on many sites (Fig. 4). This shrub-induced
improvement in SOC and N may be an
important factor underlying the extent to
which herbaceous vegetation production
increases following brush management
(Fig. 9). The degree to which shrubs might
increase soil resources beneath their canopies
is a function of how long the shrubs have
occupied the site (Wheeler et al. 2007;
Throop and Archer 2008). Thus, stand age
at the time of brush management will have
an important bearing on soil conditions.
Removal of individual shrubs causes depletion
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Klemmedson 1986, 2004). Losses of SOC and
N accumulating in soils associated with mature
shrubs killed by herbicide ranged from 67%
to 106% at 0–5-cm soil depths and from 78%
to 93% at 5–10-cm soil depths over a 40-yr
period (McClaran et al. 2008). Data from
these individual plant perspectives suggest
that brush management will cause a decline
rather than an increase in SOC and N pools
in hot, semidesert rangelands but that shrub
regeneration can arrest or reverse such declines
(Hughes et al. 2006). These findings contrast
with those of Teague et al. (1999), who
compared SOC and N on sites 4–22 yr after
FIguRE 10. Generalized conceptual model of herbaceous response to brush management. The lag time root plowing against untreated controls in the
southern Great Plains to test the hypothesis
in response (t1 −t2), the magnitude of (p1 −p2) and
that removal of honey mesquite would result
time (t1 −t3) to peak herbaceous response, the durain steady decline in SOC because of a loss of
tion of peak elevated production response (t3 −t4),
and the time frame over which herbaceous produc- mesquite inputs and reductions in shading
tions decline as shrubs reestablish (t4 onward) vary
(and therefore higher soil temperatures and
with numerous factors. Knowledge of the relationhigher oxidation rates). Overall, they found
ships depicted in this conceptual model for a given no significant differences between treated and
ecological site will help determine the type, timing,
control sites. Similarly, Hughes et al. (2006)
and appropriate sequencing of brush management
found that while aboveground C and N pools
practices in an Integrated Brush Management Sysincreased markedly with mesquite stand
tems (IBMS) approach.
development following brush management
(more so on sandy sites than shallow, clayey
of the associated resource pool and the
sites), near-surface SOC and N pools were
availability of nutrients over the 10–15 yr
unaffected. Thus, as with WP encroachment
following treatment, the extent depending
(Fig. 4), robust generalizations regarding brush
on whether shrubs regenerate (Klemmedson
management effects on soil condition are
and Tiedemann 1986; Tiedemann and
currently not possible.

Timing of
investments
to re-treat
communities is
about 4–12 yr
for mesquite,
20–30 yr for
big sagebrush,
and >30 yr for
creosote bush”

FIguRE 11. Projected changes in livestock stocking rates for aerial spraying and mechanical plus grass
seeding treatment of a Prosopis–mixed brush system in southern Texas relative to untreated controls
( J. Conner et al., unpublished data, 1998).
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FIguRE 12. (A) Mojave Desert scrub near Las
Vegas, Nevada, USA (foreground) and area
invaded by the nonnative annual grass red
brome (Bromus rubra; background) following a
fire that carried from desert floor upslope into
pinyon–juniper woodlands. This exotic grass has
instigated a positive disturbance (fire) feedback
that reduces ecosystem carbon storage, threatens
the biodiversity, and constitutes a new ignition
source for fire in upper-elevation woodlands and
forests. Photo: T. E. Huxman. (B) Nonnative annual
grass (medusahead, Taeniatherum caput-medusae)
invaded area (foreground) transitioning into a
Wyoming big sagebrush (Artemisia tridentata
wyomingensis) plant community in southeastern
Oregon. The presence of this exotic annual grass
increases the probability that the sagebrush plant
community above it will burn. (Photo: K. W. Davies)

A

B

the past century. However, the story may be
quite different in southwestern rangelands
where highly productive, deeply rooted
perennial grasses introduced from Africa are
expanding and sequester substantially more C
than annual grasses (e.g., Williams and Baruch
2000; Franklin et al. 2006).
Specific brush management techniques
will likely differ in their impact on litter
decomposition, depending on the type of
disturbance they cause, treatment efficacy, and
the extent to which they co-occur with other
land use practices, such as livestock grazing.
Brush management treatments that minimally
disturb soils (e.g., herbicide applications and
prescribed burning) may be most advisable
for managers wishing to minimize short-term
SOC losses. In contrast, brush management
techniques that cause extensive disturbance to
Non-native species invading or purposely
the soil surface, such as chaining, root plowing,
seeded following brush management (see Fig.
and grubbing, may increase decomposition
12 and the section “Biodiversity and Nonnative rates due to surface soil disturbances. These
Species”) may significantly reduce ecosystem
practices likely superimpose a variety of new
C accumulating with WP encroachment.
short- and long-term direct and indirect
Indeed, estimates of aboveground C loss
effects on decomposition processes via their
with conversion of Great Basin shrublands
dramatic alteration of surface roughness, water
and woodlands to annual grasslands are on
infiltration and runoff, vegetation cover, and
the order of 8 Tg C, with estimates of 50 Tg
ANPP and by initiating large, synchronous
C release to the atmosphere over the next
inputs of leaf, stem, and coarse woody debris
several decades (Bradley et al. 2006). In cold
onto the soil surface with widely varying
desert sagebrush steppe ecosystems, this level
degrees of contact and incorporation into
of C release with annual grass invasion could
the soil. Such treatments ostensibly increase
completely offset any increases in C with
exposure to direct sunlight and UV radiation
woody encroachment that has occurred over
and may promote soil movement via wind
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and water, particularly during the immediate
posttreatment period when vegetation is
reestablishing.

typically have neutral (30% of data points
exhibiting <10% change) to positive (60%
of data points exhibiting >10% increase)
effects on grass/forb diversity (Fig. 13). Cases
Vegetation responses to brush management have where brush management had negative
been widely described, but very little is known
effects on herbaceous diversity (10% of
of its effects on soils and nutrient cycling (Fig.
data points exhibiting >10% decline) were
8). There have been few attempts to model
typically associated with herbicide treatments,
brush management effects on ecosystems (but
ostensibly reflecting adverse impacts on forbs.
see Carlson and Thurow 1996; Grant et al.
The few long-term data available suggest that
1999), and the future development of such
posttreatment stimulation of herbaceous
models would likely benefit from field studies
diversity is relatively short lived (<15 yr).
elucidating how various brush management
practices might impact C and N cycling.
In the subtropical southern Great Plains
Lessons learned from studies of temperate forest characterized by a diverse flora of encroaching
clear-cutting and tropical deforestation would
WPs, WP communities developing after
be instructive starting points, but it is likely
brush management have lower shrub diversity
that the shrublands, savannas and woodlands
and higher densities of less desirable browse
of drylands would have novel behaviors. For
species than the previously existing community
example, predicting brush management effects
(Fulbright and Beasom 1987; Ruthven et al.
on litter decomposition in semidesert grasslands 1993). In systems where shrubs aggressively
will require information on shrub–grass
regenerate vegetatively, use of low-intensity
interactions and herbaceous biomass influences fire and herbicides can promote a savanna
on soil movement at a decadal time scale
physiognomy (e.g., Ansley et al. 1997, 2003)
(Throop and Archer 2007).
and ostensibly promote diversity.
Biodiversity Response. Biodiversity responses
can be assessed at the species (e.g., genetic
variation in populations), the organismal
(species richness), the structural (vegetation
strata and physiognomy), and the functional
(plant functional groups and animal guilds)
levels. Studies at the organismal level are
typically restricted to a select class of organisms
(e.g., perennial herbaceous plants or small
mammals) without regard for other classes
(annual plants, shrubs, reptiles, avifauna,
large mammals, microbes, etc.). To further
complicate things, diversity varies with scale
(e.g., alpha, beta, and gamma diversity) and
topoedaphic heterogeneity. Objectives aimed
at preserving, restoring, and monitoring
biodiversity should thus be phrased to
specifically articulate the facets of biological
diversity being addressed.
From a Web of Knowledge search generating
333 studies quantifying responses to brush
management (Fig. 8), 39 articles reporting
herbaceous plant diversity emerged; of these,
13 were conducted on rangelands and were
amenable to comparative analysis. From the
90 data points emerging from these studies,
it appears that brush management treatments
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FIguRE 13. Changes in herbaceous vegetation diversity following brush management. Results (90 data points) show ratios of values (richness and various indices)
reported for treated and control areas. Ratios near 1.0 indicate that diversity metrics
on treated and control areas were similar, values <1.0 indicate that brush management decreased diversity, and values >1.0 indicate increases in diversity. The number of studies pertaining to a given type of brush treatment are listed parenthetically
in the key. See Appendix III for citations.
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Brush
management
has the potential
to create
conditions
favorable for the
establishment and
growth of weeds
and invasive
nonnative
species.”

Faunal diversity response to brush
management varies with the organisms of
interest (see the section “Wildlife”). For
example, although Jones et al. (2000) reported
that relative total abundance and species
richness of herpetofauna was similar among a
variety of treatments, amphibians were most
abundant in untreated and herbicide-only
sites, lizards were most abundant on untreated
sites, and snakes were most abundant on sites
receiving herbicide and fire. Rodent and avian
relative frequency, richness, and diversity
have been observed to be unaffected by brush
management (Nolte and Fulbright 1997;
Peterson 1997).
The biodiversity response to brush management
may be strongly influenced by the pattern
of treatment application (see Bestelmeyer et
al. this volume). A “wall-to-wall” application
may yield one result, whereas applying a
treatment or combination of treatments in
“strips” may have a quite different outcome
by creating more habitat edge and creating
patches of grassland habitat interspersed with
shrubland habitat (e.g., Scifres et al. 1988).
For example, diversity of native perennial
grasses may be promoted by a mixture of
open areas interspersed with cover of mature
shrubs (Tiedemann and Klemmedson 2004).
Effects of brush management on biological
diversity are poorly understood and need to be
investigated at larger scales across longer time
periods.
Biodiversity and Nonnative Species. Brush
management has the potential to create
conditions favorable for the establishment
and growth of weeds and invasive nonnative
species (Young et al. 1985; Belsky 1996; Bates
et al. 2007) that can have adverse affects on
biodiversity. Brush management is therefore
often conducted in conjunction with seeding
operations intended to accelerate establishment
of ground cover and a forage base (see
Hardegree et al. this volume). In many cases,
the grasses used for seeding are nonnative
perennials (Cox and Ruyle 1986; Ibarra-Flores
et al. 1995; Martin et al. 1995; Christian and
Wilson 1999). Seeds from such species may be
more readily available, and their establishment
success rates may be higher than that of
natives (Eiswerth et al. 2009). When seeding
of nonnative grasses is successful, the result is
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often a persistent, long-lived near-monoculture
of nonnative vegetation. While this may be
valued for livestock production and ground
cover and may make the site more resistant to
invasion by undesirable exotic annual grasses
(Davies et al. 2010) by virtue of their superior
competitive ability (Eissenstat and Caldwell
1987), these plants may represent threats to
the biodiversity of native plants and animals
(McClaran and Anable 1992; Williams and
Baruch 2000; Schussman et al. 2006). Their
unintended spread into areas beyond where
they were planted may make it difficult to
achieve conservation goals on other lands.
Thus, there are clear trade-offs that should be
explicitly considered and evaluated.
A Tool to Promote Landscape Heterogeneity
and Biodiversity? Disturbances associated with
fire and herbivory (granivory, grazing, browsing,
burrowing, trampling, and dung/urine
deposition) interact with climate variability
and extremes to generate patchiness across the
landscape and contribute to the maintenance or
enhancement of biological diversity. It is now
recognized that such disturbances should be
explicitly included in ecosystem management
and conservation plans (Pickett et al. 1997;
Fuhlendorf and Engle 2001).
In the IBMS approach, brush management
techniques can be targeted for certain portions
of a landscape and distributed across landscapes
in both time and space such that mosaics of
vegetation structures, patch sizes, shapes, and
age states are created. This, in turn, would
promote the co-occurrence of suites of insect,
reptile, mammalian, and avian species with
diverse habitat requirements (Jones et al.
2000). The logistics of planning and applying
spatially heterogeneous brush management
practices at appropriate scales is facilitated by
advances in geomatics (e.g., global positioning
satellites, geographic information systems, and
remote sensing imagery) and landscape ecology
that allow habitat and population data to be
readily linked over large areas. Thus, a lowdiversity shrubland or woodland developing on
a grassland site can be transformed to a diverse
patchwork of grassland–savanna–shrubland
communities using a spatial placement of
landscape treatments that promotes biological
diversity at multiple scales (Scifres et al. 1988;
Fulbright 1996).

S. R. Archer, K. W. Davies, T. E. Fulbright, K. C. McDaniel, B. P. Wilcox, and K. I. Predick

livestock Response
Livestock grazing contributes significantly to
the economy and social fabric of most rural
communities. Brush management is a tool
used to restore native ecosystems that have the
capacity to provide a steady source of forage
for livestock while facilitating other uses and
resource values (NRCS 2006; US Department
of the Interior, Bureau of Land Management
2007). The decision of whether to apply
brush management for the betterment of
domestic livestock is influenced by numerous
factors, including the extent to which declines
in carrying capacity (Olson 1999), animal
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performance (Ralphs et al. 2000), animal
loss from poisoning (Williams 1978; Panter
et al. 2007), animal handling (Hanselka and
Falconer 1994), and animal health (Teel et al.
1998) will be impacted. Even when grazing has
contributed to shrub increases, simply removing
livestock or reducing their numbers is unlikely
to remedy a brush encroachment problem
(Browning et al. 2008). Passive treatments
may help, but in many situations aggressive
intervention is necessary (Olson 1999).
Livestock can be used as part of the vegetation
treatment program, especially when goats and
sheep are used to apply browsing pressure on
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Rocky Mountain elk in a
sagebrush community where
encroaching western juniper
trees have been cut to
preserve habitat for sagebrush
associated wildlife. (Photo: K.
W. Davies)
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unwanted shrubs and weeds (Riggs and Urness
1989; Frost and Launchbaugh 2003).

At advanced stages of shrub
encroachment, brush management can improve biological
diversity while potentially benefitting livestock production by
increasing grazable land area.
(Photo: K. W. Davies)

an increase in livestock numbers. In some
cases, justification for brush management
may be to maintain stocking rates nearer its
Studies quantifying forage response to reductions true capacity (i.e., recognition that current
in brush cover are relatively numerous (Fig.
stocking rates cannot be sustained). For
8), but few have quantified direct commodity
example, big sagebrush management on
(livestock) benefits. Potential changes in
public land helps avoid potential conflict
livestock carrying capacity for contrasting
and lawsuits with grazing permittees and
brush management × precipitation scenarios
environmentalists because positive steps are
are illustrated in Figure 11. These projections
taken to reduce grazing pressure without
illustrate that a range in livestock returns
forcing major herd reductions (Torell et
should be anticipated because of differences in
al. 2005a). Similarly, forestalling the need
forage response during favorable, normal, and
for controversial grazing reductions was a
unfavorable rainfall conditions that may occur
primary benefit of the 11-yr (1962–1972)
over a 20-yr horizon. In this example, using
Vale Rangeland Rehabilitation Program
cattle prices equal to the average of the past 20
initiated in eastern Oregon (Bartlett et al.
yr, current operating costs, and current costs
1988). In the case of big sagebrush, brush
of brush management practices, the returns on
management is not always acceptable
aerial spraying and mechanical practices may be because of its adverse impact on habitat for
relatively high when environmental conditions
sagebrush-obligate wildlife species (Rhodes et
support high levels of herbaceous production.
al. 2010).
However, returns are greatly reduced when
conditions for plant growth are poor. Subjective Reductions in brush and weeds potentially
projections such as these are based on the best
benefit livestock operators by increasing
available information, and actual results are
grazable land area (McDaniel et al. 1978).
known to vary widely, depending on the specific However, returns based solely on gains
situation. As research continues, more accurate
in animal performance are not always
and reliable projections can be developed.
economically justified, especially when public
assistance is not available (McBryde et al. 1984;
Increases in available forage following brush Torell et al. 2005b). Lee et al. (2001) found
management do not necessarily warrant
that costs for brush management projects in
the Edwards Plateau area of Texas exceeded
livestock returns by 7–31%. Similarly, Torell
et al. (2005b) found that a 30% cost-share
agreement was required to justify big sagebrush
management in New Mexico when the added
forage from the brush management practice
was valued at an intermediate level of $7/
AUM (in 2003 dollars). A range improvement
practice that increases forage during critical or
limiting seasons can be economically feasible
(Evans and Workman 1994).
While other resources (soil, water, wildlife,
etc.) may benefit from IBMS, the economics
of brush management practices continue to be
evaluated on the basis of the amount of forage
and meat products gained by implementing
the practice (Tanaka and Workman 1988;
Watts and Wamboldt 1996; Lee et al. 2001).
The economic component of the holistic
decision support system PESTMAN (2009)
is driven by the anticipated forage response
to brush management. Yet, as noted over 30
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FIguRE 14. Overland flow
is an important mechanism
of runoff generation for
many semiarid landscapes.
For woodlands such as the
pinon–juniper stand in the
Jemez Mountains, New
Mexico, pictured here,
much of the runoff and erosion is generated from the
intercanopy spaces. (Photo:
Bradford Wilcox)

yr ago by Smith and Martin (1972), most
range improvements show a negative benefit/
cost ratio (costs exceed benefits) when based
only on the value of the added forage for
livestock production. This is a consistent
and continuing conclusion that increased
returns from improved animal performance
and production are often too low for brush
management to be economically justified
(McBryde et al. 1984; Lee et al. 2001; Torell
et al. 2005a). Landowners recognize this, and
many if not most recognize other benefits
to conducting brush management beyond
livestock production. Additionally, most
landowners conducting a brush management
project do so under cost-share arrangements
with state and federal agencies. When the
value of ecosystem goods and services beyond
those associated with livestock production are
taken into account, a more favorable picture
of brush management begins to emerge (see
Tanaka et al. this volume).

Watershed Function
The NRCS makes a number of assumptions
related to the hydrological consequences of
brush removal. These assumptions fall into
three broad categories: 1) horizontal fluxes—
the removal of WPs will reduce overland flow
(surface runoff) and erosion, primarily by
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improving infiltration rates and increasing
ground cover; 2) vertical fluxes—the removal
of WPs will reduce the evapotranspiration
(ET) and thus increase groundwater recharge;
and 3) landscape effects—as a result of
assumptions 1 and 2, the removal of WPs will
reduce gully erosion and increase stream flow.
We review the validity of these assumptions
below on the basis of relevant literature.
Our review is organized by the primary
geographic regions in the United States where
information is available: the Southwest, the
Northwest, and the southern Great Plains.
Horizontal Fluxes—Surface Runoff and
Erosion. The expectation that surface runoff
and erosion are higher from woodlands or
shrublands than from grasslands is implicit
in the assumption that reductions in WP
cover will reduce overland flow and water
erosion (Fig. 14). In some cases, this is true,
but in many cases, it is not. It is most likely
in the xeric climates that support creosote
bush shrublands and piñon–juniper (Pinus
spp.–Juniperus spp.) and juniper woodlands.
The influence of woody species encroachment
on surface runoff and erosion depends on
the impacts of encroachment on herbaceous
vegetation and subsequently bare ground.
Surface runoff and erosion increase when WP
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FIguRE 15. Reductions in herbaceous ground cover resulting from grazing and
woody plant encroachment can increase connectivity between bare patches and
lead to higher runoff and erosion (Davenport et al. 1998). (A) pinyon–juniper
woodland in the Jemez Mountains, New Mexico, and (B) creosote bush shrubland
in southern New Mexico. (Photo: Bradford Wilcox)

et al. 2000). However, the reverse has not
been demonstrated. In other words, brush
management on creosote bush shrublands
does not necessarily curtail surface runoff and
erosion (Tromble et al. 1974; Tromble 1978,
1980; Wood et al. 1991).
There has been relatively little work
evaluating the hydrological implications of
managing mesquite in the Southwest. Longterm watershed studies at the Santa Rita
Experimental Range suggest that runoff and
sediment yields may decline with mesquite
removal (Lane and Kidwell 2003). The
results are, however, equivocal because no
pretreatment monitoring took place.

Surface runoff is a relatively small portion of
the water budget in piñon–juniper woodlands
(Gifford 1975), primarily because of internal
storage within the hillslopes (Reid et al. 1999;
Wilcox et al. 2003a). Surface runoff is higher
when snowmelt occurs (Baker 1984; Wilcox
1994). Infiltration rates are higher under
tree canopies than in the interspaces spaces
(Reid et al. 1999), even though the hydraulic
conductivity of canopy and intercanopy soils
is similar (Wilcox et al. 2003b), likely because
of the buildup of duff under that canopy.
In these woodlands, small-plot infiltration
studies indicate that shrub management
has little effect or even a negative effect
on infiltration rates (Gifford et al. 1970;
Blackburn and Skau 1974; Roundy et al.
encroachment decreases herbaceous vegetation 1978). Runoff and erosion are the highest
and increases bare ground; however, if WP
following chaining and windrowing. If debris
encroachment does not decrease herbaceous
is left in place, there is little difference in
vegetation and increase bare ground, then
surface runoff between treated and untreated
surface runoff and erosion would not increase. locations (Gifford 1973). Watershed-scale
Brush management does not always reverse
experiments in Arizona indicate little effect
the impacts of WP encroachment on surface
of brush management on surface runoff
runoff and erosion. In some cases, depending
(Clary et al. 1974; Collings and Myrick
on the woodland type and the method of shrub 1966). Although runoff may be relatively
management, surface runoff and erosion may
small in general, it may be much higher on
actually increase.
woodlands occurring on slopes >10% (Wilcox
et al. 1996a, 1996b). In these landscapes,
Southwest. There is clear evidence that as
cutting trees and leaving the slash in place has
desert grasslands transition to creosote bush,
proven to dramatically decrease erosion rates,
juniper, or mesquite shrublands or woodlands, primarily because of increases in herbaceous
there is more bare ground and better-connected cover (Hastings et al. 2003).
interspaces, resulting in lower net infiltration,
more surface runoff, and higher erosion
Northwest. Major shrublands of the
(Fig. 15) (Parsons et al. 1996; Schlesinger et
northwestern United States are those
al. 2000; Mueller et al. 2008; Wainwright
dominated by sagebrush or western juniper
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(Juniperus occidentalis). Erosion on sagebrush
rangelands is generally very low (Coppinger
et al. 1991). Effects of brush management
on horizontal water fluxes in sagebrush
landscapes are equivocal. Increasing surface
runoff and erosion has been documented in
some cases, and declines have been observed in
others (Blackburn 1983; Brown et al. 1985).
Mechanical treatments that disturb soil can
increase runoff and erosion. For example,
plowing reduced infiltration and increased
runoff and erosion up to 12 yr (Gifford 1982).
Soil erodibility was initially ~2-fold greater
in burned compared to unburned sagebrush
communities, but was comparable 1 yr postfire,
and infiltration and runoff was comparable
on burned and unburned hillslopes in the
first and second years postfire (Pierson et al.
2001). However, in another study, burning
had little effect on runoff but resulted in a
large increase in erosion (Pierson et al. 2008).
Balliette et al. (1986) found little change
in infiltration, runoff, or erosion following
herbicide treatment. In contrast, Blackburn and
Skau (1974) found that plowing and reseeding
of big sagebrush increased infiltration rates
and lowered surface runoff. Effects can also
vary with season. At the small catchment scale
(2–4 ha), summer runoff and erosion declined
by 75% and 80%, respectively, following
conversion of sagebrush to introduced grasses,
whereas snowmelt runoff increased 12%
(Lusby 1979). The contrasting results from this
population of studies likely reflect differences
in responses of the herbaceous understory
to sagebrush clearing and differences in
disturbance impacts associated with various
brush management techniques.
Western juniper has been aggressively
encroaching into sagebrush communities
across the intermountain West (Miller et al.
2005). Subsequent to its establishment, western
juniper excludes other vegetation and increases
bare ground (Miller et al. 2000). Although
Belsky (1996) found little compelling evidence
that surface runoff and erosion were higher
following western juniper encroachment,
other work suggests that runoff and erosion
can be significantly accelerated and that brush
management can significantly mitigate these
effects (Buckhouse and Mattison 1980; Gaither
and Buckhouse 1983). Indeed, Pierson et al.
(2007) found that 10 yr after juniper removal,
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treated hillslopes had significantly more
vegetation cover, higher infiltration rates, and
15-fold less erosion than nontreated sites.
Southern Great Plains. In the southern Great
Plains, the major shrublands of concern are
those dominated by mesquite or juniper. Most
of the research related to WPs, and water has
been conducted in relation to Ashe juniper
(Juniperus ashei) in the Edwards Plateau with
some additional work completed on mesquite
woodlands in the Rolling Plains and the South
Texas Plains.
Extensive woodlands dominated by Ashe
juniper occur on the Edwards Plateau of
central Texas. As with other juniper woodland
types, there is a widely held perception that
encroachment by this WP has promoted
surface runoff and erosion. However, there is
little evidence in support of this assumption.
Infiltration rates within this woodland type
are relatively high, and erosion is low unless
the area is heavily grazed (Hester et al. 1997;
Wilcox et al. 2007, 2008b; Taucer et al.
2008).

There are
few examples
demonstrating
that brush
management
enhances ground
water recharge or
streamflow.”

For mesquite shrublands in the Rolling
Plains of northern Texas, small-plot rainfall
simulations indicate that shrub management
may improve infiltration capacity and reduce
erosion as a result of increased herbaceous cover
(Bedunah 1982; Brock et al. 1982). Largerscale plot and catchment studies, however,
suggest the honey mesquite management
would not significantly alter surface runoff
and erosion (Carlson et al. 1990; Wilcox et al.
2006). Weltz and Blackburn (1995) reached a
similar conclusion for mesquite–mixed shrub
rangelands in the Rio Grande Plains.
Vertical Fluxes, ET, and Groundwater
Recharge. WPs have the potential to alter the
fluxes of water moving in a vertical direction,
ET, and recharge by virtue of the fact that deep
root systems allow WPs access to water not
available to more shallow-rooted vegetation.
The ability of WPs to access deep water is,
however, modulated by soil depth, texture,
and the underlying geological structure, the
latter also being a key determinant of whether
groundwater recharge events will affect stream
base flow. In principle, in locations where WPs
are accessing deeper water, there is the potential
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Historical stream
flow records in
the Edwards
Plateau indicate
that base flows
have actually
increased
substantially since
1960 in spite of
the fact that WPs
have increased
markedly since
that time.”

to use vegetation management to enhance
recharge. In practice, however, there are few
examples of where this has been demonstrated
and then only at relatively small scales.
Southwest. There is little difference in ET
between creosote bush shrublands and desert
grasslands (Small and Kurc 2003; Kurc and
Small 2004). Recent work suggests that
removal of shrubs could increase groundwater
recharge but not in amounts that would
appreciably affect water supplies (Sandvig and
Phillips 2006).
Recharge rates in most piñon–juniper
woodlands are very small, and it is unlikely
that brush management would lead to higher
recharge (Newman et al. 1997; Sandvig and
Phillips 2006). However, decreasing piñon–
juniper cover by chaining increased soil
moisture in the upper 60–90 cm of the soil
profile, with only minor differences at greater
depths (Gifford and Shaw 1973). We are not
aware of any work comparing ET between
piñon–juniper woodlands and comparable
grassland areas.

increases in herbaceous vegetation production
(Sturges 1993). The replacement of sagebrush
by nonnative annual grasses and forbs (e.g.,
Fig. 12) can alter the timing of ET and patterns
of soil moisture storage. For example, Prater
and De Lucia (2006) found that early spring
ET rates were higher from areas converted to
cheatgrass (Bromus tectorum), an exotic annual
grass, than for native sagebrush.
Interception by western juniper canopies can
reduce the amount of precipitation reaching
the ground by 20% at the edge of the canopy,
50% halfway between the canopy edge and
the trunk, and 70% at the trunk (Young et al.
1984). Stem flow is low, and thus the moisture
captured in western juniper canopies is lost
through evaporation (Miller et al. 2005).
Cutting western juniper increases soil water
throughout the growing season in at least the
first 2 yr posttreatment (Bates et al. 2000). We
are not aware of longer-term studies evaluating
the influence of western juniper management
on soil moisture.
Southern Great Plains. Ashe juniper
intercepts 40–50% of rainfall (Fig. 16; Hester
et al. 1997; Owens et al. 2006). Transpiration
from an Ashe juniper community should
be greater than that from an herbaceous
community because evergreen Ashe juniper
canopies can transpire much of the year in the
subtropical portions of their range, and plants
can access water to deep depths. Mature Ashe
juniper trees transpire as much as 150 L·d−1,
the equivalent of about 400 mm·yr−1 (Owens
and Ansley 1997). Dugas et al. (1998), using
the Bowen ratio/energy balance method,
compared ET between intact and cleared Ashe
juniper stands. For the 2-yr period following
treatment, the difference in ET was about
40 mm·yr−1, but the treatment effects on ET
disappeared in the third year, by which time
ET was similar in treated and untreated areas.

(Photo: Bradford Wilcox)

Northwest. Removal of sagebrush can increase
soil water content and presumably recharge
(Sturges 1993; Seyfried and Wilcox 2006).
Sturges (1993) suggested that reductions of
sagebrush cover can increase water yield if
sagebrush roots are not confined to the same
volume of soil as grass roots. Along these
lines, Darrouzet-Nardi et al. (2006) found
that sagebrush in herbaceous meadows in the
Sierra Nevada Mountains was in fact accessing
deeper water than the herbaceous vegetation.
Sagebrush management decreases water
withdrawal from the upper 1 m of soil for 2 yr
posttreatment (Sonder and Alley 1961; Cook
and Lewis 1963; Tabler 1968; Shown et al.
1972; Sturges 1977). However, over longer
periods of time, water depletion to 0.9-m
soil depth can be greater where sagebrush is
removed compared to where it is not because of For honey mesquite shrublands in the southern
Texas plains, water balance studies suggest
that conversion of mesquite to grasslands will
increase recharge 15–20 mm·yr−1 (Weltz and
Blackburn 1995; Moore et al. 2008). In the
Rolling Plains of Texas, honey mesquite utilizes
both deep and shallow soil water (Ansley et
al. 1990, 1992a, 1992b), with individual
plants using 30–200 L·d−1 and plants in open
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Large scale brush management
programs focusing on mesquite
rangelands in Texas have
not resulted in increased
streamflow, in spite of public
perceptions to the contrary.
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savanna settings using more water per tree
than plants in dense stands (Ansley et al. 1991,
1998). At the stand scale, ET was comparable
on cleared and uncleared honey mesquite
rangelands (Dugas and Mayeux 1991); hence,
the potential for increasing soil recharge or
water yield by reducing mesquite cover in
these systems is low (Carlson et al. 1990).
Honey mesquite stands in the southern Great
Plains can occur on fine, montmorillonitic clay
soils with high shrink–swell potential. When
dry, these soils develop extensive fissures that
allow rapid and deep-percolation of rainfall.
Mesquite removal on these soils reduced
ET and increased soil moisture by about 80
mm·yr−1 (Richardson et al. 1979).
Landscape Effects. Streamflow. Brush
management is commonly presumed to
increase stream flow because of assumed
increases in the base flow derived from
increases in groundwater recharge. This has
not been widely demonstrated except at the
small-watershed scale, where stream flows are
generated from winter precipitation (Huxman
et al. 2005). A very prominent example of
enhancement of stream flow subsequent
to brush management is from chaparral
shrublands characterized by winter rainfall
(Rowe 1948; Ingebo 1972; Davis and Pase
1977; Hibbert 1983).
Increases in stream flow of ~150% were
demonstrated on a 147-ha watershed following
herbicide treatment in northern Arizona.
Stream flow occurred mainly as a result of
winter precipitation (Baker 1984). A largerscale watershed treatment, however, failed to
generate additional stream flow (Collings and
Myrick 1966). Annual water yield initially
increased 20% on the herbicide-treated
sagebrush sites (Sturges 1994), then returned
to pretreatment levels within 11 yr as sagebrush
density increased. Small-watershed studies in
western Colorado indicate that runoff from
summer thunderstorms was reduced following
conversion of sagebrush to grass (Lusby 1979).
A paired watershed study in central Oregon
indicated that late season spring flow may
increase as a result of juniper management
(Deboodt et al. 2009).
In the Edwards Plateau of Texas, Huang et
al. (2006) found that spring flow increased
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FIguRE 16. Rainfall simulation is a valuable tool for
understanding how woody plants alter hydrological properties on rangelands. Large-scale rainfall
simulation experiments, like the one conducted here
on Ashe juniper rangelands, have the advantage
of being able to apply known amounts of water
above the tree canopies and enable quantification of canopy interception and water and erosion
dynamics at the hillslope scale. (Photo: Bradford
Wilcox)

Projects that
remove saltcedar
and Russian
olive with the
intention of
reducing ET and
increasing flow
in streams have
produced mixed
results, with most
studies failing
to demonstrate
significant longterm changes.”

by about 45 mm·yr−1 following Ashe juniper
removal. Studies of juniper removal on small
catchments where no springs were present
found surface runoff was about 20% (13
mm·yr−1) lower following root plowing,
which was attributed to increased surface
roughness that enhanced shallow surface
storage (Richardson et al. 1979). In another
study, Dugas et al. (1998) found that when
juniper cover was removed by hand cutting,
the treatment had little influence on surface
runoff from 4- and 6-ha small catchments.
Similarly, Wilcox et al. (2005) found no
change in runoff following juniper removal.
Paradoxically, historical stream flow records in
the Edwards Plateau indicate that base flows
have actually increased substantially since 1960
in spite of the fact that WPs have increased
markedly since that time (Wilcox and Huang
2010). The higher base flows were attributed
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Sediment Delivery. There are few studies of
brush management effects on sediment yield
at the catchment or watershed scale. Hastings
et al. (2003) found that cutting trees and
spreading slash in piñon–juniper woodlands
in New Mexico significantly reduced erosion
from 1-ha catchments. Lusby (1979) found
that shrub management reduced erosion by
80% on two 4-ha sagebrush watersheds. Such
studies suggest that brush management may
help curtail erosion, but additional studies and
studies at larger scales are needed before broad
generalizations can be made with confidence.

FIguRE 17. Brush management is commonly applied with hopes of improving
stream flow and groundwater recharge. However, studies indicating that brush
management may not be achieving desired outcomes with respect to water yield
are accumulating. Estimates of the economic benefits of shrub control based solely
on water salvage are therefore questionable. However, it may be desirable to
manage cover of nonnative shrubs, such as the tamarisk shown here, to enhance
wildlife habitat, biological diversity, and soil health (Shafroth et al. 2005, 2010).
(Photo: Charles Hart)

to the fact that ground cover has improved
across the Edwards Plateau because of livestock
destocking in the region. In the Rolling Plains
of Texas, small-watershed and landscape-scale
evaluations within the plains found little
evidence that honey mesquite removal had an
appreciable affect on stream flow (Wilcox et al.
2006, 2008a).
Early studies suggested that transpirational
water loss from WPs such as saltcedar
(Tamarix spp.) and Russian olive (Elaeagnus
angustifolia) was substantially higher than
that of native riparian vegetation. Expansion
of these nonnative species along riparian
corridors in the western United States was
thus presumed to reduce river flows and
groundwater supplies, and their removal
was expected to promote stream flow and
groundwater recharge (Fig. 17). However,
recent studies indicate that saltcedar and
Russian olive transpiration is on par with that
of native species (Owens and Moore 2007),
and projects that remove saltcedar and Russian
olive with the intention of reducing ET and
increasing flow in streams have produced
mixed results, with most studies failing to
demonstrate significant long-term changes
(Shafroth et al. 2010).
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Wildlife Response
NRCS goals of brush management for
wildlife include 1) maintaining or enhancing
habitat—including threatened and endangered
species, with enhancements encompassing (a)
slight to substantial improvement in cover,
usable space, and habitat fragmentation;
(b) improvement of imbalances among
and within populations; and (c) neutral
effects on endangered species—and 2)
improving food accessibility, quality, and
quantity. The challenge in meeting these
goals lies with the fact that wildlife species
and functional groups vary widely in their
habitat requirements (Krausman et al. this
volume). In addition, and as reviewed
earlier, the response of vegetation and other
habitat components to brush management
varies, depending on a variety of factors.
Impacts—positive, neutral, or negative—of
brush management on wildlife therefore
depend on a variety of factors (Fig. 7).
Stating that brush management maintains
or enhances wildlife habitat, consequently,
is an oversimplification. Goals of brush
management should be stated with the
interacting factors that influence impacts on
specific wildlife species taken into account.
Habitat is species specific, and habitat for one
species may not serve as habitat for another
species or group of species (Hall et al. 1997;
Krausman 2002). Clearing a large tract of
sagebrush to create grassland, for example,
may improve habitat for grassland birds
(Reinkensmeyer et al. 2007) but destroy habitat
for sagebrush obligates (Klebenow 1969;
Martin 1970; Green and Flinders 1980). A
fundamental concept in wildlife management
is that wildlife species vary in their response
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to disturbance. Northern bobwhites (Colinus
virginianus), for example, are frequently
considered “early ecological succession stage”
species, whereas white-tailed deer (Odocoileus
virginianus) are considered “midsuccession
species” and grizzly bears (Ursus arctos) “climax”
species (Bolen and Robinson 2002). This
implies that bobwhites, for example, should
respond positively to disturbance, whereas
climax wildlife species may be negatively
impacted by human-imposed disturbances,
such as brush management.
Brush management may affect sexes of the
same wildlife species differently (Leslie et al.
1996; Stewart et al. 2003). For example, male
and female white-tailed deer selected different
herbicide and fire treatments in Oklahoma
(Leslie et al. 1996). Anticipated conservation
benefits should be stated on the basis of the
species, functional group (e.g., grassland
birds, woodland birds, large mammals, small
mammals, etc.) or the gender that they will
benefit; broad generalizations that all wildlife
will be benefited by brush management should
be avoided.
Brush management may affect the same species
differently, depending on seasonal use patterns
of the habitat being treated. For example,
thinning dense big sagebrush stands can
benefit sage-grouse (Centrocercus urophasianus)
during brood rearing (Dahlgren et al. 2006)
but decrease its value as winter habitat for
sage-grouse and other wildlife species (Davies
et al. 2009b). Mechanical brush clearing
during active nesting can destroy eggs and
kill nestlings. The magnitude of the impact of
brush clearing during active nesting on North
American bird populations is unknown.
Wildlife species response to brush
management can also vary by the species of
brush. Sagebrush-obligate wildlife species
are negatively impacted by reductions of
sagebrush abundance (Klebenow 1969; Martin
1970; Green and Flinders 1980). However,
sagebrush-obligate wildlife species benefit from
control of western juniper encroaching into
sagebrush communities (Miller et al. 2000;
Reinkensmeyer et al. 2007).
Density and canopy cover of brush before
treatment and amount of brush removed
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strongly influence wildlife responses to brush
management. Clearing some brush in a
landscape with a 100% canopy cover of WPs,
for example, may benefit wildlife such as
white-tailed deer (Fig. 18), whereas clearing
brush in a landscape with only 25% canopy
cover may be detrimental (Fulbright and
Ortega-Santos 2006). In areas where the two
species overlap, reducing WP canopy cover to
< 50% favors mule deer (Odocoileus hemionus)
over white-tailed deer (Wiggers and Beasom
1986; Ockenfels et al. 1991; Avey et al. 2003).
Northern bobwhites use habitat patches where
woody cover is ≥ 30%; therefore, reducing
woody canopy cover in landscapes that
marginally provide sufficient woody cover
may be detrimental to bobwhites (Kopp et al.
1998; Ransom et al. 2008).

Anticipated
impacts should
consider game
and non-game
species; and
should be tailored
to specific species
or functional
groups.”

Climate and Soils Mediate Outcomes.
Variation in precipitation and soil fertility
may override effects of brush management
on wildlife species abundance and richness
in certain cases. Nutrition, productivity,
and distribution of white-tailed deer, for
example, may be more strongly related to
variation in precipitation than to alterations in
vegetation resulting from brush management.
Seventeen years after root plowing, treated
sites in the eastern Rio Grande Plains of
Texas were dominated by huisache (Acacia
farnesiana [L.] Willd.; Ruthven et al. 1994).
Browse species important to white-tailed
deer were either absent from the huisache
communities that replaced the original honey
mesquite-mixed brush communities or
present in greatly reduced numbers compared
to the mesquite–mixed brush community.
Nutritional condition and population status
of white-tailed deer, however, were similar in
untreated and root plowed sites. Changes in
body condition, reproduction, and diet were
associated with variation in precipitation
rather than with plant community differences.
Similarly, patch burning and grazing had
little effect on white-tailed deer distribution
in southern Texas because drought limited
vegetation response to the treatments (Meek
et al. 2008). Lack of a difference in the use
of aerated and aerated and burned patches
by white-tailed deer has also been attributed
to lack of precipitation, which constrained
forb response to the treatments (Rogers et al.
2004).
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FIguRE 18. Wildlife
response to brush management is species and
situation specific. Mule
deer and white-tailed
deer respond differently to
changes in shrub cover,
and the white-tailed deer
depicted in this photo
may respond positively
when shrub cover is high
but may be adversely
affected by brush management imposed when shrub
cover is <25%. (Photo: Tim
Fulbright)

Brush management effects on wildlife
food and cover vary with soil productivity
(Fulbright et al. 2008). Root plowing may
result in long-term loss of WPs that are
important as browse for white-tailed deer
on upland soils, whereas in ephemeral
drainages, root-plowed sites supported brush
communities similar in species composition
and diversity to sites that had not been
disturbed (Fulbright and Beasom 1987; Nolte
et al. 1994). Ephemeral drainages receive
runoff from uplands and tend to have more
productive soils (Wu and Archer 2005). A
possible explanation for the lack of reduction
in species diversity in ephemeral drainages is
that growing conditions are more favorable
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for the reestablishment of diverse WP species
following root plowing than in upland sites.
Vegetation dynamics following brush
management on fertile soils in mesic
environments may follow directional
change toward climax as predicted by
traditional models of ecological succession.
In arid or semiarid environments, however,
vegetation change following disturbance
may be nondirectional (Briske et al. 2005).
Disturbance by brush management may push
vegetation across a threshold to a different
plant community than existed before treatment
and one that is relatively stable. This new plant
community may or may not provide better-
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quality habitat for specific wildlife species
than the plant community that existed before
brush management. For example, exotic annual
grasses can rapidly increase and dominate
plant communities after brush management
in the intermountain West (Stewart and
Hull 1949; Evans and Young 1985; Young
and Allen 1997). Nonnative annual grass
invasion in sagebrush communities decreases
their habitat value for sagebrush-obligate
and facultative wildlife (Davies and Svejcar
2008). Buffelgrass may increase following root
plowing or disking in South Texas (Gonzalez
and Dodd 1979; Johnson and Fulbright 2008)
with adverse effects on bobwhite populations
(Flanders et al. 2006). Thus, the potential
for undesirable shifts in plant communities
following brush management must be carefully
considered before implementing treatments
(see the sections “Biodiversity and Nonnative
Species” and “A Tool to Promote Landscape
Heterogeneity and Biodiversity”).
Scale and Pattern. Effects of brush
management on wildlife may vary dramatically,
depending on scale of application (see
also Bestelmeyer et al. this volume). Many
grassland-adapted species may respond in a
positive fashion to broad-scale conversion
of woodland to grassland (Fitzgerald and
Tanner 1992; Smythe and Haukos 2010).
Conversely, these large-scale conversions
reduce northern bobwhite and Texas tortoise
populations (Kazmaier et al. 2001; Ransom et
al. 2008). Extensive brush removal (>60% of
the landscape) reduces landscape use by whitetailed deer (Rollins et al. 1988; Reynolds et al.
1992). Large areas of untreated brush provide
habitat for many nongame bird species, and
brush management efforts should be limited
in scope in areas where conservation of this
wildlife group is a priority (Fulbright and
Guthery 1996).
Range management has traditionally
promoted vegetation uniformity rather than
heterogeneity (Fuhlendorf and Engle 2004).
Promoting uniformity, deemed prudent for
increasing livestock production, included
practices such as clearing WPs completely
from the landscape, planting monotypic
stands of grasses, and taking steps to promote
livestock grazing distribution. Wildlife needs
were relegated to lesser importance in this
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traditional management approach. Wildlife
response to amount and interspersion of
brush patches varies among species. Many
wildlife species reach maximum diversity or
density in heterogeneous landscapes such
as those containing a mosaic of brush and
interspersed tracts dominated by herbaceous
vegetation (Roth 1976; Tews et al. 2004a; see
also the sections “Biodiversity,” “Biodiversity
Response,” and “Biodiversity and Nonnative
Species”). Diversity and richness of birds is
greatest in plant communities with structural
heterogeneity (Reinkensmeyer et al. 2007).
For example, providing a mosaic of plant
communities including closed-canopy oak
forest and open pastures derived from forest
increased breeding nongame birds richness
in Oklahoma (Schulz et al. 1992). Brush
management is commonly done in strips
or other patterns to create mosaics of WP
communities interspersed with communities
dominated by herbaceous plants to benefit
wildlife (Fulbright and Ortega-Santos 2006).
Brush sculpting is another approach to brush
management (Fulbright 1997; McGinty
and Ueckert 2001). Brush sculpting refers
to selective removal of brush to accomplish
multiple-use objectives, such as habitat
improvement for wildlife and increased forage
for livestock (Ansley et al. 2003). Anticipated
effects of brush management should take
into account the extent to which habitat
heterogeneity is important for wildlife species
(Fulbright 1996; Kie et al. 2002; Tews et al.
2004a).

Vegetation
mosaics may
be created to
either maximize
wildlife species
diversity or
optimize habitat
for a particular
species.”

Patch size is also an important consideration
when creating vegetation mosaics (Bestelmeyer
et al. this volume). Selection of patch size
depends on management objectives and the
wildlife species or functional group being
managed. Mosaics may be created to either
maximize wildlife species diversity or optimize
habitat for a particular species. Edge and
interior species are more prone to be affected
by patch size than are generalist species (Bender
et al. 1998). A mosaic consisting of patches
that are too small essentially functions as
edge and does not provide habitat for interior
species. For woodland-adapted birds, patch
size and shape are important because nest
parasitism and nest predation may increase
with increasing edge, although this relationship
has been questioned in recent literature (Patton
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1994; Lahti 2001). Patches that are large with
relatively little perimeter support fewer edge
species.
Patch size and configuration requirements
vary among wildlife species. Grassland birds,
for example, require patches >50 ha (Helzer
and Jelinski 1999). Ratio of patch perimeter
to area is also important; bird species richness
is greatest in patches with larger interiors
that are free from edge effects. For grassland
birds, landscape composition may interact
with patch size in that larger core areas may be
more important in landscapes with a mixture
of grassland and woodland than in treeless
landscapes (Winter et al. 2006).

grassland-adapted species; conversely, brush
management may fragment habitat of
shrubland or woodland adapted species if the
cleared areas limit wildlife movement between
tracts of woody vegetation. Patches of habitat
for a wildlife species should be linked by
corridors that facilitate movements among
habitat patches (Bennett 2003). Ensuring
that connectivity exists among habitat patches
should be a priority when vegetation is
manipulated.

Improving Food. Brush management
may improve food accessibility, quality,
and quantity for some wildlife species
or functional groups (e.g., grazers) but
reduce it for others (e.g., browsers). A
Although the idea of creating patchy mosaics
review of publications in the Journal of
through brush management has been discussed Range Management, Rangeland Ecology
in the literature, using brush management to
& Management, and Ecology and articles
achieve an “optimum” size and configuration of emerging from a search of BIOONE, JSTOR,
patches has received little attention (Fulbright
Science Direct, and Springer using the
1996). Part of the reason for the lack of
search strings “brush management,” “brush
attention to the concept of optimal patch size/ management wildlife,” “herbicides birds,”
configuration may be that many of the game
“brush control deer,” “brush control prairie
species that are often the focus of research on
chicken,” and “brush control sage grouse”
brush management effects are edge associates
yielded 50 articles addressing 59 cases of
that show little response to variation in patch
effects of brush management treatments or
size. Northern bobwhites, for example, appear
combinations of treatments (e.g., fire and
to be adapted to an almost infinite set of
herbicides) on wildlife food plants. Effects
patch configurations; therefore, an “optimum” on food plants ranged from positive (53%)
arrangement may not exist (Guthery 1999).
to neutral (32%) to negative (16%). In most
cases, negative responses occurred where brush
Brush management may increase connectivity
management reduced mistletoe (a parasitic
and reduce habitat fragmentation for
plant on honey mesquite that is eaten by

Mechanically clearing juniper
in strips provides edge and
brush piles for wildlife, forage
for livestock and opportunities
for future use of prescribed fire
as a management tool. (Photo:
Kirk McDaniel)
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deer), reduced browse plants preferred by
white-tailed deer, or increased thorns or
secondary compounds in browse regrowth.
In the review, we considered treatment effects
to be neutral when they resulted in only
temporary (<3 yr) increases in forb seeds or
insects. Chemical, mechanical, and pyric
brush management methods vary in their
impact on woody and herbaceous food for
wildlife. Chemical treatments, for example,
tend to cause a temporary reduction in
forbs, whereas fire may stimulate growth and
abundance of early successional forbs that
benefit many species of animals (e.g., Fig.
13) (Beasom and Scifres 1977; Bozzo et al.
1992a). Fire may top kill WPs, encouraging
production of palatable sprouts (Schindler
et al. 2004b). Anticipated benefits of brush
management to wildlife should be predicated
on the brush management approach to be
used and the wildlife species potentially
affected.
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Endangered Species. Brush management
potentially reduces habitat for endangered
species that depend on WP communities,
such as ocelots (Felis pardalis), which need
woodland with >97% canopy cover, or pygmy
rabbits (Brachylagus idahoensis), which forage
primarily on big sagebrush (Green and Flinders
1980; Harveson et al. 2004). Conversely, brush
management potentially could improve habitat
for grassland-adapted species, such as the
Attwater’s greater prairie chicken (Tympanuchus
cupido attwateri). Documentation of the effects
of brush management on habitat of species
listed as endangered in the United States is
lacking, however.

Plant communities with mixtures
of herbaceous- and shrub-dominated patches provide excellent
habitat for a diversity of game
and non-game species. (Photo:
Tim Fulbright)

Herbicide Toxicity. Herbicides used in
rangeland brush management are usually not
used in concentrations harmful to wildlife
and dissipate from the ecosystem following
the growing season they are applied (Scifres
1977; Freemark and Boutin 1995; Guynn et
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Wyoming big sagebrush
mowed in strips creates a
mosaic of treated and untreated
sagebrush habitat to increase
diversity and maintain critical
habitat for sagebrush-obligate
wildlife. (Photo: K. W. Davies)

al. 2004). Herbicides are generally not acutely
toxic to soil organisms (Freemark and Boutin
1995). Certain aspects of herbicide toxicity to
wildlife, such as the role of surfactants and inert
ingredients, and possible synergistic effects of
multiple chemicals applied simultaneously are
unknown (Guynn et al. 2004). Herbicides may
negatively affect insects directly or indirectly,
but little is known of the effects of rangeland
herbicides on these organisms. A better
understanding is needed since native rangelands
may serve as a reservoir of pollinator and
predator insects important to crop production
in nearby cultivated areas (Freemark and
Boutin 1995). In addition, invertebrates are
a critically important food resource for many
grassland bird species (O’Leske et al. 1997).
Research on herbicide effects on reptiles and
amphibians is also lacking (Freemark and
Boutin 1995; Guynn et al. 2004).
Although rangeland herbicides are generally
not highly toxic to wildlife, acute effects of the
herbicide 2,4-D have been documented. The
herbicide is toxic to cutthroat trout (Salmon
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clarkia) (Woodward 1982). Spraying 2,4-D
dramatically reduced pocket gopher (Thamomys
talpoidis) populations in Colorado (Keith et al.
1959).
Predators. Anticipated benefits of brush
management stated by NRCS focus largely
on forage production and habitat structure
for herbivores; however, brush management
also alters predator habitat and may change
behavioral responses of prey. Ungulates, for
example, may use cleared patches within
woodland or shrubland because of enhanced
visual detection of predators (Bozzo et al.
1992b). Florida panthers (Felis concolor
coryi) are attracted to recent prescribed burns
where prey species such as white-tailed deer
congregate (Dees et al. 2001). Landscapelevel reduction of brush may remove
perching structures important for raptors
and increase susceptibility to nest predators.
Prickly pear (Opuntia spp.) control, for
example, has the potential to reduce nest
sites and increase nest susceptibility to
predators for bird species that prefer nesting
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in prickly pear. Treating prickly pear with
herbicides, however, did not reduce nesting
success of bobwhites in central Texas
(Hernandez et al. 2003). Prey population
densities may also change in response to
brush management. Effects of mechanical
brush management on the mortality of small
mammals and immobile wildlife species at
the time of treatment are unknown. Habitat
changes following treatment may have
unintended consequences, such as favoring
increased prey densities. For example, cotton
rat (Sigmodon hispidus) densities were six
times greater on root-plowed rangeland in
Texas than in untreated rangeland (Guthery
et al. 1979). Rodent populations are strongly
cyclical. Flushes in rodent abundance may be
followed by increases in predator abundance;
but subsequent abrupt declines in rodent
populations may cause the now-abundant
predators to shift to a prey base of livestock
or ungulates such as white-tailed deer.
Brush management may also affect visual
cues used by predators to locate prey. Logged
areas in the boreal forests of Canada have less
debris on the forest floor than uncut stands.
Efficiency of predation by martens (Martes
americana) is greater in uncut timber stands
because coarse woody debris act as sensory
cues and enhance hunting success (Andruskiw
et al. 2008). Brush management may likewise
affect structure and amounts of woody debris
in shrubland habitats, potentially affecting
predator efficiency. Herbicide application may
have little influence on habitat use by coyotes
(Canis latrans) and bobcats (Felis rufus)
possibly because standing woody material
remains after treatment and herbaceous
community structure is not drastically altered
(Bradley and Fagre 1988).
Treatment Longevity. Brush management
initially reduces shrub canopy cover, but
over time, stem and foliage cover returns. In
Texas, the estimated duration of treatments
range from 10 yr to 20 yr for root plowing
and from 3 yr to 9 yr for roller chopping
(Fulbright and Taylor 2001; Schindler and
Fulbright 2003). Potential benefits of brush
management for wildlife, therefore, are
transient. Brush management, for example,
may benefit a wildlife species initially, but as
the WP community reestablishes (e.g., Fig.
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10), benefits may be lost. The temporary
nature of treatments and the need for followup treatments must therefore be explicitly
considered in statements of anticipated
benefits (see the previous sections “Integrated
Brush Management Systems” and “Treatment
Options”).
Single applications of mechanical brush
management with no follow-up treatments
may adversely impact wildlife habitat. For
example, density of WPs palatable to whitetailed deer may be lower in WP communities
that reestablish following root plowing than
in undisturbed communities (Fulbright and
Beasom 1987). Density of woody legumes
such as honey mesquite and huisache may be
greater on root plowed areas than on untreated
areas >17 yr posttreatment (Fulbright and
Beasom 1987; Ruthven et al. 1994). WPs
that regenerate following roller chopping may
have longer and more numerous spines than
undisturbed plants, which could reduce bite
rate of browsers (Schindler and Fulbright 2003;
Schindler et al. 2004a).
Measuring Habitat Improvement. The
statement of anticipated benefits of brush
management to wildlife is based on the
assumption that improvements in food,
cover, space, imbalance among populations,
and fragmentation are evidence of habitat
improvement. Vegetation characteristics are
commonly linked with habitat quality in the
wildlife literature (Guthery 1997; Hall et
al. 1997; but see Johnson 2007). However,
increases in a specific habitat characteristic
do not constitute improvement if that
characteristic is not limiting to wildlife
(Guthery 1997). For example, rangeland
disking may increase abundance of seedproducing forbs. However, seeds may not
be limiting to northern bobwhites (Guthery
1997). In this case, the assumption that
increasing food (e.g., seed-producing forbs)
resulted in habitat improvement may not be
valid. Further, numerous confounding factors
exist in natural ecosystems, and an increase in
food and cover alone may not result in habitat
improvement if some other factor, such as
nesting cover, is limiting.
Brush management is assumed to have
improved wildlife habitat quality in an area
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Brush management may improve food accessibility, quality,
and quantity for some wildlife
species or functional groups but
reduce it for others. (Photo: Tim
Fulbright)
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if it results in greater food abundance, better
interspersion of plant communities, and
habitat requirements, less fragmentation, or
better cover characteristics. An underlying
assumption is that population density in
an area increases with increasing habitat
quality (Guthery 1997). However, increased
densities following brush management
does not necessarily indicate sustained
improvement in habitat. Treated areas may
provide resources needed by an organism
only during part of the year, and untreated
areas may be needed to meet needs during
other times of the year. White-tailed deer,
for example, do not exhibit preference for a
particular level of woody canopy cover during
winter, but during summer, deer densities
increase with increasing WP cover, with areas
>80% canopy cover receiving greatest use
(Steuter and Wright 1980). Improvements in
habitat quality should be expressed in terms
of increased survival and reproduction in
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addition to increased population densities and
availability of key habitat components (Van
Horne 1983; Hall et al. 1997; Crawford et
al. 2004). For northern bobwhites, evidence
that their abundance increases with habitat
quality variables such as food supplies
and interspersion is limited and equivocal
(Guthery 1997). Instead, abundance of
bobwhites is proportional to the amount
of usable space (habitat for which a species
is fully adapted), and only practices that
increase the abundance of usable space are
likely to improve bobwhite numbers (Guthery
1997; Guthery et al. 2005). The usable space
concept has also been applied to white-tailed
deer management (Hiller et al. 2009).
Demographic characteristics of wildlife
populations and usable space are more
difficult and time consuming to quantify
than habitat characteristics such as food
production. As a result, comparisons of survival
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and reproduction of wildlife on sites with
and without brush management are limited
(Appendix II). Consequently, restricting
statements of anticipated benefits to treatments
and species for which increased reproduction,
survival, and density or increases in usable
space resulting from brush management have
been documented is impractical. A better
approach would be to acknowledge that while
brush management may improve various
habitat properties, its impact on habitat quality
for many species is unclear.

•�

Fuels Management
•�
Brush management is increasingly being applied
in shrubland and woodland settings to reduce
fire risk or create fuel breaks (Keeley 2002;
Davies et al. 2009b); however, little information
is available to evaluate its effectiveness. In forest
systems, mechanical brush management alters
fuel characteristics and influences fire behavior
(Kane et al. 2009); however, current fire models • �
have not yet been parameterized to represent
these modified behaviors. Although the impact
of brush management on fire characteristics and • �
spread are unclear, fire suppression efforts can be
facilitated simply by reducing fuel height (Keeley
2002). However, while brush management can
effectively reduce the mass and continuity of
canopy fuels, it may promote production and
continuity of fine surface fuels (e.g., grasses)
and thus promote fire risk (Keeley 2002;
Perchemlides et al. 2008; Huffman et al. 2009).
RECoMMEndAtIonS
• � Care is needed when using words
and phrases such as “vigor,” “health,”
“biodiversity,” “encouraging growth,” and
“suitable” when projecting the effects of
brush management. These terms are vague • �
or ill-defined and often value laden and
should be replaced with words and phrases
that refer to specific and tractable metrics
to define more specific and measurable
conservation outcomes.
• � Integrated Brush Management Systems
have proven effective in WP management
and are likely to yield the greatest
conservation benefits. Brush management
is a long-term commitment. Adaptive
management, coordination with grazing
management, a plan and funding for
follow-up restoration and brush treatments,
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and periodic monitoring are essential.
Emphasize flexibility and objectivity.
Customize brush management
prescriptions according to the stakeholder’s
vision and management objectives and
the inherent capability or limitations of
the ecological site. This perspective on
human dimensions should be incorporated
into the list of purposes in practice code
314: “Work closely and cooperatively
with clientele to apply brush management
practices that meet both land and personal
conservation objectives.”
Evaluate and define when, where, how,
and under what circumstances brush
management should be undertaken and
what specific outcomes are to be attained.
Recommendations should be thoroughly
vetted and justified. Do not assume that
brush management is needed simply
because shrubs are present.
Tailor statements of potential hydrological
benefits of brush management to specific
bioclimatic zones.
Anticipated effects of brush management
should take into account the extent to
which habitat heterogeneity is important
for wildlife species. Do not assume
that brush management will result in
improvement of habitat for a wildlife
species or functional group. Tailor
statements of anticipated benefits of
brush management to specific habitat
variables or characteristics, such as food
production, and to specific wildlife
species or functional groups. State which
wildlife species or functional groups
may be negatively impacted by brush
management under specific sets of
circumstances.
Develop and maintain a relational database
to evaluate brush management treatments.
Important information may include
treatment approaches and longevities;
location and spatial pattern(s) of treatment
in relation to soils and topography; preand posttreatment soil, plant, livestock,
and wildlife responses; environmental
conditions; and predicted trade-offs and
outcomes based on published literature
(Table 6). This database should be updated
as new information becomes available and
used to communicate anticipated benefits
for specific locations and regions.
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tABlE 6. Example of a matrix approach to communicating anticipated benefits of brush management for wildlife. A similar matrix could be
developed for plants, soils, and so on.

Brush management
approach
Mechanical

Scale

Climate

Existing woody
canopy cover (%)

Wildlife species or group

Anticipated
impact1

Landscape

Humid

60–100

Grassland obligates

+

Woodland obligates

−

Edge-associated species

−

Habitat generalists

0

25–59

<25

Chemical, fire

Mosaic, patch

Subhumid, semiarid, arid

<25

Grassland obligates

+

Woodland obligates

−

Edge-associated species

−

Habitat generalists

0

Grassland obligates

+

Woodland obligates

−

Edge-associated species

−

Habitat generalists

0

Habitat generalists

+, positive; 0, neutral; −, negative.

1

• � Seeding of nonnative plants following
• � Projected effects of brush management
brush management should be avoided,
mention numerous variables related to
but if considered, it should be explicitly
air quality as “not applicable.” However,
justified.
available information, albeit scant, suggests
• � Articulate and critically evaluate
that changes from grass to WP dominance
positive and negative trade-offs in brush
can significantly increase emissions of
management impacts on various ecosystem
trace gases and volatile organic carbon
goods and services. For example, gains
compounds and the production of dust,
in livestock production and herbaceous
aerosols and allergens. The extent to which
diversity accruing from brush management
brush management might reverse these
may be at the expense of ecosystem carbon
is unknown, as are the implications for
sequestration.
human health, tropospheric chemistry, and
• � Develop a mechanism to integrate
land surface–atmosphere interactions.
conservation planning on individual
• � ANPP can be dramatically enhanced by
properties into and consistent with
shrub encroachment (Knapp et al. 2008a;
local/regional conservation plans.
Barger et al. 2011), but the effects of
Specific goals and objectives from brush
brush management on ANPP are largely
management may vary by ownership
unknown. Plant production responses
and agency, but by pooling expertise and
to brush management have focused on
financial resources, there will be better
the herbaceous vegetation, and there
opportunities for treating and restoring
is scant data on WP ANPP during the
larger areas.
postmanagement period. Thus, we are ill
equipped to evaluate brush management
KnoWlEdgE gAPS
from a carbon-accounting perspective.
• � The belowground organic carbon
• � The extent to which pre–brush
pool (roots+soil) typically dwarfs
treatment management conditions
the aboveground pool in rangeland
drive posttreatment responses is largely
ecosystems. Robust generalizations as to
unknown, as are the effects of follow-up
how WP encroachment (Fig. 4) and brush
treatments.
management affect this large belowground
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•

pool are not yet possible. Studies that
have quantified soil responses to brush
management are few (Fig. 8) and have
relied on comparing random samples from
a treated site(s) to a nearby, untreated site.
Given the extensive edaphic heterogeneity
on shrub-encroached rangelands (e.g.,
Bai et al. 2008; Liu et al. 2010), such
coarse comparisons are probably not too
reliable. Studies quantifying soil resources
in a spatially explicit fashion before
and following brush management are
sorely needed, as are studies quantifying
the response of shrub roots to brush
management. Decreases in plant and SOC
pools that may occur following brush
management could have important but
as yet poorly understood implications for
ecosystem carbon management.
Quantification of trade-offs between
livestock production, hydrology, erosion,
carbon sequestration, biodiversity, and so
on and approaches for weighting them is
a current challenge that must be addressed
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•

if we are to advance our ability to
comprehensively evaluate the conservation
value of brush management. Brush
management has the potential to modify
the provisioning of numerous ecosystem
services at both local and regional scales.
Attempts must be made to monitor and
value these nontraditional nonmarket
services.
Many of the potential benefits of brush
management depend on the extent to
which herbaceous production and ground
cover can be reestablished and the duration
of the herbaceous response. General
models of WP effects on herbaceous
vegetation (Fig. 3) need to be better
quantified to determine when it might
be most effective to implement brush
management, and conceptual models
of posttreatment herbaceous vegetation
response to brush management (Fig. 10)
need to be made operational to obtain
quantitative ecological (Fig. 9) and
socioeconomic (Fig. 11) assessments of
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Woody plant encroachment represents a threat to
grassland, shrub-steppe, and
savanna ecosystems and the
plants and animals endemic to
them. (Photo: Tim Fulbright)
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brush management. Simulation modeling
has been underutilized (Fig. 8). Given
the advent of inexpensive, user-friendly
software for personal computers, this
tool can now be readily used to integrate
existing information for assessment,
scenario development, and forecasting (e.g.,
Grant et al. 1999; Fuhlendorf et al. 2008).
• � The major knowledge gap related to
brush management and water is our
limited understanding of landscape-level
implications. With the exception of a few
studies (e.g., Collings and Myrick 1966;
Wilcox et al. 2008a), there has been
little documentation of the large-scale
impacts of brush management on water
and erosion processes. As a result, there is
considerable uncertainty concerning the
efficacy of extrapolating from fine-scale
studies to the landscape level (Wilcox and
Huang 2010).
• � Biodiversity responses to shrub
encroachment are poorly documented,
and responses to brush management
have focused largely on herbaceous
vegetation. Responses of various faunal
groups, including soil biota, are few and
scattered. The implications of changes in
biodiversity for ecosystem function have
been the topic of much discussion in the
research community but remain poorly
understood.
• � Brush management effects on wildlife
have focused mainly on game species,
particularly white-tailed deer, northern
bobwhites, and sage-grouse. Nongame
species, including predators, passerines,

Rangeland conservation goes
beyond traditional concerns
of livestock production to
include potential effects on a
variety of ecosystem services.
The research community is
challenged with measuring
and monitoring these varied
impacts; and the management
community with creating or
maintaining woody-herbaceous
mixtures in arrangements that
satisfy competing objectives.
(Photo: Tim Fulbright)
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small mammals, and reptiles, have been
largely neglected. Habitat requirements
of many nongame species are not well
understood, making it challenging to
even speculate about effects of brush
management. These gaps must be filled
for statements of anticipated benefits to
be made for specific species or functional
groups.
• The extent to which brush managementinduced changes in habitat attributes
translate into improvements in carrying
capacity and animal birth rates, longevity,
nutritional status and body mass are largely
unknown.
• � Further research that addresses the
interrelationship between brush
management and fire behavior is needed
to provide robust conclusions on its
effectiveness for reducing fire risk and
spread. Trade-offs between reducing
WP canopy mass and continuity and
promoting fine fuel production needs
further study among different WP
communities.
• � A framework for conceptualizing how
climate change, invasions of nonnative
species, and increases in atmospheric CO2
and nitrogen deposition might influence
future grass–woody states and ecosystem
responses to brush management is
needed.

ConCluSIonS
Successful long-term management programs
(typically >5 yr) usually involve an integrated
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brush management systems and restoration
approach that includes a suite of mechanical,
fire, biological, and chemical methods. A
combination of methods customized for
local ecological site conditions is particularly
important when the primary objective is to
achieve long-term native plant stability that
supports conservation and resource function.
Assessing revegetation potential is a critical
first step before proceeding with brush
management. Brush management and
revegetation costs are high, and careful
selection of areas with a high potential
for reestablishment is necessary for longterm, sustainable brush management. In
many situations, herbaceous vegetation
on treated areas will recover naturally after
brush management without revegetation.
In other situations, planting or seeding of
grasses or forbs may be necessary. Sites with
particularly dense brush cover, poor hydrologic
integrity, or related conditions may have
limited revegetation potential. An in-field
evaluation and soil survey should always be
used to evaluate soil and other factors that
will ultimately influence replacement of the
vegetation community. With these caveats in
mind, our synthesis suggests the following
conclusions regarding the conservation value of
brush management:

FIguRE 19. Brush encroachment threatens habitat for
grassland-obligate species
such as this savanna sparrow. Brush management
may be required to generate and maintain shrub
cover amounts and patterns
within acceptable limits for
such species. (Photo: Tim
Fulbright)

• � Returns arising from improved livestock
performance and production are
important, but benefits beyond livestock
production are being increasingly
recognized. When the value of ecosystem
goods and services beyond those associated
with livestock production are taken into
account, a more favorable picture of brush
management begins to emerge.
• � Although frequently justified on the
basis of benefits to water quality and
quantity, brush management does not
• � Conservation of grasslands and savannas
necessarily produce the hydrological
as ecosystem types and the plants and
benefits that are commonly attributed
animals endemic to them should be a
to it. In most cases, these perceived
high priority (Fig. 19). Loss of grasslandbenefits are exaggerated and have not
obligate organisms occurs with shrub
been documented, and there is little or
encroachment, even if overall numerical
no evidence that brush management is a
biological diversity is enhanced or
viable strategy for increasing ground water
unaffected. Brush management programs
recharge or stream flows at meaningful
are essential to maintain grassland,
scales. Outcomes depend on the vegetation
steppe, and savanna ecosystems and
type and geological setting. In some cases,
the biodiversity and services they
depending on the vegetation community
provide. Progressive brush management
and the method of shrub management,
protocols will be required to achieve this
surface runoff and erosion may actually
conservation goal in many instances.
increase. Local/regional knowledge should
• � Herbaceous cover, production, and
therefore guide brush management
diversity are typically enhanced by brush
prescriptions with respect to hydrological
management. However, exceptions
impacts. In settings where winter
occur, and the possibility for deleterious
precipitation predominates or where
outcomes should always be anticipated and
WPs are accessing deep stores of water,
considered when planning. Furthermore,
there is the potential to use vegetation
treatment longevity will vary, so plans for
management to enhance groundwater
follow-up are required.
recharge and stream flow. However,
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A burned (left) and untreated
(right) mountain big sagebrush
plant community on the Hart
Mountain National Wildlife
Refuge in southeastern Oregon.
(Photo: K. W. Davies)
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projections for how this translates to
watershed- and regional-scale hydrology is
based more on speculation than data.
• � Statements that brush management
maintains or enhances wildlife habitat are
oversimplifications. Habitat requirements
of many nongame species are poorly
understood, making it challenging to
even speculate about effects of brush
management on these organisms. Clearer
definitions of what constitutes a benefit of
brush management to wildlife are needed,
and these should be tailored to species or
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functional groups. Statements should focus
on the habitat characteristics or attributes
that are anticipated to be improved.
Technology and the tools available for
brush management are dynamic and ever
changing. Keeping educated and up to date
on new developments is paramount. There are
knowledge gaps in brush management, but there
always will be, and it is important that managers
strive to use the best available information. In
some instances, practices applied and approaches
followed to manage a particular WP species may
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not be known. Thus, it is recognized that land
managers are often placed in situations where
they must exercise flexibility, responsibility,
and their best professional judgment when
developing a planning strategy and carrying out
an action program.

in southeastern Idaho. Journal of Range
Management 31:25–29.
Andruskiw, M., J. M. Fryxell, I. D. Thompson,
and J. A. Baker. 2008. Habitat-mediated
variation in predation risk by the American
marten. Ecology 89:2273–2280.
Ansley, R. J., and M. J. Castellano. 2006.
Strategies for savanna restoration in the southern
Brush management presents a series of
Great Plains: effects of fire and herbicides.
dilemmas and challenges as a response to
Restoration Ecology 14:420–428.
WP encroachment. The recognition that
Ansley, R. J., P. W. Jacoby, and G. J. Cuomo.
WP proliferation can substantially promote
1990. Water relations of honey mesquite
ecosystem primary production and carbon
following severing of lateral roots—influence of
stocks may trigger new land use drivers as
location and amount of subsurface water. Journal
industries seek opportunities to acquire and
of Range Management 43:436–442.
accumulate carbon credits to offset CO2
Ansley, R. J., P. W. Jacoby, and R. A. Hicks.
emissions. WP proliferation in grasslands
1991. Leaf and whole plant transpiration in
and savannas may therefore shift from being
honey mesquite following severing of lateral
an economic liability in the context of
roots. Journal of Range Management 44:577–583.
livestock production to a source of income
Ansley, R. J., P. W. Jacoby, C. H. Meadors, and
in a carbon sequestration context. Policy and
B. K. Lawrence. 1992a. Soil and leaf water
management issues related to grazing land
relations of differentially moisture-stressed honey
conservation thus extend well beyond the
mesquite (Prosopis glandulosa Torr.). Journal of
traditional concerns of livestock production
Arid Environments 22:147–159.
and game management (wildlife valued for
Ansley, R. J., B. A. Kramp, and D. L. Jones.
sport hunting) to include potential effects on
2003. Converting mesquite thickets to savanna
hydrology, carbon sequestration, biological
through foliage modification with clopyralid.
diversity, atmospheric chemistry, and the
Journal of Range Management 56:72–80.
climate system. The research community is
Ansley, R. J., B. A. Kramp, and T. R. Moore.
challenged with quantifying and monitoring
1997. Development and management of
these varied impacts and the management
mesquite savanna using low intensity prescribed
community with devising approaches for
fires. Proceedings—Fire Effects on Rare and
creating or maintaining woody–herbaceous
Endangered Species and Habitats Conference;
mixtures in arrangements that satisfy
13–16 November 1995; Coeur d’ Alene, ID,
competing conservation objectives.
USA: International Association of Wildland Fire.
p. 155–161.
literature Cited
Ansley, R. J., W. E. Pinchak, W. R. Teague, B. A.
Aanderud, Z. T., M. I. Shuldman, R. E.
Kramp, D. L. Jones, and P. W. Jacoby. 2004b.
Drenovsky, and J. H. Richards. 2008.
Long-term grass yields following chemical
Shrub-interspace dynamics alter relationships
control of honey mesquite. Journal of Range
between microbial community composition
Management 57:49–57.
and belowground ecosystem characteristics Soil
Ansley, R. J., D. L. Price, S. L. Dowhower, and
Biology & Biochemistry 40:2206–2226.
D. H. Carlson. 1992b. Seasonal trends in leafAbrahams, A. D., A. J. Parsons, and S. H. Luk.
area of honey mesquite trees—determination
1988. Hydrologic and sediment responses to
using image-analysis. Journal of Range
simulated rainfall on desert hillslopes in southern
Management 45:339–344.
Arizona. Catena 15:103–117.
Ansley, R. J., B. A. Trevino, and P. W. Jacoby.
Al-Frayh, A., S. M. Hasnain, M. O. Gad-El1998. Intraspecific competition in honey
Rab, T. Al-Turki, K. Al-Mobeireek, and S.
mesquite: leaf and whole plant responses. Journal
T. Al-Sedairy. 1999. Human sensitization to
of Range Management 51:345–352.
Prosopis juliflora antigen in Saudi Arabia. Annals
Ansley, R. J., and H. T. Wiedemann. 2008.
of Saudi Medicine 19:331–336.
Reversing the woodland steady state: vegetation
Anderson, J. E., and K. E. Holte. 1981.
responses during restoration of Juniperus
Vegetation development over 25 years without
dominated grasslands with chaining and fire. In:
grazing on sagebrush-dominated rangeland

CHAPTER 3:

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation

151

O. W. V. Auken [ed.]. Western North American
Juniperus communities: a dynamic vegetation
type. New York, NY, USA: Springer. p. 272–290.
Ansley, R. J., H. T. Wiedemann, M. J.
Castellano, and J. E. Slosser. 2006.
Herbaceous restoration of juniper dominated
grasslands with chaining and fire. Rangeland
Ecology & Management 59:171–178.
Archer, S. 1994. Woody plant encroachment into
southwestern grasslands and savannas: rates,
patterns and proximate causes. In: M. Vavra,
W. Laycock, and R. Pieper [eds.]. Ecological
implications of livestock herbivory in the
West. Denver, CO, USA: Society for Range
Management. p. 13–68.
Archer, S. 2009. Rangeland conservation and
shrub encroachment: new perspectives on an
old problem. In: J. du Toit, R. Kock, and J.
Deutsch [eds.]. Wild rangelands: conserving
wildlife while maintaining livestock in semi-arid
ecosystems. Oxford, England: Wiley-Blackwell.
p. 53–97.
Archer, S., T. W. Boutton, and K. A. Hibbard.
2001. Trees in grasslands: biogeochemical
consequences of woody plant expansion. In:
E. D. Schulze, M. Heimann, S. Harrison, E.
Holland, J. Lloyd, I. Prentice, and D. Schimel
[eds.]. Global biogeochemical cycles in the
climate system. San Diego, CA, USA: Academic
Press. p. 115–138.
Archer, S., D. S. Schimel, and E. A. Holland.
1995. Mechanisms of shrubland expansion: land
use, climate or CO2? Climatic Change 29:91–99.
Archer, S. R., and F. E. Smeins. 1993.
Ecosystem-level processes. In: R. K. Heitschmidt
and J. W. Stuth [eds.]. Grazing management
an ecological perspective. Portland, OR, USA:
Timber Press.
Asner, G., and S. Archer. 2009. Livestock
and the global carbon cycle. In: H. Steinfeld,
H. Mooney, F. Schneider, and L. Neville
[eds.]. Volume 1, Livestock in a changing
landscape: drivers, consequences, and responses.
Washington, DC, USA: Island Press. p. 69–82.
Asner, G. P., C. E. Borghi, and R. A. Ojeda.
2003. Desertification in central Argentina:
changes in ecosystem carbon and nitrogen from
imaging spectroscopy. Ecological Applications 13:3.
Augustine, D. J., and D. G. Milchunas. 2009.
Vegetation responses to prescribed burning of
grazed shortgrass steppe. Rangeland Ecology &
Management 62:89–97.
Avey, J., W. Ballard, M. Wallace, M.
Humphrey, P. Krausman, F. Harwell, and

152

Conservation Benefits of Rangeland Practices

E. Fish. 2003. Habitat relationships between
sympatric mule deer and white-tailed deer in
Texas. The Southwestern Naturalist 48:644–653.
Baez, S., and S. Collins. 2008. Shrub invasion
decreases diversity and alters community
stability in northern Chihuahuan Desert
plant communities. PLoS ONE 3:e2332.
doi:2310.1371/journal.pone.0002332
Baeza, M. J., and V. R. Vallejo. 2008.
Vegetation recovery after fuel management in
Mediterranean shrublands. Applied Vegetation
Science 11:151–158.
Bai, E., T. W. Boutton, X. B. Wu, F. Liu, and S.
R. Archer. 2008. Landscape-scale vegetation
dynamics inferred from spatial patterns of
soil δ13C in a subtropical savanna parkland.
Journal of Geophysical Research—Biogeosciences
114:G01019. doi:10.1029/2008JG000839
Baker, M. B. 1984. Changes in streamflow in an
herbicide-treated pinyon-juniper watershed in
Arizona. Water Resources Research 20:1639–1642.
Bakker, K. K. 2003. The effect of woody
vegetation on grassland nesting birds: an
annotated bibliography. US Fish & Wildlife
Service HAPET report (Habitat and Population
Evaluation Team). Madison, SD, USA: College
of Natural Sciences, Dakota State University.
Bakker, K. K., D. E. Naugle, and K. E. Higgins.
2002. Incorporating landscape attributes
into models for migratory grassland bird
conservation. Conservation Biology 16:1–10.
Balliette, J. F., K. C. McDaniel, and M.
K. Wood. 1986. Infiltration and sediment
production following chemical control of
sagebrush in New Mexico. Journal of Range
Management 39:160–165. �
Barger, N. N., S. R. Archer, J. Campbell,
C. Huang, J. Morton, and A. K. Knapp.
2011. Woody plant proliferation in North
American drylands: a synthesis of impacts on
ecosystem carbon balance. Journal of Geophysical
Research—Biogeosciences 116, G00K07,
doi:10.1029/2010JG001506.
Bartlett, E. T., J. W. Bartolome, and T. M.
Quigley. 1988. Cost and benefits of the Vale
program. In: H. F. Heady [ed.]. The Vale
rangeland rehabilitation program: an evaluation.
Portland, OR, USA: US Department of
Agriculture Forest Service. Resource Bulletin
PNW-RB-157. 151 p.
Bates, J. D., R. F. Miller, and T. J. Svejcar.
2000. Understory dynamics in cut and uncut
western juniper woodlands. Journal of Range
Management 53:119–126.

S. R. Archer, K. W. Davies, T. E. Fulbright, K. C. McDaniel, B. P. Wilcox, and K. I. Predick

Bates, J. D., R. F. Miller, and T. Svejcar.
2005. Long-term successional trends following
western juniper cutting. Rangeland Ecology &
Management 58:533–541.
Bates, J. D., R. E. Miller, and T. Svejcar. 2007.
Long-term vegetation dynamics in a cut western
juniper woodland. Western North American
Naturalist 67:549–561.
Bates, J. D., E. C. Rhodes, K. W. Davies, and R.
Sharp. 2009. Postfire succession in big sagebrush
steppe with livestock grazing. Rangeland Ecology
& Management 62:98–110.
Beasom, S. L., and C. J. Scifres. 1977.
Population reactions of selected game species
to aerial herbicide applications in south Texas.
Journal of Range Management 30:138–142.
Bedunah, D. J., and R. E. Sosebee. 1984. Forage
response of a mesquite-buffalograss community
following range rehabilitation. Journal of Range
Management 37:483–487.
Bedunah, J. D. 1982. Influence of some
vegetation manipulation practices on the biohydrological state of a depleted deep hardland
range site [thesis]. Lubbock, TX, USA: Texas
Tech University. 206 p.
Belsky, A. J. 1996. Viewpoint: western juniper
expansion: is it a threat to arid northwestern
ecosystems? Journal of Range Management
49:53–59.
Bender, D. J., T. A. Contreras, and L. Fahrig.
1998. Habitat loss and population decline: a
meta-analysis of the patch size effect. Ecology
79:517–533.
Bennett, A. F. 2003. Linkages in the landscape:
the role of corridors and connectivity in
wildlife conservation. Gland, Switzerland, and
Cambridge, United Kingdom: IUCN Forest
Conservation Programme. Conserving Forest
Ecosystems Series No. 1. 254 p.
Bestelmeyer, B. T. 2005. Does desertification
diminish biodiversity? Enhancement of ant
diversity by shrub invasion in southwestern
USA. Diversity & Distributions 11:45–55.
Bestelmeyer, B. T., A. J. Tugel, G. L. Peacock,
Jr., D. G. Robinett, P. L. Shaver, J. R. Brown,
J. E. Herrick, H. Sanchez, and K. M.
Havstad. 2009. State and transition models
for heterogeneous landscapes: a strategy for
development and application. Rangeland Ecology
& Management 62:1–15.
Blackburn, W. H. 1983. Influence of brush
control on hydrologic characteristics of
range watersheds. In: K. C. McDaniel [ed.].
Proceedings, Brush Management Symposium.

CHAPTER 3:

Lubbock, TX, USA: Texas Tech University Press.
p. 73–88.
Blackburn, W. H., and C. M. Skau. 1974.
Infiltration rates and sediment production of
selected plant communities in Nevada. Journal of
Range Management 27:476–480.
Blain, S., B. Queguiner, L. Armand, S. Belviso,
B. Bombled, L. Bopp, A. Bowie, C. Brunet,
C. Brussaard, F. Carlotti, U. Christaki,
A. Corbière, I. Durand, F. Ebersbach, J.-L.
Fuda, N. Garcia, L. Gerringa, B.Griffiths,
C. Guigue, C. Guillerm, S. Jacquet, C.
Jeandel, P. Laan, D. Lefèvre, C. L. Monaco,
A. Malits, J. Mosseri, I. Obernosterer, Y.-H.
Park, M. Picheral, P. Pondaven, T. Remenyi,
V. Sandroni, G. Sarthou, N. Savoye, L.
Scouarnec, M. Souhaut, D. Thuiller, K.
Timmermans, T. Trull, J. Uitz, P. Beek,
M.Veldhuis, D. Vincent, E. Viollier, L.
Vong, and T. Wagener. 2007. Effect of natural
iron fertilization on carbon sequestration in the
Southern Ocean. Nature 446:414–417.
Blaum, N., E. Rossmanith, G. Fleissner, and
F. Jeltsch. 2007a. The conflicting importance
of shrubby landscape structures for the
reproductive success of the yellow mongoose
(Cynictis penicillata). Journal of Mammalogy
88:194–200.
Blaum, N., E. Rossmanith, and F. Jeltsch.
2007b. Land use affects rodent communities in
Kalahari savannah rangelands. African Journal of
Ecology 45:189–195.
Blaum, N., E. Rossmanith, A. Popp, and
F. Jeltsch. 2007c. Shrub encroachment
affects mammalian carnivore abundance and
species richness in semiarid rangelands. Acta
Oecologia—International Journal of Ecology
31:86–92.
Blaum, N., E. Rossmanith, M. Schwager, and
F. Jeltsch. 2007d. Responses of mammalian
carnivores to land use in arid savanna rangelands.
Basic and Applied Ecology 8:552–564.
Bock, C. E., Z. F. Jones, and J. H. Bock.
2006. Abundance of cottontails (Sylvilagus)
in an exurbanizing southwestern savanna. The
Southwestern Naturalist 51:352–357.
Bolen, E. G., and W. L. Robinson. 2002.
Wildlife ecology and management. Upper Saddle
River, NJ, USA: Prentice Hall. 634 p.
Bonan, G. B. 2002. Ecological climatology:
concepts and applications. Cambridge, United
Kingdom: Cambridge University Press. 678 p.
Boutton, T. W., S. R. Archer, A. J. Midwood,
S. F. Zitzer, and R. Bol. 1998. Delta-C-13

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation

153

values of soil organic carbon and their use in
documenting vegetation change in a subtropical
savanna ecosystem. Geoderma 82:5–41.
Boutton, T., J. Liao, T. Filley, and S. Archer.
2009. Belowground carbon storage and
dynamics following woody plant encroachment
in a subtropical savanna. In: R. Lal and R.
Follett [eds.]. Soil carbon sequestration and
the greenhouse effect. Madison, WI, USA: Soil
Science Society of America. p. 181–205.
Bovey, R. W. 2001. Woody plants and woody
plant management: ecology, safety, and
environmental impact. New York, NY, USA:
Marcel Dekker. 584 p.
Bozzo, J. A., S. L. Beasom, and T. E. Fulbright.
1992a. Vegetation responses to two brush
management practices in south Texas. Journal of
Range Management 45:170–175.
Bozzo, J. A., S. L. Beasom, and T. E. Fulbright.
1992b. White-tailed deer use of rangland
following browse rejuvenation. Journal of Range
Management 45:496–499.
Bradley, B. A., R. A. Houghton, J. F. Mustard,
and S. P. Hamburg. 2006. Invasive grass reduces
aboveground carbon stocks in shrublands of the
western US. Global Change Biology 12:1815–1822.
Bradley, L. C., and D. B. Fagre. 1988. Coyote
and bobcat responses to integrated ranch
management practices in south Texas. Journal of
Range Management 41:322–327.
Brennan, L. A., and W. P. Kuvlesky. 2005.
Grassland birds—an unfolding conservation
crisis. Journal of Wildlife Management 69:1–13.
Breshears, D. D., J. J. Whicker, C. B. Zou, J.
P. Field, and C. D. Allen. 2009. A conceptual
framework for dryland aeolian sediment
transport along the grassland-forest continuum:
effects of woody plant canopy cover and
disturbance. Geomorphology 105:28–38.
Briggs, J. M., A. K. Knapp, J. M. Blair, J. L.
Heisler, G. A. Hoch, M. S. Lett, and J. K.
McCarron. 2005. An ecosystem in transition:
causes and consequences of the conversion
of mesic grassland to shrubland. BioScience
55:243–254.
Briske, D. D., S. D. Fuhlendorf, and F. E.
Smeins. 2005. State-and-transition models,
thresholds, and rangeland health: a synthesis of
ecological concepts and perspectives. Journal of
Range Management 58:1–10.
Brock, J. H. 1986. The growing need for
integrated brush management. Rangelands
7:212–214.
Brock, J. H., W. H. Blackburn, and R. H. Haas.

154

Conservation Benefits of Rangeland Practices

1982. Infiltration and sediment production on a
deep hardland range site in north central Texas.
Journal of Range Management 35:195–198.
Brown, J. C., R. A. Evans, and J. A. Young.
1985. Effects of sagebrush control methods and
seeding on runoff and erosion. Journal of Range
Management 38:195–199.
Browning, D., and S. Archer. 2011. Protection
from livestock fails to deter shrub proliferation
in a desert landscape with a history of heavy
grazing. Ecological Applications 21:1649–1622.
Browning, D., S. Archer, G. Asner, M.
McClaran, and C. Wessman. 2008. Woody
plants in grasslands: post-encroachment stand
dynamics. Ecological Applications 18:928–944
Bryant, N. A., L. F. Johnson, A. J. Brazel, R. C.
Balling, C. F. Hutchinson, and L. R. Beck.
1990. Measuring the effect of overgrazing in the
Sonoran Desert. Climatic Change 17:243–264.
Buckhouse, J. C., and J. L. Mattison. 1980.
Potential soil-erosion of selected habitat types in
the high desert region of central Oregon. Journal
of Range Management 33:282–285.
Buffington, L. D., and C. H. Herbel. 1965.
Vegetational changes on a semidesert grassland
range from 1858 to 1963. Ecological Monographs
35:139–164.
Cable, D. R. 1967. Fire effects on semidesert
grasses and shrubs. Journal of Range Management
20:170–176.
Cable, D. R. 1971. Lehmann lovegrass in the
Santa Rita Experimental Range, 1937–1968.
Journal of Range Management 24:17–21.
Cable, D. R. 1976. Twenty years of changes in
grass production following mesquite control
and reseeding. Journal of Range Management
29:286–289.
Campbell, B. D., and D. M. Stafford Smith.
2000. A synthesis of recent global change
research on pasture and range production:
reduced uncertainties and their management
implications. Agriculture, Ecosystems and the
Environment 82:39–55.
Carlson, D. H., and T. L. Thurow. 1996.
Comprehensive evaluation of the improved
SPUR model (SPUR-91). Ecological Modelling
85:229-–240.
Carlson, D. H., T. L. Thurow, R. W. Knight,
and R. K. Heitschmidt. 1990. Effect of honey
mesquite on the water balance of Texas Rolling
Plains rangeland. Journal of Range Management
43:491–496.
Chadwick, O. A., L. A. Derry, P. M. Vitousek, B.
J. Huebert, and L. O. Hedin. 1999. Changing

S. R. Archer, K. W. Davies, T. E. Fulbright, K. C. McDaniel, B. P. Wilcox, and K. I. Predick

sources of nutrients during four million years of
ecosystem development. Nature 397:491–497.
Chang, W. 1993. Pollen survey of the United States.
In: R. Patterson, L. Grammer, R. P. Greenberge,
and C. Zeiss [eds.]. Allergic diseases—diagnosis
and management. Philadelphia, PA, USA: J. B.
Lippincott. p. 159–194.
Christian, J. M., and S. D. Wilson. 1999. Longterm ecosystem impacts of an introduced grass in
the northern Great Plains. Ecology 80:2397–2407.
Clary, W. P. 1971. Effects of Utah juniper removal
on herbage yields from Springerville soils.
Journal of Range Management 24:373–378.
Clary, W. P., M. B. J. Baker, P. F. O’Connell,
T. N. Johnson, and R. E. Campbell. 1974.
Effects of pinyon-juniper removal on natural
resources products and uses in Arizona. Fort
Collins, CO, USA: USDA Forest Service
Research Paper RM-128. 28 p.
Collings, M. R., and R. M. Myrick. 1966. Effects
of juniper and pinyon eradication on streamflow
from Corduroy Creek Basin, Arizona. Washington,
DC, USA: US Geological Survey. 491-B.
Combs, N. D. 2007. Evaluation of clopyralid/
triclopyr aerial applications to mesquite in
eastern New Mexico [thesis]. Las Cruces, NM,
USA: New Mexico State University. 120 p.
Connelly, J. W., M. A. Schroeder, A. R. Sands,
and C. E. Braun. 2000. Guidelines to manage
sage grouse populations and their habitats.
Wildlife Society Bulletin 28:967.
Cook, C. W., and C. E. Lewis. 1963.
Competition between big sagebrush and seeded
grasses on foothill ranges in Utah. Journal of
Range Management 16:245–250.
Cooper, W. E., and M. J. Whiting. 2000. Islands
in a sea of sand: use of Acacia trees by tree
skinks in the Kalahari Desert. Journal of Arid
Environments 44:373–381.
Coppinger, K. D., W. A. Reiners, I. C. Burke,
and R. K. Olson. 1991. Net erosion on a
sagebrush steppe landscape as determined by
cesium-137 distribution. Soil Science Society of
America Journal 55:254–258.
Coppock, D. L., J. E. Ellis, and D. M. Swift.
1986. Livestock feeding ecology and resource
utilisation in a nomadic pastoral ecosystem.
Journal of Applied Ecology 23:573–583.
Coultrap, D. E., K. O. Fulgham, D. L.
Lancaster, J. Gustafson, D. F. Lile, and
M. R. George. 2008. Relationships between
western juniper (Juniperus occidentalis) and
understory vegetation. Invasive Plant Science and
Management 1:3–11.

CHAPTER 3:

Cowley, D. E. 2006. Strategies for ecological
restoration of the Middle Rio Grande in New
Mexico and recovery of the endangered Rio
Grande silvery minnow. Reviews in Fisheries
Science 14:169–186.
Cox, J. R., and G. B. Ruyle. 1986. Influence of
climatic and edaphic factors on the distribution
of Eragrostis lehmannian Nees in Arizona, USA.
Journal of the Grassland Society of South Africa
3:25–29.
Crawford, J. A., R. A. Olson, N. E. West, J. C.
Mosley, M. A. Schroeder, T. D. Whitson,
R. F. Miller, M. A. Gregg, and C. S. Boyd.
2004. Ecology and management of sage-grouse
and sage-grouse habitat. Journal of Range
Management 57:2–19.
Dahl, B. E., R. E. Sosebee, J. P. Goen, and C.
S. Brumley. 1978. Will mesquite control with
2,4,5-T enhance grass production? Journal of
Range Management 31:129–131.
Dahlgren, D. K., R. Chi, and T. A. Messmer.
2006. Greater sage-grouse response of sagebrush
management in Utah. Wildlife Society Bulletin
34:975–985.
Darrouzet-Nardi, A., C. M. D’Antonio,
and T. E. Dawson. 2006. Depth of water
acquisition by invading shrubs and resident
herbs in a Sierra Nevada meadow. Plant and Soil
285:31–43.
Davenport, D. W., D. D. Breshears, B. P.
Wilcox, and C. D. Allen. 1998. Sustainability
of pinon-juniper ecosystems—a unifying
perspective of soil erosion thresholds. Journal of
Range Management 51:231–240.
Davies, K. W., J. D. Bates, and J. J. James.
2009a. Microsite and herbaceous vegetation
heterogeneity after burning Artemisia tridentata
steppe. Oecologia 159:597–606.
Davies, K. W., J. D. Bates, D. D. Johnson, and
A. M. Nafus. 2009b. Influence of mowing
Artemisia tridentata ssp. wyomingensis on winter
habitat for wildlife. Environmental Management
44:84–92.
Davies, K. W., J. D. Bates, and R. F. Miller.
2007. Short-term effects of burning Wyoming
big sagebrush steppe in southeast Oregon.
Rangeland Ecology & Management 60:515–522.
Davies, K. W., A. M. Nafus, and R. L. Sheley.
2010. Non-native competitive perennial grass
impedes the spread of an invasive annual grass.
Biological Invasions 12:3187–3194.
Davies, K. W., and T. J. Svejcar. 2008.
Comparison of medusahead-invaded and
non-invaded Wyoming big sagebrush steppe

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation

155

in southeastern Oregon. Rangeland Ecology &
Management 61:623–629.
Davis, E. A., and C. P. Pase. 1977. Root systems
of shrub live oak: implications for water yield
in Arizona chaparral. Journal of Soil & Water
Conservation 32:174–180.
Deboodt, T. L., M. P. Fisher, J. C. Buckhouse,
and J. Swanson. 2009. Monitoring hydrological
changes related to Western Juniper removal: a
paired watershed approach. In R. M. T. Webb
and D. J. Semmens [eds.]. Planning for an
uncertain future—monitoring, integration, and
adaption. Washington, DC, USA: US Geological
Survey. p. 227–232.
Dees, C. S., J. D. Clark, and F. T. V. Manen.
2001. Florida panther habitat use in response to
prescribed fire. Journal of Wildlife Management
65:141–147.
Di Tomaso, J. 2000. Invasive weeds in rangelands:
species, impacts and management. Weed Science
48:255–265.
Drewa, P. B., and K. M. Havstad. 2001. Effects
of fire, grazing, and the presence of shrubs on
Chihuahuan desert grasslands. Journal of Arid
Environments 48:429–443.
Dugas, W. A., R. A. Hicks, and P. Wright.
1998. Effect of removal of Juniperus ashei on
evapotranspiration and runoff in the Seco Creek
watershed. Water Resources Research 34:1499–1506.
Dugas, W. A., and H. S. Mayeux. 1991.
Evaporation from rangeland with and without
honey mesquite. Journal of Range Management
44:161–170.
Eccard, J. A., J. Meyer, and J. Sundell. 2004.
Space use, circadian activity pattern, and mating
system of the nocturnal tree rat Thallomys
nigricauda. Journal of Mammalogy 85:440–445.
Edwards, A. R., S. R. Mortimer, C. S.
Lawson, D. B. Westbury, S. J. Harris, B.
A. Woodcock, and V. K. Brown. 2007.
Hay strewing, brush harvesting of seed and
soil disturbance as tools for the enhancement
of botanical diversity in grasslands. Biological
Conservation 134:372–382.
Eissenstat D. M., and M. M. Caldwell. 1987.
Characteristics of successful competitors: an
evaluation of potential growth rate in two cold
desert tussock grasses. Oecologia 71:167–173.
Eiswerth M. E., K. Krauter, S. R. Swanson,
and M. Zielinski. 2009. Post-fire seeding
on Wyoming big sagebrush ecological sites:
regression analyses of seeded non-native and
native species densities. Journal of Environmental
Management 90:1320–1325.

156

Conservation Benefits of Rangeland Practices

Engle, D. M., R. L. Mitchell, and R. L.
Stevens. 1998. Late growing-season fire effects
in mid-successional tallgrass prairies. Journal of
Range Management 51:115–121.
Engle, D. M., J. F. Stritzke, T. G. Bidwell, and
P. L. Claypool. 1993. Late-summer fire and
follow-up herbicide treatments in tallgrass prairie.
Journal of Range Management 46:542–547.
Ethridge, D. E., B. E. Dahl, and R. E. Sosebee.
1984. Economic evaluation of chemical
mesquite control using 2,4,5-T. Journal of Range
Management 37:152–156.
Evans, R. A., and J. A. Young. 1985. Plant
succession following control of western juniper
(Juniperus occidentalis) with picloram. Weed
Science 33:63–68.
Evans, S. G., and J. P. Workman. 1994.
Optimization of range improvements on
sagebrush and pinyon-juniper sites. Journal of
Range Management 47:159–164.
Fitzgerald, S. M., and G. W. Tanner. 1992.
Avian community response to fire and
mechanical shrub control in south Florida.
Journal of Range Management 45:396–400.
Flanders, A. A., W. P. Kuvlesky, Jr., D. C.
Ruthven III, R. E. Zaiglan, R. L. Bingham,
T. E. Fulbright, F. Hernandez, and L. A.
Brennan. 2006. Impacts of exotic grasses on
South Texas Rangeland breeding birds. The Auk
123:171–182.
Fletcher R. J., Jr., and R. R. Koford. 2002.
Habitat and landscape associations of breeding
birds in native and restored grasslands. Journal of
Wildlife Management 66:1011–1022.
Franklin, K. A., K. Lyons, P. L. Nagler, D.
Lampkin, E. P. Glenn, F. Molina-Freaner, T.
Markow, and A. R. Huete. 2006. Buffelgrass
(Pennisetum ciliare) land conversion and
productivity in the plains of Sonora, Mexico.
Biological Conservation 127:62–71.
Freemark, K., and C. Boutin. 1995. Impacts
of agricultural herbicide use on terrestrial
wildlife in temperate landscapes: a review with
special reference to North America. Agriculture,
Ecosystems and Environment 52:67–91.
Frost, R. A., and K. L. Launchbaugh. 2003.
Prescription grazing for rangeland weed
management. Rangelands 25:43–47.
Fuhlendorf, S., S. Archer, F. Smeins, D. Engle,
and C. Taylor. 2008. The combined influence of
grazing, fire and herbaceous productivity on treegrass interactions. In: O. V. Auken [ed.]. Western
North American Juniperus communities. New
York, NY, USA: Springer. p. 219–238.

S. R. Archer, K. W. Davies, T. E. Fulbright, K. C. McDaniel, B. P. Wilcox, and K. I. Predick

Fuhlendorf, S. D., and D. M. Engle. 2001.
Restoring heterogeneity on rangelands:
ecosystem management based on evolutionary
grazing patterns. BioScience 51:625–632.
Fuhlendorf, S. D., and D. M. Engle. 2004.
Application of the fire-grazing interaction to
restore a shifting mosaic on tallgrass prairie.
Journal of Applied Ecology 41:604–614.
Fuhlendorf, S. D., A. J. W. Woodward, D. M.
Leslie Jr., and J. S. Shackford. 2002. Multiscale effects of habitat loss and fragmentation
on lesser prairie-chicken populations of the
US southern Great Plains. Landscape Ecology
17:617–628.
Fulbright, T. E. 1996. Viewpoint: a theoretical
basis for planning brush management to
maintain species diversity. Journal of Range
Management 49:554–559.
Fulbright, T. E. 1997. Designing shrubland
landscapes to optimize habitat for white-tailed
deer. In: D. Rollins, D. N. Ueckert, and C. G.
Brown [eds.]. Brush Sculptors Symposium;
21–22 August 1997; Uvalde, TX, USA: Texas
Agricultural Extension Service. p. 61–67.
Fulbright, T. E., and S. L. Beasom. 1987.
Long-term effects of mechanical treatment on
white-tailed deer browse. Wildlife Society Bulletin
15:560–564.
Fulbright, T. E., and F. S. Guthery. 1996.
Mechanical manipulation of plants. In: P. R.
Krausman [ed.]. Rangeland wildlife. Denver,
CO, USA: Society for Range Management. p.
339–354.
Fulbright, T. E., and J. A. Ortega-Santos.
2006. White-tailed deer habitat: ecology and
management on rangelands. College Station,
TX, USA: Texas A&M University Press. 241 p.
Fulbright, T. E., J. A. Ortega-Santos, A.
Rasmussen, and E. J. Redeker. 2008. Applying
ecological theory to habitat management: the
altering effects of climate. In: T. E. Fulbright
and D. G. Hewitt [eds.]. Wildlife science:
linking ecological theory and management
application. Boca Raton, FL, USA: CRC Press.
p. 241–258.
Fulbright, T. E., and R. B. Taylor. 2001. Brush
management for white-tailed deer. Kingsville
and Austin, TX, USA: Caesar Kleberg Wildlife
Research Institute and Texas Parks and Wildlife.
24 p.
Gaither, R. E., and J. C. Buckhouse. 1983.
Infiltration rates of various vegetative
communities within the Blue Mountains of
Oregon. Journal of Range Management 36:58–60.

CHAPTER 3:

Geesing, D., P. Felker, and R. L. Bingham.
2000. Influence of mesquite (Prosopis glandulosa)
on soil nitrogen and carbon development:
implications for global carbon sequestration.
Journal of Arid Environments 46:157–180.
Geron, C., A. Guenther, J. Greenberg, T.
Karl, and R. Rasmussen. 2006. Biogenic
volatile organic compound emissions from desert
vegetation of the southwestern US. Atmospheric
Environment 40:1645–1660.
Gibbens, R. P., C. H. Herbel, and J. M. Lenz.
1987. Field-scale tebuthiuron application on
brush-infested rangeland. Weed Technology
1:323–327.
Gifford, G. F. 1973. Runoff and sediment yields
from runoff plots on chained pinyon-juniper
sites in Utah. Journal of Range Management
26:440–443.
Gifford, G. F. 1975. Approximate annual water
budgets of two chained pinyon-juniper sites.
Journal of Range Management 28:73–74.
Gifford, G. F. 1982. A long-term infiltrometer
study in southern Idaho, U.S.A. Journal of
Hydrology 58:367–374.
Gifford, G. F., and C. B. Shaw. 1973. Soil
moisture patterns on two chained pinyonjuniper sites in Utah. Journal of Range
Management 26:436–440.
Gifford, G. F., G. Williams, and G. B. Coltharp.
1970. Infiltration and erosion studies on pinyonjuniper conversion sites in southern Utah. Journal
of Range Management 23:402–406.
Gillette, D. A., and A. M. Pitchford. 2004.
Sand flux in the northern Chihuahuan Desert,
New Mexico, USA, and the influence of
mesquite-dominated landscapes. Journal of
Geophysical Research—Earth Surface 109:F04003.
Gonzalez, C. L. 1990. Brush reinfestation
following mechanical manipulation. Journal of
Range Management 18:109–117.
Gonzalez, C. L., and J. D. Dodd. 1979.
Production response of native and introduced
grasses to mechanical brush manipulation,
seeding, and fertilization. Journal of Range
Management 32:305–309.
Gottschalk, T. K., K. Ekschmitt, and F.
Bairlein. 2007. Relationships between
vegetation and bird community composition in
grasslands of the Serengeti. African Journal of
Ecology 45:557–565.
Graetz, R. D. 1991. The nature and significance
of the feedback of changes in terrestrial
vegetation on global atmospheric and climatic
change. Climatic Change 18:147–173.

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation

157

Grant, T. A., E. Madden, and G. B. Berkey.
2004. Tree and shrub invasion—implications for
breeding grassland birds. Wildlife Society Bulletin
32:807–818.
Grant, W. E., W. T. Hamilton, and E.
Quintanilla. 1999. Sustainability of
agroecosystems in semi-arid grasslands:
simulated management of woody vegetation
in the Rio Grande Plains of southern Texas
and northeastern Mexico. Ecological Modelling
124:29–42.
Green, J. S., and J. T. Flinders. 1980. Habitat
and dietary relationships of the pygmy rabbit.
Journal of Range Management 33:136–142.
Grelen, H. E., and R. E. Lohrey. 1978. Herbage
yield related to basal area and rainfall in a
thinned longleaf plantation. Washington, DC,
USA: USDA Forest Service. SO-232. 4 p.
Griffith, L. W., G. E. Schuman, F. Rauzi, and R.
E. Baumgartner. 1985. Mechanical shortgrass
prairie for increased herbage production. Journal
of Range Management 38:7–10.
Guenther, A., C. Hewitt, D. Erickson, R. Fall,
C. Geron, T. Graedel, P. Harley, L. Klinger,
M. Lerdau, W. McKay, T. Pierce, B. Scholes,
R. Steinbrecher, R. Tallamraju, J. Taylor,
and P. Zimmerman. 1995. A global model of
natural volatile organic compound emissions.
Journal of Geophysical Research 100:8873–8892.
Guthery, F. S. 1997. A philosophy of
management for northern bobwhites. Journal of
Wildlife Management 61:291–301.
Guthery, F. S. 1999. Slack in the configuration of
habitat patches for northern bobwhites. Journal
of Wildlife Management 63:245–250.
Guthery, F. S., T. E. Anderson, and V. W.
Lehmann. 1979. Range rehabilitation enhances
cotton rats in South Texas. Journal of Range
Management 32:354–356.
Guthery, F. S., A. R. Rybak, W. R. Walsh,
S. D. Fuhlendorf, and T. L. Hiller.
2005. Quantifying usable space for wildlife
with use:availability data. Journal of Wildlife
Management 69:655–663. �
Gutman, A., and R. Bush. 1993. Allergens and
other factors important in atopic disease. In: R.
Patterson, L. Grammer, R. P. Greenberge, and
C. Zeiss [eds.]. Allergic diseases—diagnosis
and management. Philadelphia, PA, USA: J. B.
Lippincott. p. 93–158.
Guynn, D. C., Jr., S. T. Guynn, T. B. Wigley,
and D. A. Miller. 2004. Herbicides and forest
biodiversity: what do we know and where do we go
from here? Wildlife Society Bulletin 32:1085–1092.

158

Conservation Benefits of Rangeland Practices

Hall, L. S., P. R. Krausman, and M. L.
Morrison. 1997. The habitat concept and
a plea for standardized terminology. Wildlife
Society Bulletin 25:173–182.
Halls, L. E., and J. L. Schuster. 1965. Treeherbage relations in pine-hardwood forest of
Texas. Journal of Forestry 63:282–283.
Hamilton, W. T., A. McGinty, D. N. Ueckert,
C. W. Hanselka, and M. R. Lee. 2004. Brush
management: past, present, future. College
Station, TX, USA: Texas A&M University Press.
296 p.
Hanselka, C. W., and L. L. Falconer. 1994.
Pricklypear management in south Texas.
Rangelands 16:102–106.
Hanselka, W. C., W. T. Hamilton, and B. S.
Rector. 1996. Integrated brush management
systems for Texas. College Station, TX, USA:
Texas Agricultural Extension Service. 6 p.
Harveson, P. M., M. E. Tewes, G. L. Anderson,
and L. L. Laack. 2004. Habitat use by ocelots
in south Texas: implications for restoration.
Wildlife Society Bulletin 32:948–954.
Hastings, B. K., F. M. Smith, and B. F. Jacobs.
2003. Rapidly eroding pinon-juniper woodlands
in New Mexico: response to slash treatment.
Journal of Environmental Quality 32:1290–1298.
Havstad, K. M., L. F. Huenneke, and W. H.
Schlesinger [eds.]. 2006. Structure and
function of a Chihuahuan Desert ecosystem: the
Jornada Basin long-term ecological research site.
New York, NY, USA: Oxford University Press.
492 p.
Heitschmidt, R. K., R. D. Schultz, and C. J.
Scifres. 1986. Herbaceous biomass dynamics
and net primary production following chemical
control of honey mesquite. Journal of Range
Management 39:67–71.
Helzer, C. J., and D. E. Jelinski. 1999. The
relative importance of patch area and perimeterarea ratio to grassland breeding birds. Ecological
Applications 9:1448–1458.
Hennessy, J. T., R. P. Gibbens, J. M. Tromble,
and M. Cardenas. 1983. Vegetation changes
from 1935 to 1980 in mesquite dunelands and
former grasslands of southern New Mexico.
Journal of Range Management 36:370–374.
Hernandez, F., S. E. Henke, N. J. Silvy, and
D. Rollins. 2003. Effects of prickly pear
control on survival and nest success of northern
bobwhite in Texas. Wildlife Society Bulletin
31:521–527.
Hester, J. W., T. L. Thurow, and C. A. Taylor.
1997. Hydrologic characteristics of vegetation

S. R. Archer, K. W. Davies, T. E. Fulbright, K. C. McDaniel, B. P. Wilcox, and K. I. Predick

types as affected by prescribed burning. Journal
of Range Management 50:199–204.
Hibbard, K., D. Schimel, S. Archer, D. Ojima,
and W. Parton. 2003. Grassland to woodland
transitions: integrating changes in landscape
structure and biogeochemistry. Ecological
Applications 13:911–926.
Hibbert, A. R. 1983. Water yield improvement
potential by vegetation management on western
rangelands. Water Resources Bulletin 19:375–381.
Hiller, T. L., H. Campa III, and S. R.
Winterstein. 2009. Estimation and
implications of space use for white-tailed deer
management in Southern Michigan. Journal of
Wildlife Management 73:201–209.
Hoffman, W. A., and R. B. Jackson. 2000.
Vegetation-climate feedbacks in the conversion
of tropical savanna to grassland. Journal of
Climate 13:1593–1602.
Huang, Y., B. P. Wilcox, L. Stern, and H.
Perotto-Baldivieso. 2006. Springs on
rangelands: runoff dynamics and influence
of woody plant cover. Hydrological Processes
20:3277–3288.
Huffman, D. W., P. Z. Fulé, J. E. Crouse,
and K. M. Pearson. 2009. A comparison of
fire hazard mitigation alternatives in pinyonjuniper woodlands of Arizona. Forest Ecology and
Management 257:628–635.
Hughes, R. F., S. Archer, G. P. Asner, C. A.
Wessman, C. McMurtry, and J. Nelson.
2006. Changes in aboveground primary
production and carbon and nitrogen pools
accompanying woody plant encroachment in
a temperate savanna. Global Change Biology
12:1733–1747.
Hull, A. C., and G. J. Klomp. 1974. Yield of
crested wheatgrass under four densities of big
sagebrush in southern Idaho. Washington, DC,
USA: USDA Agricultural Research Service
Technical Bulletin 1483. 38 p.
Humphrey, R. R. 1987. 90 years and 535 miles:
vegetation changes along the Mexican border.
Albuquerque, NM, USA: University of New
Mexico Press.
Huxman, T. E., B. P. Wilcox, D. D. Breshears,
R. L. Scott, K. A. Snyder, E. E. Small, K.
Hultine, W. T. Pockman, and R. B. Jackson.
2005. Ecohydrological implications of woody
plant encroachment. Ecology 86:308–319.
Hyder, D. N., and F. A. Sneva. 1956. Herbage
response to sagebrush spraying. Journal of Range
Management 9:34–38.
Ibarra-Flores, A., J. R. Cox, M. H. Martin, T.

CHAPTER 3:

A. Crowl, and C. A. Call. 1995. Predicting
buffelgrass survival across a geographical and
environmental gradient. Journal of Range
Management 48:53–59.
Imberger, K. T., and C. Chiu. 2001. Spatial
changes of soil fungal and bacterial biomass from
a sub-alpine coniferous forest to grassland in a
humid, sub-tropical region. Biology & Fertility of
Soils 33:105–110.
Ingebo, P. A. 1972. Converting chaparral to grass
to increase streamflow. In: Hydrology and water
resources in Arizona and the southwest, vol. 2.
Proceedings of the 1972 meetings of the Arizona
Section, American Water Resources Association,
and the Hydrology Section, Arizona Academy of
Science, 5–6 May 1972; Prescott, AZ, USA. p.
181–191.
Intergovernmental Panel on Climate Change.
2007. Climate change 2007: the physical science
basis summary for policymakers. Geneva,
Switerland: IPCC Secretariat. IPCC WGI
Fourth Assessment Report: Intergovernmental
Panel on Climate Change, Working Group I,
Fourth Assessment Report. p. 18.
Jackson, R., K. Farley, W. Hoffmann, E. Jobbágy,
and R. McCulley. 2007. Carbon and water
tradeoffs in conversions to forests and shrublands.
In: J. Canadell, D. Pataki, and L. Pitelka [eds.].
Terrestrial ecosystems in a changing world. New
York, NY, USA: Springer. p. 237–246.
Jackson, R. B., J. L. Banner, E. G. Jobbagy, W.
T. Pockman, and D. H. Wall. 2002. Ecosystem
carbon loss with woody plant invasion of
grasslands. Nature 418:623–626.
Jacoby, P. W., R. J. Ansley, and C. H. Meadors.
1991. Late season control of honey mesquite
with clopyralid. Journal of Range Management
44:56–58.
Jacoby, P. W., R. J. Ansley C. H. Meadors,
and C. J. Cuomo. 1990b. Control of honey
mesquite with herbicides: influence of stem
number. Journal of Range Management 43:36–38.
Jacoby, P. W., C. H. Meadors, and R. J.
Ansley. 1990a. Control of honey mesquite with
herbicides: influence of plant height. Journal of
Range Management 43:33–35.
Jameson, D. A. 1967. The relationship of tree
overstory and herbaceous understory vegetation.
Journal of Range Management 20:247–249.
Jepsen, R., R. Langford, J. Roberts, and J.
Gailani. 2003. Effects of arroyo sediment
influxes on the Rio Grande River channel near
El Paso, Texas. Environmental & Engineering
Geoscience 9:305–312.

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation

159

Jobbaggy, E., and R. Jackson. 2004.
Groundwater use and salinization with grassland
afforestation. Global Change Biology 10:1299–
1312.
Johnson, D. H. 2001. Habitat fragmentation
effects on birds in grasslands and wetlands: a
critique of our knowledge. Great Plains Research
11:21–23.
Johnson, M. D. 2007. Measuring habitat quality:
a review. The Condor 109:489–504.
Johnson, M. V., and T. E. Fulbright. 2008. Is
exotic plant invasion enhanced by a traditional
wildlife habitat management technique? Journal
of Arid Environments 72:1911–1917.
Johnson, P., A. Gerbolini, D. Ethridge, C.
Britton, and D. Ueckert. 1999. Economics
of redberry juniper control in the Texas Rolling
Plains. Journal of Range Management 52:569–574.
Jones, B., S. F. Fox, D. M. Leslie, D. M. Engle,
and R. L. Lochmiller. 2000. Herpetofaunal
responses to brush management with herbicide and
fire. Journal of Range Management 53:154–158.
Kane, J. M., J. M. Varner, and E. E. Knapp.
2009. Novel fuelbed characteristics associated
with mechanical mastication treatments in
northern California and south-western Oregon,
USA. International Journal of Wildland Fire
18:686–697.
Kay, C. E. 1997. Viewpoint: ungulate herbivory,
willows, and political ecology in Yellowstone.
Journal of Range Management 50:139–145.
Kazmaier, R., E. Hellgren, and D. Ruthven.
2001. Habitat selection by the Texas tortoise
in a managed thornscrub ecosystem. Journal of
Wildlife Management 65:653–660.
Keeley, J. E. 2002. Fire management of
California shrubland landscapes. Environmental
Management 29:395–408.
Keith, J. O., R. M. Hansen, and A. L. Ward.
1959. Effect of 2,4-D on abundance and
foods of pocket gophers. Journal of Wildlife
Management 23:137–145.
Kie, J. G., R. T. Bowyer, M. C. Nicholson, B.
B. Boroski, and E. R. Loft. 2002. Landscape
heterogeneity at differing scales: effects on spatial
distribution of mule deer. Ecology 83:530–544.
Klebenow, D. A. 1969. Sage grouse versus
sagebrush control in Idaho. Journal of Range
Management 23:396–400.
Klemmedson, J. O., and A. R. Tiedemann. 1986.
Long-term effects of mesquite removal on soil
characteristics: II. Nutrient availability. Soil
Science Society of America Journal 50:476–480.
Klinger, L., J. Greenberg, A. Guenther, G.

160

Conservation Benefits of Rangeland Practices

Tyndall, P. Zimmerman, M. Bangui, J. M.
Moutsambote, and D. Kenfack. 1998. Patterns
in volatile organic compound emissions along
a savanna-rainforest gradient in Central Africa.
Journal of Geophysical Research 102:1443–1454.
Knapp, A., J. Briggs, S. Collins, S. Archer, M.
Bret-Harte, B. Ewers, D. Peters, D. Young,
G. Shaver, E. Pendall, and M. Cleary.
2008a. Shrub encroachment in North American
grasslands: shifts in growth form dominance
rapidly alters control of ecosystem carbon inputs.
Global Change Biology 14:615–623.
Knapp, A. K., J. K. McCarron, G. A. Silletti,
G. L. Hoch, M. S. Heisler, J. M. Lett, J. M.
Blair, J. M. Briggs, and M. D. Smith. 2008b.
Ecological consequences of the replacement
of native grassland by Juniperus virginiana
and other woody plants. In: O. W. Van Auken
[ed]. Western North American Juniperus
communities: a dynamic vegetation type. New
York, NY, USA: Springer. p. 156–169.
Knick, S. T., D. S. Dobkin, J. T. Rotenberry,
M. A. Schroeder, W. M. V. Haegen, and
C. V. Riper III. 2003. Teetering on the edge
or too late? Conservation and research issues
for avifauna of sagebrush habitats. The Condor
105:611–634.
Kopp, S. D., F. S. Guthery, N. D. Forrester,
and W. E. Cohen. 1998. Habitat selection
modeling for northern bobwhites on subtropical
rangeland. Journal of Wildlife Management
62:884–895.
Krausman, P. R. 2002. Introduction to wildlife
management: the basics. Upper Saddle River,
NJ, USA: Prentice Hall. 423 p.
Kreuter, U. P., H. E. Amestoy, M. M.
Kothmann, D. N. Ueckert, W. A. McGinty,
and S. R. Cummings. 2005. The use of brush
management methods: a Texas landowner survey.
Rangeland Ecology & Management 58:284–291.
Kurc, S. A., and E. E. Small. 2004. Dynamics
of evapotranspiration in semiarid grassland
and shrubland ecosystems during the summer
monsoon season, central New Mexico.
Water Resources Research 40:W09305.
doi:10.1029/2004WR003068
Lahti, D. C. 2001. The “edge effect on nest
predation” hypothesis after twenty years.
Biological Conservation 99:365–374.
Lane, L. J. and M. R. Kidwell. 2003. Hydrology
and soil erosion. In: M. P. McClaran, P. F.
Ffolliott, and C. B. Edminster [eds.]. Santa Rita
Experimental Range: 100 years (1903 to 2003)
of accomplishments and contributions. Ogden,

S. R. Archer, K. W. Davies, T. E. Fulbright, K. C. McDaniel, B. P. Wilcox, and K. I. Predick

UT, USA: US Department of Agriculture, Forest
Service, Rocky Mountain Research Station.
Proceeding RMRS-P-30. p. 92–100.
Lange, R. T., and M. C. Willcocks. 1980.
Experiments on the capacity of present sheep
flocks to extinguish some tree populations of
the South Australian arid zone. Journal of Arid
Environments 3:223–229.
Le Houérou, H. N. [ed.] 1980. Browse in Africa:
the current state of knowledge. Addis Abba,
Ethiopia: Intenational Livestock Center for
Africa. 491 p.
Le Houérou, H. N. 1994. Drought-tolerant and
water-efficient fodder shrubs (DTFS), their
role as a “drought insurance” in the agricultural
development of arid and semi-arid zones in
southern Africa. Pretoria, South Africa: Water
Research Commission of South Africa. 139p.
Lee, A. C., J. R. Conner, J. W. Mjelde, J. W.
Richardson, and J. W. Stuth. 2001. Regional
cost share necessary fo rancher participation
in brush control. Journal of Agricultural and
Resource Economics 26:478–490.
Leopold, A. 1924. Grass, brush, timber and fire in
southern Arizona. Journal of Forestry 22:1–10.
Leslie, D. M., R. B. Soper, R. L. Lochmiller,
and D. M. Engle. 1996. Habitat use by
white-tailed deer on cross timbers rangeland
following brush management. Journal of Range
Management 49:401–406.
Levetin, E. 1998. A long-term study of winter and
early spring tree pollen in the Tulsa, Oklahoma
atmosphere. Aerobiologia 14:21–28.
Liu, F., X. Ben Wu, E. Bai, T. W. Boutton, and
S. R. Archer. 2010. Spatial scaling of ecosystem
C and N in a subtropical savanna landscape.
Global Change Biology 16: 2213–2223.
Lloyd, J., R. W. Mannan, S. Destefano,
and C. Kirkpatrick. 1998. The effects of
mesquite invasion on a southeastern Arizona
grassland bird community. Wilson Bulletin
110:403–408.
Luk, S. H., A. D. Abrahams, and A. J. Parsons.
1993. Sediment sources and sediment transport
by rill flow and interrill flow on a semiarid
piedmont slope, southern Arizona. Catena
20:93–111.
Lusby, G. C. 1979. Effects of converting sagebrush
cover to grass on the hydrology of small watersheds
at Boco Mountain, Colorado. Washington, DC,
USA: US Geological Survey. 36 p.
Maccherini, S., M. Marignani, P. Castagnini,
and P. J. van den Brink. 2007. Multivariate
analysis of the response of overgrown semi-

CHAPTER 3:

natural calcareous grasslands to restorative shrub
cutting. Basic and Applied Ecology 8:332–342.
Maestas, J. D., R. L. Knight, and W. C. Gilgert.
2003. Biodiversity across a rural land-use
gradient. Conservation Biology 17:1425–1434.
Maron, J. L., and R. L. Jefferies. 2001.
Restoring enriched grasslands: effects of
mowing on species richness, productivity,
and nitrogen retention. Ecological Applications
11:1088–1100.
Martin, M. H., J. R. Cox, and F. Ibarraf. 1995.
Climatic effects on buffelgrass productivity
in the Sonoran Desert. Journal of Range
Management 48:60–63.
Martin, N. S. 1970. Sagebrush control related to
habitat and sage grouse occurrence. Journal of
Wildlife Management 34:313–320.
McAuliffe, J. R., L. A. Scuderi, and L. D.
McFadden. 2006. Tree-ring record of hillslope
erosion and valley floor dynamics: landscape
responses to climate variation during the last
400 yr in the Colorado Plateau, northestern
Arizona. Global and Planetary Change 50:184–
201.
McBryde, G. L., J. Conner, R., and C. J.
Scifres. 1984. Economic analysis of selected
brush management practices for eastern
south Texas. College Station, TX, USA: Texas
Agricultural Experiment Station. 14 p.
McClaran, M. P. 2003. A century of vegetation
change on the Santa Rita Experimental Range.
In: M. P. McClaran, P. F. Ffolliott and C. B.
Edminster (eds.), Santa Rita Experimental
Range: 100 years (1903 to 2003) of
accomplishments and contributions; Tucson,
AZ: Proc. RMRS-P-30, U.S. Department of
Agriculture, Forest Service, Rocky Mountain
Research Station, Ogden, UT. p. 16–33.
McClaran, M. P., and M. E. Anable. 1992.
Spread of introduced Lehmann lovegrass along
a grazing intensity gradient. Journal of Applied
Ecology 29:92–98.
McClaran, M. P., and D. L. Angell. 2006.
Long-term vegetation responses to mesquite
removal in desert grassland. Journal of Arid
Environments 66:686–697.
McClaran, M. P., and D. L. Angell. 2007.
Mesquite and grass relationships at two spatial
scales. Plant Ecology 191:119–126.
McClaran, M. P., J. Moore-Kucera, D. A.
Martens, J. V. Haren, and S. E. Marsh. 2008.
Soil carbon and nitrogen response to size and
death of woody plants in a semi-arid grassland.
Geoderma 145:60–68.

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation

161

McCulley, R. L., S. R. Archer, T. W. Boutton,
F. M. Hons, and D. A. Zuberer. 2004. Soil
respiration and nutrient cycling in wooded
communities developing in grassland. Ecology
85:2804–2817.
McDaniel, K. C., J. H. Brock, and R. H.
Haas. 1982. Changes in vegetation and grazing
capacity following honey mesquite control.
Journal of Range Management 35:551–557.
McDaniel, K. C., R. H. Haas, and J. H. Brock.
1978. Range condition trends following
control of honey mesquite on deep hardlands
in northcentral Texas. In: D. N. Hyder [ed.].
Proceedings, First International Rangeland
Congress; 14–18 August 1978; Denver, CO,
USA. Denver, CO, USA: Society for Range
Management. p. 530–533.
McDaniel, K. C., L. A. Torell, and J. W. Bain.
1993. Overstory-understory relationships for
broom snakeweed-blue grama grasslands. Journal
of Range Management 46:506–511.
McDaniel, K. C., L. A. Torell, and C. G.
Ochoa. 2005. Wyoming big sagebrush recovery
and understory response with tebuthiuron
control. Rangeland Ecology & Management
58:65–76.
McGinty, A., and D. N. Ueckert. 2001. The
Brush Busters success story. Rangelands 23:3–8.
McKell, C. M. 1977. Arid land shrubs: a
neglected resource. Agricultural Mechanization in
Asia Winter:28–36.
McLain, J. E. T., D. A. Martins, and M. P.
McClaran. 2008. Soil cycling of trace gases in
response to mesquite management in a semiarid
grassland Journal of Arid Environments 72:1654–
1665.
McPherson, G. R., and H. A. Wright. 1990.
Effects of cattle grazing and Juniperus pinchotii
canopy cover on herb cover and production in
western Texas. American Midland Naturalist
123:144–151.
Meek, M. G., S. M. Cooper, M. K. Owens,
R. M. Cooper, and A. L. Wappel. 2008.
White-tailed deer distribution in response to
patch burning on rangeland. Journal of Arid
Environments 72:2026–2033.
Meik, J. M., R. M. Jeo, J. R. Mendelson III, and
K. E. Jenks. 2002. Effects of bush encroachment
on an assemblage of diurnal lizard species in central
Namibia. Biological Conservation 106:29–36.
Milchunas, D. G., and W. K. Lauenroth. 1993.
Quantitative effects of grazing on vegetation
and soils over a global range of environments.
Ecological Monographs 63:327–366.

162

Conservation Benefits of Rangeland Practices

Miller, R. F., J. D. Bates, T. Svejcar, F. B.
Pierson, and L. E. Eddleman. 2005. Biology,
ecology, and management of western juniper
(Juniperus occidentalis). Corvallis, OR, USA:
Oregon State University Agricultural Experiment
Station. 77 p.
Miller, R. F., T. J. Svejcar, and J. A. Rose. 2000.
Impacts of western juniper on plant community
composition and structure. Journal of Range
Management 53:574–585.
Mitchell, J. E., and P. N. S. Battling. 1991.
Comparison of linear and non-linear overstoryunderstory models for Ponderosa pine. Forest
Ecology and Management 42:195–204.
Mohamed, A.-M., and K. El Bassouni. 2007.
Externalities of fugitive dust. Environmental
Monitoring and Assessment 130:83–98.
Monson, R. K., A. B. Guenther, and R. Fall.
1991. Physiological reality in relation to
ecosystem- and global-level estimates of isoprene
emission. In: T. D. Sharkey, E. A. Holland, and
H. A. Mooney [eds.]. Trace gas emissions by
plants. New York, NY, USA: Academic Press. p.
185–207.
Moore, G. W., K. W. Owens, and D. A. Barre.
2008. Potential enhancement of water resources
after brush removal in mesquite woodlands
of the Wintergarden Region of South Texas.
Carrizo Springs, TX, USA: Winter Garden
Groundwater Conservation District. 26 p.
Moore, M. M., and D. A. Deiter. 1992. Stand
density index as a predictor of forage production
in northern Arizona pine forests. Journal of
Range Management 45:267–271.
Mordelet, P., L. Abbadie, and J. C. Menaut.
1993. Effects of tree clumps on soil
characteristics in a humid savanna of West
Africa (Lamto, Cote d’Ivoire). Plant and Soil
153:103–111.
Morton, H. L., F. A. Ibarra-F, M. H. Martin-R,
and J. R. Cox. 1990. Creosote bush control
and forage production in the Chihuahuan and
Sonoran Deserts. Journal of Range Management
43:43–48.
Morton, H. L., and A. Melgoza. 1991.
Vegetation changes following brush control in
creosote bush communities. Journal of Range
Management 44:133–139.
Mueller, E. N., J. Wainwright, and A. J.
Parsons. 2008. Spatial variability of soil and
nutrient characteristics of semi-arid grasslands
and shrublands, Jornada Basin, New Mexico.
Ecohydrology 1:3–12.
Naito, A. T., and D. M. Cairns (2011). Patterns

S. R. Archer, K. W. Davies, T. E. Fulbright, K. C. McDaniel, B. P. Wilcox, and K. I. Predick

and processes of global shrub expansion. Progress
in Physical Geography 35:423–442.
Neff, J., A. Ballantyne, G. Farmer, N.
Mahowald, J. Conroy, C. Landry, J.
Overpeck, T. Painter, C. Lawrence, and
R. Reynolds. 2008. Increasing eolian dust
deposition in the western United States linked
to human activity. Nature Geoscience 1:189–
195.
Newman, B. D., A. R. Campbell, and B. P.
Wilcox. 1997. Tracer-based studies of soil water
movement in semi-arid forests of New Mexico.
Journal of Hydrology 196:251–270.
Nolte, K. R., and T. E. Fulbright. 1997. Plant,
small mammal, and avian diversity following
control of honey mesquite. Journal of Range
Management 50:205–212.
Nolte, K. R., T. M. Gabor, M. W. Hehman,
M. A. Asleson, T. E. Fulbright, and J.
C. Rutledge. 1994. Long-term effects of
brush management on vegetation diversity
in ephemeral drainages. Journal of Range
Management 47:457–459. �
Nosetto, M., E. Jobbagy, and J. Paruelo. 2006.
Carbon sequestration in semi-arid rangelands:
comparison of Pinus ponderosa plantations and
grazing exclusion in NW Patagonia. Journal of
Arid Environments 66:142–156.
[NRCS] Natural Resources Conservation
Service. 2003. Conservation practice standard:
brush management practice code 314.
Washington, DC, USA: US Deparment of
Agriculture, NRCS. 3 p.
[NRCS] Natural Resources Conservation
Service. 2006. Conservation practice standard
brush management code 314. Washington, DC,
USA: US Department of Agriculture. 12 p.
Ockenfels, R., D. Brooks, and C. Lewis. 1991.
General ecology of coues white-tailed deer in
the Santa Rita mountains. Phoenix, AZ, USA:
Arizona Game and Fish Department. Technical
Report No. 13. 73 p.
Okin, G. S., P. D’Odorico, and S. R. Archer.
2009. Impact of feedbacks on Chihuahuan
desert grasslands: transience and metastability.
Journal of Geophysical Research—Biogeosciences
114:G01004. doi:10.1029/2008JG000833
Okin, G. S., D. A. Gillette, and J. E. Herrick.
2006. Multi-scale controls on and consequences
of aeolian processes in landscape change in arid
and semi-arid environments. Journal of Arid
Environments 65:253–275.
O’Leske, D. L., R. J. Robel, and K. E. Kemp.
1997. Sweepnet-collected invertebrate biomass

CHAPTER 3:

from high- and low-input agricultural fields in
Kansas. Wildlife Society Bulletin 25:133–138.
Olson, B. E. 1999. Grazing and weeds. In: R.
L. Sheley and J. K. Petroff [eds.]. Biology and
management of noxious rangeland weeds.
Corvallis, OR, USA: Oregon State University
Press. p. 85–97.
Olson, R. A., and T. D. Whitson. 2002.
Restoring structure in late-successional sagebrush
communities by thinning with tebuthiuron.
Restoration Ecology 10:146–155.
Orodhu, A. B., M. J. Trlica, and C. D.
Bonham. 1990. Long-term heavy-grazing effects
on soil and vegetation in the four corners region.
The Southwestern Naturalist 35:9–14.
Owens, K. W., and R. J. Ansley. 1994.
Ecophysiology and growth of Ashe and
redberry juniper. In: C. A. Taylor [ed.].
Juniper Symposium; Sonora, TX, USA: Texas
A&M University Research Station. Technical
Report 94-2. 80 p.
Owens, M. K., R. K. Lyons, and C. L.
Alejandro. 2006. Rainfall partitioning within
semiarid juniper communities: effects of event
size and canopy cover. Hydrological Processes
20:3179–3189.
Owens, M. K., and G. W. Moore. 2007.
Saltcedar water use: realistic and unrealistic
expectations Rangeland Ecology & Management
60:553–557.
Page, M., R. J. S. Beeton, and J. J. Mott. 2000.
Grass response to shrub removal in two semiarid vegetation communities. Rangeland Journal
22:220–234.
Painter, T. H., A. P. Barrett, C. Landry, J. Neff,
M. P. Cassidy, C. Lawrence, K. E. McBride,
and G. L. Farmer. 2007. Impact of disturbed
desert soils on duration of mountain snowcover.
Geophysical Research Letters 34:L12502.
Panter, K. E., T. L. Wierenga, and J. A. Pfister.
2007. Poisonous plants: global research and
solutions. Wallingford, Oxfordshire, England;
Cambridge, MA, USA: CABI International,
2007. 568 p.
Parker, K. W., and S. C. Martin. 1952. The
mesquite problem on southern Arizona ranges.
Washington, DC, USA: US Government
Printing Office. USDA Circular No. 908. 70 p.
Parsons, A. J., A. D. Abrahams, and S. H. Luk.
1991. Size characteristics of sediment in interrill
overland-flow on a semiarid hillslope, southern
Arizona. Earth Surface Processes and Landforms
16:143–152.
Parsons, A. J., A. D. Abrahams, and J.

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation

163

Wainwright. 1994. Rainsplash and erosion
rates in an interrill area on semiarid grassland,
southern Arizona. Catena 22:215–226.
Parsons, A. J., A. D. Abrahams, and J.
Wainwright. 1996. Responses of interrill runoff
and erosion rates to vegetation change in southern
Arizona. Geomorphology 14:311–317.
Patton, P. W. 1994. The effect of edge on avian
nesting success: how strong is the evidence?
Conservation Biology 8:17–26.
Paulsen, H. A. 1975. Range management in
the central and southern Rocky Mountains:
a summary of the status of our knowledge by
range ecosystems. Fort Collins, CO, USA: Rocky
Mountain Forest and Range Experiment Station.
Research Paper RM-154. 34 p.
Paynter, Q., and G. J. Flanagan. 2004.
Integrating herbicide and mechanical control
treatments with fire and biological control to
manage an invasive wetland shrub, Mimosa pigra.
Journal of Applied Ecology 41:615–629.
Perchemlides, K. A., P. S. Muir, and P. E.
Hosten. 2008. Responses of chaparral and oak
woodland plant communities to fuel-reduction
thinning in southwestern Oregon. Rangeland
Ecology & Management 61:98–109.
Perkins, S. R., K. C. McDaniel, and A. L.
Ulery. 2006. Vegetation and soil change
following creosote bush (Larrea tridentata)
control in the Chihuahuan Desert. Journal of
Arid Environments 64:152–173.
PESTMAN. 2009. PESTMAN: sound
management options for weed and brush
control. Available at: http://dev.tamu.edu/
pestman. Accessed 20 May 2010.
Peterjohn, B. G., and J. R. Sauer. 1999.
Population status of North American species
of grassland birds from the North American
breeding bird survey, 1966–1996. Studies in
Avian Biology 19:27–44.
Peterson, R. 1997. Comment: plant, small
mammal, and avian diversity following control
of honey mesquite. Journal of Range Management
50:443–443.
Pickett, S. T. A., R. S. Ostfeld, M. Shachak,
and G. E. Likens [eds.]. 1997. The ecological
basis for conservation: heterogeneity, ecosystems
and biodiversity. New York, NY, USA: Chapman
and Hall. 466 p.
Pidgeon, A. M., N. E. Mathews, R. Benoit,
and E. V. Nordheim. 2001. Response of avian
communities to historic habitat change in the
northern Chihuahuan Desert. Conservation
Biology 15:1772–1788.

164

Conservation Benefits of Rangeland Practices

Pielke, R. A., R. Avissar, M. Raupach, A. J.
Dolman, X. B. Zeng, and A. S. Denning.
1998. Interactions between the atmosphere
and terrestrial ecosystems: influence on
weather and climate. Global Change Biology
4:461–475.
Pieper, R. D. 1990. Overstory-understory relations
in pinyon-juniper woodlands in New Mexico.
Journal of Range Management 43:413–415.
Pierson, F. B., J. D. Bates, T. J. Svejcar, and S.
P. Hardegree. 2007. Runoff and erosion after
cutting western juniper. Rangeland Ecology &
Management 60:285–292.
Pierson, F. B., P. R. Robichaud, C. A. Moffet,
K. E. Spaeth, S. P. Hardegree, P. E. Clark,
and C. J. Williams. 2008. Fire effects on
rangeland hydrology and erosion in a steep
sagebrush-dominated landscape. Hydrological
Processes 22:2916–2929.
Pierson, F. B., P. R. Robichaud, and K. E.
Spaeth. 2001. Spatial and temporal effects of
wildfire on the hydrology of a steep rangeland
watershed. Hydrological Processes 15:2905–2916.
Piñeiro, G., J. M. Paruelo, M. Oesterheld,
and E. G. Jobbagy. 2010. Pathways of grazing
effects on soil organic carbon and nitrogen.
Rangeland Ecology & Management 63:109–119.
Ponzio, K. J., S. J. Miller, E. Underwood, S.
P. Rowe, D. J. Voltolina, and T. D. Miller.
2006. Responses of a willow (Salix caroliniana
michx.) community to roller-chopping. Natural
Areas Journal 26:53–60.
Prater, M. R., and E. H. De Lucia. 2006. Nonnative grasses alter evapotranspiration and energy
balance in Great Basin sagebrush communities.
Agricultural and Forest Meteorology 139:154–163.
Purohit, U., S. K. Mehar, and S.
Sundaramoorthy. 2002. Role of Prosopis
cineraria on the ecology of soil fungi in Indian
desert. Journal of Arid Environments 52:17–27.
Ralphs, M. H., G. Graham, G. Duff, B. L.
Stegelmeier, and L. F. James. 2000. Impact
of locoweed poisoning on grazing steer weight
gains. Journal of Range Management 53:86–90.
Ransom, D., R. R. Lopez, G. G. Schulz, and J.
S. Wagner. 2008. Northern bobwhite habitat
selection in relation to brush management in the
Rolling Plains of Texas. Western North American
Naturalist 68:186–193.
Ravi, S., P. D’Odorico, L. Wang, C. White, G.
Okin, S. Macko, and S. Collins. 2009. Postfire resource redistribution in desert grasslands: a
possible negative feedback on land degradation.
Ecosystems 12:434–444.

S. R. Archer, K. W. Davies, T. E. Fulbright, K. C. McDaniel, B. P. Wilcox, and K. I. Predick

Reid, K. D., B. P. Wilcox, D. D. Breshears, and
L. MacDonald. 1999. Runoff and erosion in a
pinon-juniper woodland: influence of vegetation
patches. Soil Science Society of America Journal
63:1869–1879.
Reinkensmeyer, D. P., R. F. Miller, R. G.
Anthony, and V. E. Marr. 2007. Avian
community structure along a mountain big
sagebrush successional gradient. Journal of
Wildlife Management 71:1057–1066.
Reynolds, J. P., T. E. Fulbright, and S. L.
Beasom. 1992. Mechanical rejuvenation
to dampen seasonal variation in chemical
composition of browse. Journal of Range
Management 45:589–592.
Rhodes, E. C., J. D. Bates, R. N. Sharp, and
K. W. Davies. 2010. Fire effects on cover and
dietary resources of sage-grouse habitat. Journal
of Wildlife Management 74:755–764.
Richardson, C. W., E. Burnett, and R. W.
Bovey. 1979. Hydrologic effects of brush control
on Texas rangelands. Transactions of the ASAE
22:315–319.
Riggs, R. A., and P. J. Urness. 1989. Effects of
goat browsing on gambel oak communities in
northern Utah. Journal of Range Management
42:354–360.
Rogers, J. O., T. E. Fulbright, and D. C.
Ruthven III. 2004. Vegetation and deer response
to mechanical shrub clearing and burning. Journal
of Range Management 57:41–48.
Rollins, D., F. C. Bryant, D. G. Waid, and
L. C. Bradley. 1988. Deer response to brush
management in central Texas. Wildlife Society
Bulletin 16:377–284.
Roth, R. R. 1976. Spatial heterogeneity and bird
species diversity. Ecology 57:773–782.
Roundy, B. A., W. H. Blackburn, and R. E.
Eckert. 1978. Influence of prescribed burning
on infiltration and sediment production in
pinyon-juniper woodland, Nevada. Journal of
Range Management 31:250–253.
Rosenstock, S. S., and C. Van Riper III. 2001.
Breeding bird responses to juniper woodland
expansion. Journal of Range Management
54:226–232.
Rowe, P. B. 1948. Influence of woodland chaparral
on water and soil in Central California.
Sacremento, CA, USA: California Division of
Natural Resources, Division of Forestry. 70 p.
Ruthven, D. C., T. E. Fulbright, S. L. Beasom,
and H. E. C. 1993. Long-term effects of root
plowing on vegetation in the eastern south Texas
Plains. Journal of Range Management 46:351–354.

CHAPTER 3:

Ruthven, D. C., E. C. Hellgren, and S. L.
Beasom. 1994. Effects of root plowing on whitetailed deer condition, population status, and
diet. Journal of Wildlife Management 58:59–70.
Ruthven, D. C., and K. L. Krakauer. 2004.
Vegetation response of a mesquite-mixed brush
community to aeration. Rangeland Ecology &
Management 57:34–40.
Safriel, U., and Z. Adeel. 2005. Dryland
systems. In: R. Hassan, R. Scholes, and N.
Ash [eds.]. Ecosystems and human well-being:
current state and trends. Washington, DC, USA:
Island Press. p. 623–662.
Sampson, F., and F. Knopf. 1994. Prairie
conservation in North America. BioScience
44:418–421.
San Jose, J. J., R. A. Montes, and M. R. Farinas.
1998. Carbon stocks and fluxes in a temporal
scaling from a savanna to a semi-deciduous
forest. Forest Ecology and Management 105:251–
262.
Sandvig, R. M., and F. M. Phillips. 2006.
Ecohydrological controls on soil moisture fluxes
in arid to semiarid vadose zones. Water Resources
Research 42:20.
Sauer, J. R., J. E. Hines, I. Thomas, J. Fallon,
and G. Gough. 1999. The North American
Breeding Bird Survey: results and analysis 1966–
1998, version 98.1. Laurel, MD, USA: USGS
Patuxent Wildlife Research Center.
Schindler, J. R., and T. E. Fulbright. 2003.
Roller chopping effects on tamaulipan scrub
community composition. Journal of Range
Management 56:585–590.
Schindler, J. R., T. E. Fulbright, and T. D.
A. Forbes. 2004a. Long-term effects of roller
chopping on antiherbivore defenses in three
shrub species. Journal of Arid Environments
56:181–192.
Schindler, J., T. Fulbright, and T. Forbes.
2004b. Shrub regrowth, anti-herbivore defenses,
and nutritional value following fire. Journal of
Range Management 57:178–186.
Schlesinger, W. H. 1997. Biogeochemistry: an
analysis of global change. New York, NY, USA:
Academic Press. 588 p.
Schlesinger, W. H., and A. M. Pilmanis. 1998.
Plant-soil interactions in deserts. Biogeochemistry
42:169–187.
Schlesinger, W. H., J. F. Reynolds, G. L.
Cunningham, L. F. Huenneke, W. M. Jarrell,
R. A. Virginia, and W. G. Whitford. 1990.
Biological feedbacks in global desertification.
Science 247:1043–1048.

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation

165

Schlesinger, W. H., T. J. Ward, and J. Anderson.
2000. Nutrient losses in runoff from grassland
and shrubland habitats in southern New Mexico:
II. Field plots. Biogeochemistry 49:69–86.
Scholes, R. J. 2003. Convex relationships in
ecosystems containing mixtures of trees and
grass. Environmental and Resource Economics
26:559–574.
Scholes, R. J., and S. R. Archer. 1997. Treegrass interactions in savannas. Annual Review of
Ecology and Systematics 28:517–544.
Schulz, C. A., D. M. Leslie, Jr., R. L.
Lochmiller, and D. M. Engle. 1992.
Herbicide effects on cross timbers breeding
birds. Journal of Range Management 45:407–411.
Schussman, H. R., E. L. Geiger, T. M. MauCrimmins, and J. Ward. 2006. Spread and
current potential distribution of an alien grass,
Eragrostis lehmanniana Nees, in the southwestern
USA: comparing historical data and ecological
niche models. Diversity and Distributions
12:582–592.
Scifres, C. 1977. Herbicides and the range
ecosystem: residues, research, and the role of
rangemen. Journal of Range Management 6:86–91.
Scifres, C. J. 1980. Brush management: principles
and practices for Texas and the Southwest.
College Station, TX, USA: Texas A&M
University Press. 360 p.
Scifres, C. J. 1987. Economic assessment of
tebuthiuron-fire systems for brush management.
Weed Technology 1:22–28.
Scifres, C. J., W. T. Hamilton, J. R. Conner,
J. M. Inglis, G. A. Rasmussen, R. P. Smith,
J. W. Stuth, and T. G. Welch. 1985.
Integrated brush management systems for
South Texas: development and implementation.
College Station, TX, USA: Texas Agricultural
Experiment Station. 71 p.
Scifres, C. J., W. T. Hamilton, J. M. Inglis, and
J. R. Conner. 1983. Development of integrated
brush management systems (IBMS): decisionmaking processes. In: K. W. McDaniel [ed.].
Proceedings Brush Management Symposium.
Lubbock, TX, USA: Texas Tech University Press.
p. 97–104.
Scifres, C. J., W. T. Hamilton, B. H. Koerth,
R. C. Flinn, and R. A. Crane. 1988.
Bionomics of patterned herbicide application for
wildlife habitat enhancement. Journal of Range
Management 41:317–321.
Scifres, C. J., J. L. Mutz, R. E. Whitson, and D.
L. Drawe. 1982. Interrelationships of huisache
canopy cover with range forage on the coastal

166

Conservation Benefits of Rangeland Practices

prairie. Journal of Range Management 35:558–562.
Seastedt, T. R. 1995. Soil systems and nutrient
cycles on the North American prairie. In: A.
Joern and K. H. Keeler [eds.]. The changing
prairie. Oxford, England: Oxford University
Press. p. 157–174.
Seyfried, M. S., and B. P. Wilcox. 2006. Soil
water storage and rooting depth: key factors
controlling recharge on rangelands. Hydrological
Processes 20:3261–3275.
Shafroth, P. B., C. A. Brown, and D. M.
Merritt [eds.]. 2010. Saltcedar and Russian
olive control demonstration act science
assessment. Reston, VA, USA: US Geological
Survey. Scientific Investigations Report 20095247. 143 p.
Shafroth, P. B., J. R. Cleverly, T. L. Dudley,
J. P. Taylor, C. van Riper, R. P. Weeks, and
J. N. Stuart. 2005. Control of Tamarix in the
Western United States: implications for water
salvage, wildlife use, and riparian restoration.
Environmental Management 35:231–246.
Sheley, R. L., J. M. Mangold, and J. L.
Anderson. 2006. Potential for successional
theory to guide restoration of invasive-plantdominated rangeland. Ecological Monographs
76:365–379.
Shown, L. M., G. C. Lusby, and F. A. Branson.
1972. Soil-moisture effects of conversion of
sagebrush cover to bunchgrass cover. Water
Resources Bulletin 8:1265–1272.
Small, E. E., and S. A. Kurc. 2003. Tight
coupling between soil moisture and the
surface radiation budget in semiarid
environments: implications for land-atmosphere
interactions. Water Resources Research 39:1278.
doi:10.1029/2002WR001297
Smeins, F. E., and L. B. Merrill. 1988. Longterm change in semi-arid grassland. In: B. B.
Amos and F. R. Gehlback [eds.]. Edwards
Plateau vegetation. Waco, TX, USA: Baylor
University Press. p. 101–114.
Smith, A. H., and W. E. Martin. 1972.
Socioeconomic behavior of cattle ranchers with
implications for rural community development
in the West. American Journal of Agricultural
Economics 54:217–225.
Smythe, L. A., and D. A. Haukos. 2010.
Response of grassland birds in sand shinnery
oak communities restored using tebuthiuron
and grazing in eastern New Mexico. Restoration
Ecology 18:215–223.
Solbrig, O. T., E. Medina, and J. F. Silva [eds.].
1996. Biodiversity and savanna ecosystem

S. R. Archer, K. W. Davies, T. E. Fulbright, K. C. McDaniel, B. P. Wilcox, and K. I. Predick

processes: a global perspective. New York, NY,
USA: Springer-Verlag. 233 p.
Sonder, L. W., and H. P. Alley. 1961. Soilmoisture retention and snow-holding capacity as
affected by the chemical control of big sagebrush
(Artemisia tridentata Nutt.). Weeds 9:27–35.
Sponseller, R. C. 2007. Precipitation pulses and
soil CO2 flux in a Sonoran Desert ecosystem.
Global Change Biology 13:426–436.
Steuter, A. A., and H. A. Wright. 1980. Whitetailed deer densities and brush cover on the Rio
Grande Plain. Journal of Range Management
33:328–331.
Stewart, G., and A. C. Hull. 1949. Cheatgrass
(Bromus tectorum L.)—an ecologic intruder in
southern Idaho. Ecology 30:58–74.
Stewart, K. M., T. E. Fulbright, D. L. Drawe,
and R. T. Bowyer. 2003. Sexual segregation
in white-tailed deer: responses to habitat
manipulations. Wildlife Society Bulletin
31:1210–1217.
Sturges, D. L. 1977. Soil moisture response to
spraying big sagebrush: a seven-year study and
literature interpretation. Fort Collins, CO, USA:
Rocky Mountain Forest and Range Experiment
Station. USDA Forest Service Research Paper
RM-188. 12 p.
Sturges, D. L. 1993. Soil-water and vegetation
dynamics through 20 years after big sagebrush
control. Journal of Range Management 46:161–
169.
Sturges, D. L. 1994. High-elevation watershed
response to sagebrush control in south-central
Wyoming. Fort Collins, CO, USA: USDA
Forest Service. Rocky Mountain Forest and
Range Experiment Station Research Paper. 24 p.
Stuth, J., and P. Kamau. 1990. Influence of
woody plant cover on dietary selection by goats
in an Acacia senegal savanna of East Africa. Small
Ruminant Research 3:211–225.
Styles, C. V., and J. D. Skinner. 1997. Seasonal
variations in the quality of mopane leaves as a
source of browse for mammalian herbivores.
African Journal of Ecology 35:254–265.
Tabler, R. D. 1968. Soil moisture response to
spraying big sagebrush with 2, 4-D. Journal of
Range Management 21:12–15.
Tanaka, J. A., and J. P. Workman. 1988.
Economic optimum big sagebrush control for
increasing crested wheatgrass production. Journal
of Range Management 41:172–178.
Taucer, P. I., C. L. Munster, B. P. Wilcox, M.
K. Owens, and B. P. Mohanty. 2008. Largescale rainfall simulation experiments on juniper

CHAPTER 3:

rangelands. Transactions of the ASABE 51:1951–
1961.
Taylor, J. P., and K. C. McDaniel. 2004.
Revegetation strategies after saltcedar (Tamarix
spp.) control in headwater, transitional, and
depositional watershed areas. Weed Technology
18:1278–1282.
Teague, R., R. Borchardt, J. Ansley, B.
Pinchak, J. Cox, J. Foy, and J. McGrann.
1997. Sustainable management strategies for
mesquite rangeland: the Waggoner Kite project.
Rangelands 19:4–8.
Teague, W., J. Foy, B. Cross, and S. Dowhower.
1999. Soil carbon and nitrogen changes
following root-plowing of rangeland. Journal of
Range Management 52:666–670.
Teague, W. R., R. J. Ansley, W. E. Pincha,
S. L. Dowhower, S. A. Gerrard, and J. A.
Waggoner. 2008a. Interannual herbaceous
biomass response to increasing honey mesquite
cover on two soils. Rangeland Ecology &
Management 61:496–508.
Teague, W. R., S. E. Duke, J. A. Waggoner, S.
L. Dowhower, and S. A. Gerrard. 2008b.
Rangeland vegetation and soil response to
summer patch fires under continuous grazing.
Arid Land Research and Management 22:228–241.
Teel, P. D., W. E. Grant, S. L. Marin, and J.
W. Stuth. 1998. Simulated cattle fever tick
infestations in rotational grazing systems. Journal
of Range Management 51:501–508.
Teel, P. D., S. Marin, W. E. Grant, and J. W.
Stuth. 1997. Simulation of host-parasitelandscape interactions—influence of season
and habitat on cattle fever tick (Boophilus sp.)
population dynamics in rotational grazing
systems. Ecological Modelling 97:87–97.
Tews, J., N. Blaum, and F. Jeltsch. 2004a.
Structural and animal species diversity in arid
and semi-arid savannas of the southern Kalahari.
Annals of Arid Zone 42:1–13.
Tews, J., U. Brose, V. Grimm, K. Tielborger, M.
C. Wichmann, M. Schwager, and F. Jeltsch.
2004b. Animal species diversity driven by habitat
heterogeneity/diversity: the importance of keystone
structures. Journal of Biogeography 31:79–92.
Thiele, T., F. Jeltsch, and N. Blaum. 2008.
Importance of woody vegetation for foraging site
selection in the southern pied babbler (Turdoides
bicolor) under two different land use regimes.
Journal of Arid Environments 72:471–482.
Throop, H. L., and S. Archer. 2007.
Interrelationships among shrub encroachment,
land management and leaf litter decomposition

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation

167

in a semi-desert grassland. Ecological Applications
17:1809–1823.
Throop, H., and S. Archer. 2008. Shrub
(Prosopis velutina) encroachment in a semidesert grassland: spatial-temporal changes in
soil organic carbon and nitrogen pools. Global
Change Biology 14:2420–2431.
Tiedemann, A. R., and J. O. Klemmedson. 1986.
Long-term effects of mesquite removal on soil
characteristics: I. Nutrients and bulk density. Soil
Science Society of America Journal 50:472–475.
Tiedemann, A. R., and J. O. Klemmedson. 2004.
Responses of desert grassland vegetation to
mesquite removal and regrowth. Journal of Range
Management 57:455–465.
Tilman, D., P. Reich, H. Phillips, M. Menton,
A. Patel, E. Vos, D. Peterson, and J. Knops.
2000. Fire suppression and ecosystem carbon
storage. Ecology 81:2680–2685.
Torell, L. A., and K. C. McDaniel. 1986.
Optimal timing of investments to control
honey mesquite. Journal of Range Management
39:378–382.
Torell, L. A., K. C. McDaniel, and C. G.
Ochoa. 2005a. Economics and optimal
frequency of Wyoming big sagebrush control
with tebuthiuron. Rangeland Ecology &
Management 58:77–84.
Torell, L. A., N. R. Rimbey, O. A. Ramirez,
and D. W. McCollum. 2005b. Income
earning potential versus consumptive amenities
in determining ranchland values. Journal of
Agricultural and Resource Economics 30:537–560.
Tromble, J. M. 1978. Infiltration rates on
rootplow treated rangeland. Transactions,
American Geophysical Union 59:1071–1071.
Tromble, J. M. 1980. Infiltration rates on
rootplow treated rangeland. Journal of Range
Management 33:423–425.
Tromble, J. M., K. G. Renard, and A. P.
Thatcher. 1974. Infiltration for three rangeland
soil-vegetation complexes. Journal of Range
Management 27:318–321.
Turner, R. M., R. H. Webb, J. E. Bowers, and J.
R. Hastings. 2003. The changing mile revisited:
an ecological study of vegetation change with
time in the lower mile of an arid and semiarid
region. Tucson, AZ, USA: University of Arizona
Press. 334 p.
Ueckert, D. N. 1979. Broom snakeweed: effect
on shortgrass forage production and soil water
depletion. Journal of Range Management 32:216–
220.
Upson, A., W. J. Cribbs, and E. B. Stanley.

168

Conservation Benefits of Rangeland Practices

1937. Occurrence of shrubs on range areas in
southeastern Arizona. Tucson, AZ, USA: Arizona
Agricultural Experiment Station. 30 pp.
US Department of the Interior, Bureau
of Land Management. 2007. Vegetation
treatments on Bureau of Land Management
lands in 17 western states. Reno, NV, USA:
Bureau of Land Management Nevada State
Office. Final Programmatic Environmental
Report DOB-BLM FES 07-21.
Valentin, C., J. Poesen, and Y. Li. 2005. Gully
erosion: impacts, factors and control. Catena
63:132–153.
Valentine, J. F. 1989. Range development and
improvements. New York, NY, USA: Academic
Press. 524 p.
Valone, T. J., and P. Sauter. 2005. Effects of
long-term cattle exclosure on vegetation and
rodents at a desertified arid grassland site.
Journal of Arid Environments 61:161–170.
Van Auken, O. W. 2000. Shrub invasions of North
American semiarid grasslands. Annual Review of
Ecology & Systematics 31:197–215.
Van Horne, B. 1983. Density as a misleading
indicator of habitat quality. Journal of Wildlife
Management 47:893–901.
Wainwright, J., A. J. Parsons, and A.
D. Abrahams. 2000. Plot-scale studies
of vegetation, overland flow and erosion
interactions: case studies from Arizona and New
Mexico. Hydrological Processes 14:2921–2943.
Warren, A., J. Holechek, and M. Cardenas.
1996. Honey mesquite influences on
Chihuahuan desert vegetation. Journal of Range
Management 49:46–52.
Watts, M. J., and C. L. Wamboldt. 1996.
Long-term recovery of Wyoming big sagebrush
after four treatments. Journal of Environmental
Management 46:95–102.
Webb, R. H., S. A. Leake, and R. M. Turner.
2007. The ribbon of green: change in riparian
vegetation in the southwestern United States.
Tucson, AZ, USA: University of Arizona Press.
480 p.
Weltz, M. A., and W. H. Blackburn. 1995.
Water budget for south Texas rangelands. Journal
of Range Management 48:45–52.
Weltzin, J. F., S. Archer, and R. K.
Heitschmidt. 1997. Small-mammal regulation
of vegetation structure in a temperate savanna.
Ecology 78:751–763.
Wessman, C., S. Archer, L. Johnson, and
G. Asner. 2004. Woodland expansion in US
grasslands: assessing land-cover change and

S. R. Archer, K. W. Davies, T. E. Fulbright, K. C. McDaniel, B. P. Wilcox, and K. I. Predick

biogeochemical impacts. In: G. Gutman,
A. C. Janetos, C. O. Justice, E. F. Moran, J.
F. Mustard, R. R. Rindfuss, D. Skole, B. L.
Turner II, and M. A. Cochrane [eds.]. Land
change science: observing, monitoring and
understanding trajectories of change on the
earth’s surface. Heidelberg, Germany: Springer.
p. 185–208.
Wheeler, C. W., S. Archer, G. Asner, and
C. McMurtry. 2007. Climate and edaphic
controls on soil carbon-nitrogen responses to
woody plant encroachment in desert grassland.
Ecological Applications 17:1911–1928.
Whisenant, S. G. 1999. Repairing damaged
wildlands. Cambridge, England: Cambridge
University Press. 312 p.
Whitford, W. G. 1997. Desertification and
animal biodiversity in the desert grasslands of
North America. Journal of Arid Environments
37:709–720.
Wiggers, E., and S. Beasom. 1986.
Characterization of sympatric or adjacent
habitats of 2 deer species in west Texas. Journal
of Wildlife Management 50:129–134.
Wilcox, B. P. 1994. Runoff and erosion in
intercanopy zones of pinyon-juniper woodlands.
Journal of Range Management 47:285–295.
Wilcox, B. P., D. D. Breshears, and C. D.
Allen. 2003a. Ecohydrology of a resourceconserving semiarid woodland: effects of scale and
disturbance. Ecological Monographs 73:223–239.
Wilcox, B. P., D. D. Breshears, and H. J. Turin.
2003b. Hydraulic conductivity in a pinonjuniper woodland: influence of vegetation. Soil
Science Society of America Journal 67:1243–1249.
Wilcox, B. P., S. L. Dowhower, W. R. Teague,
and T. L. Thurow. 2006. Long-term water
balance in a semiarid shrubland. Rangeland
Ecology & Management 59:600–606.
Wilcox, B. and Y. Huang 2010. Woody plant
encroachment paradox: rivers rebound as
degraded grasslands convert to woodlands.
Geophysical Research Letters 37:L07402.
doi:10.1029/2009GL041929
Wilcox, B. P., Y. Huang, and J. W. Walker.
2008a. Long-term trends in streamflow from
semiarid rangelands: uncovering drivers of
change. Global Change Biology 14:1676–1689.
Wilcox, B. P., B. D. Newman, C. D. Allen, K.
D. Reid, D. Brandes, J. Pitlick, and D. W.
Davenport. 1996a. Runoff and erosion on the
Pajarito Plateau: observations from the field. In:
Geological Society guidebook. Socorro, NM, USA:
New Mexico Geological Society. p. 433–439.

CHAPTER 3:

Wilcox, B. P., M. K. Owens, R. W. Knight,
and R. K. Lyons. 2005. Do woody plants
affect streamflow on semiarid karst rangelands?
Ecological Applications 15:127–136.
Wilcox, B. P., J. Pitlick, C. D. Allen, and D. W.
Davenport. 1996b. Runoff and erosion from a
rapidly eroding pinyon-juniper hillslope. In: M.
G. Anderson and S. M. Brooks [eds.]. Advances
in hillslope processes. New York, NY, USA: John
Wiley & Sons. p. 61–71.
Wilcox, B. P., P. I. Taucer, C. L. Munster, M.
K. Owens, B. P. Mohanty, J. R. Sorenson,
and R. Bazan. 2008b. Subsurface stormflow
is important in semiarid karst shrublands.
Geophysical Research Letters 35:L10403.
doi:10.1029/2008GL033696
Wilcox, B. P., L. P. Wilding, and C. M.
Woodruff. 2007. Soil and topographic
controls on runoff generation from stepped
landforms in the Edwards Plateau of central
Texas. Geophysical Research Letters 34:L24S24.
doi:10.1029/2007GL030860
Williams, D. G., and Z. Baruch. 2000. African
grass invasion in the Americas: ecosystem
consequences and the role of ecophysiology.
Biological Invasions 2:123–140.
Williams, M. C. 1978. Toxicity of saponins in
alfombrilla (Drymaria arenarioides). Journal of
Range Management 31:182–184.
Winter, M., D. H. Johnson, J. A. Shaffer, T. M.
Donovan, and W. D. Svedarsky. 2006. Patch
size and landscape effects on density and nesting
success of grassland birds. Journal of Wildlife
Management 70:158–172.
Wood, M. K., E. L. Garcia, and J. M. Tromble.
1991. Runoff and erosion following mechanical
and chemical control of creosote bush (Larrea
tridentata). Weed Technology 5:48–53.
Woodward, D. F. 1982. Acute toxicity of mixtures
of range management herbicides to cutthroat
trout. Journal of Range Management 35:539–540.
Wu, X. B., and S. Archer. 2005. Scale-dependent
influence of topography-based hydrologic
features on vegetation patterns in savanna
landscapes. Landscape Ecology 20:733–742.
Young, J. A., and F. L. Allen. 1997. Cheatgrass
and range science: 1930–1950. Journal of Range
Management 50:530–535.
Young, J. A., R. A. Evans, and D. A. Easi.
1984. Stem flow on western juniper (Juniperus
occidentalis) trees. Weed Science 33:513–517.
Young, J., R. Evans, and C. Rimby. 1985. Weed
control and revegetation following western
juniper control. Weed Science 33:513–517.

Brush Management as a Rangeland Conservation Strategy: A Critical Evaluation

169

APPEndIx I. herbaceous Response to Brush Management
A search of articles with the key word “brush control” in the Journal of Range Management and
Rangeland Ecology & Management at http://www.uair.arizona.edu/search?page_set = 51
yielded 1277 separate articles. Among these, about 80% (1021 articles) either assessed target
plant mortality (764 articles) or described changes in herbaceous (grass and broadleaf) plant
abundance (e.g., cover, biomass, and frequency; 257 articles). Of the 257 articles reporting
on herbaceous responses, 216 (84%) characterized the response as positive, 21 (8%) reported
no change, and 20 (8%) report a negative response to brush management.
In another, more directed search, we sampled published accounts of how brush management
influences herbaceous vegetation. Web of Knowledge searches resulted in 532 unique
references, 36 of which were field studies conducted on rangelands in the United States and 22
of which measured the response of herbaceous or grass production.
Among these 22 studies, herbicide was the most frequently assessed brush management
technique (15 studies, or 68%). As with our initial, broader survey, most of these (18 studies,
or 82%) reported increases in herbaceous production. The majority of experiments were
conducted over short periods of time, with only eight studies (36%) lasting more than 5 yr and
only five (23%) lasting longer than 10 yr.

APPEndIx II. Brush Management and Wildlife habitat Quality
•
•

•
•

Peer-reviewed publications were surveyed to determine the proportion of studies that
measured effects of brush management on wildlife density.
A total of 97 publications emerged in this compilation, which included articles in the
Journal of Range Management, Rangeland Ecology & Management, and Ecology, along
with those emerging using the search strings “brush management,” “brush management
wildlife,” “herbicides birds,” “brush control deer,” “brush control prairie chicken,” “brush
control sage grouse,” “fire sagebrush,” “sage grouse prescribed fire,” and “prescribed fire”
in the search engines BIOONE, JSTOR, Science Direct, and Springer.
Only 45% of these articles reported some measure of organism abundance in response to
brush management.
Only about 5% reported the demographic information that Van Horne (1983) and Hall et
al. (1997) suggest as necessary to assess habitat quality.

APPEndIx III. Citations for data Points in Figures 4, 9, and 13
Data points in Figure 4 are from the following: 1–3 = Schlesinger and Pilmanis (1998);
4–5 = Asner et al. (2003); 6, 8–12, 17 = Geesing et al. (2000); 7 = Hughes et al. (2006);
13–15 = Boutton et al. (1998); 16 = Tilman et al. (2000); 18–19 = Mordelet et al. (1993);
20 = San Jose et al. (1998); 21–24 = Wheeler et al. (2007); and 25–34 = Jackson et al. (2002).
Data points in Figure 9 are from Ansley et al. (2006), Bedunah and Sosebee (1984), Clary
(1971), Griffith et al. (1985), McDaniel et al. (1982), Morton et al. (1990; mechanical
treatments), Augustine and Milchunas (2009), Bates et al. (2005, 2009), Cable (1967), Engle
et al. 1993, 1998), Teague et al. (2008b; prescribed fire), Bedunah and Sosebee (1984),
McDaniel et al. (1982), Morton et al. (1990; herbicides), and Engle et al. (1993; multiple
treatments).
Data points in Figure 13 are from Baeza and Vallejo (2008), Davies et al. (2007), Edwards et
al. (2007), Maccherini et al. (2007), Maron and Jefferies (2001), Nolte and Fulbright (1997),
Nolte et al. (1994), Olson and Whitson (2002), Page et al. (2000), Ponzio et al. (2006),
Ruthven et al. (1993), Ruthven and Krakauer (2004), and Sheley et al. (2006).
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