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Abstract

Millions of hectares of rangeland in the western United States have been invaded by annual and woody plants that have increased the
role of wildland fire. Altered fire regimes pose significant implications for runoff and erosion. In this paper we synthesize what is
known about fire impacts on rangeland hydrology and erosion, and how that knowledge advances understanding of hydrologic risks
associated with landscape scale plant community transitions and altered fire regimes. The increased role of wildland fire on western
rangeland exposes landscapes to amplified runoff and erosion over short- and long-term windows of time and increases the risk of
damage to soil and water resources, property, and human lives during extreme events. Amplified runoff and erosion postfire are a
function of storm characteristics and fire-induced changes in site conditions (i.e., ground cover, soil water repellency, aggregate
stability, and surface roughness) that define site susceptibility. We suggest that overall postfire hydrologic vulnerability be considered
in a probabilistic framework that predicts hydrologic response for a range of potential storms and site susceptibilities and that
identifies the hydrologic response magnitudes at which damage to values-at-risk are likely to occur. We identify key knowledge gaps
that limit advancement of predictive technologies to address the increased role of wildland fire across rangeland landscapes. Our
review of literature suggests quantifying interactions of varying rainfall intensity and key measures of site susceptibility, temporal
variability in strength/influence of soil water repellency, and spatial scaling of postfire runoff and erosion remain paramount areas for
future research to address hydrologic effects associated with the increased role of wildland fire on western rangelands.

Resumen

Millones de hectáreas de pastizales en el oeste de Estados Unidos han sido invadidos por plantas arbustivas y anuales que han
aumentado la función de los incendios forestales. La modificación de los regı́menes de fuego implica cambios significativos para
el escurrimiento y la erosión. En este documento resumimos lo que se conoce sobre los impactos de fuego sobre hidrologı́a y la
erosión en pastizales, y cómo ese conocimiento nos ayuda a comprender mejor los riesgos hidrológicos asociados con la
transición en la comunidad de plantas y con el cambio en los regı́menes de fuego. El aumento en la incidencia de los incendios
forestales en los pastizales occidentales expone al paisaje a un aumento en el escurrimiento sobre un periodo a corto y largo
plazo y a un incremento en el riesgo de daño a los recursos del suelo, agua, bienes y vidas humanas durante eventos extremos.
Un aumento en el escurrimiento y la erosión después del fuego están en función de los cambios inducidos por el fuego en las
caracterı́sticas del sitio (es decir la cubierta del suelo, repelencia del agua del suelo, estabilidad de los agregados, y la rugosidad
de la superficie) que definen la susceptibilidad del sitio. Sugerimos que se considere en general la vulnerabilidad hidrológica del
sitio después del fuego en un marco probabilı́stico que prediga la respuesta hidrológica para un rango de posibles tormentas y la
susceptibilidad del sitio y que identifique la magnitud de respuesta hidrológica donde los daños a los valores en riesgo son más
probables. Identificamos los espacios claves del conocimiento que limitan el desarrollo de las técnicas predictivas para afrontar
el papel en aumento de los incendios forestales a través de los paisajes de pastizales. Nuestra revisión de literatura sugiere
cuantificar las interacciones de diferentes intensidades de precipitación y las principales medidas de susceptibilidad del sitio, la
variabilidad temporal en la fuerza/influencia de la repelencia del agua del suelo y la escala espacial del escurrimiento y erosión
después del fuego siguen siendo áreas primordiales para la investigación en el futuro para concentrarse en los efectos
hidrológicos asociados con el creciente papel de los incendios forestales en los pastizales occidentales.

Key Words: cheatgrass, grass–fire cycle, pinyon–juniper, sagebrush steppe, soil loss

INTRODUCTION

Altered fire regimes associated with plant community transi-
tions in the Great Basin, United States, have significant
implications on rangeland runoff and soil loss. Larger expanses
of Great Basin rangelands are burning each year due to plant
community transitions, and, in many cases, are reburning
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over shorter time intervals (Whisenant 1990; D’Antonio and
Vitousek 1992; Knapp 1996; Miller and Tausch 2001; Brooks
et al. 2004; Keane et al. 2008). Frequent and extensive fires
increase the spatial susceptibility of these landscapes to
accelerated runoff and erosion. Greater temporal exposure
due to repeated burning increases potential long-term soil loss
from frequently occurring low-return interval storms (1- to
10-yr events) and increases the likelihood that vulnerable
conditions will prevail during less frequent, more damaging
intense rainfall events. Numerous reports in the literature
document flood events following intense rainfall on large
rangeland and forest burns that have resulted in loss of human
life and extensive damage to natural resources, property, and
city infrastructures (for example see Craddock 1946; Cannon
et al. 2001; Moody and Martin 2001; Pierson et al. 2002;
Klade 2006; Cannon et al. 2011). Mitigating postfire impacts
on these values-at-risk is particularly concerning along the ever-
expanding wildland-urban interface (Stockmann et al. 2010).

Burned Area Emergency Response teams and resource
managers in the western United States are challenged with
evaluating fire effects on ecosystems and assessing potential
hazards to values-at-risk. Postfire risk assessments include cost–
benefit analyses of mitigation treatments. Treatment expendi-
tures and implementation hinge on the value of the resources
at risk and whether damage to respective values-at-risk will
occur without mitigation (Calkin et al. 2007). The capability of
postfire assessments to accurately evaluate risk and appropriate
mitigation dollars is strongly dependent on advancement in
understanding of fire effects on ecosystems. Annual expendi-
tures on wildfire suppression and postfire mitigation are a
function of risk assessment and fire activity. Billions of dollars
are spent each year in the United States for wildfire suppression,
and millions are spent annually on postfire mitigation (General
Accounting Office 2003; Stockmann et al. 2010). The costs of
large wildland fires in the United States can exceed $20 million
per day (Running 2006).

The increasing role of wildfire on Great Basin rangelands
and the potential costs associated with fire management and
mitigation require advancement in the understanding of fire
effects and development of risk assessment strategies. Risk
implies some degree of uncertainty and potential damage to
something of value (Kaplan and Garrick 1981). A hazard is
the mechanism for or source of danger. Conceptually, risk
then is the likelihood of a particular hazard occurring and
generating damage, and that risk can be mitigated by
safeguards. The first order safeguard for mitigating any risk
is becoming aware of the risk and identifying what you know
and do not know about it (Kaplan and Garrick 1981). It is in
this vein that we seek to increase awareness of the hydro-
logic risks associated with the increased role of fire in the
Great Basin. The primary purposes of this paper are 1) to
summarize what is currently known about fire effects on
rangeland runoff and erosion, and 2) to frame that knowledge
in a conceptual model for advancing understanding of the
hydrologic risks associated with invasive weeds and altered
fire cycles in the Great Basin. Although our geographic focus
is the Great Basin, we propose the general concepts may be
extrapolated across western rangelands where plant commu-
nity transitions have increased the role of wildfire on sloping
terrain.

PLANT COMMUNITY TRANSITIONS AND
ALTERED FIRE REGIMES

Cheatgrass Invasion and the Grass–Fire Cycle
Cheatgrass invasion of western rangelands (Fig. 1) has altered
the floristic and fuels structure of Great Basin sagebrush steppe
(Young and Evans 1978; Whisenant 1990; Peters and Bunting
1994; Knapp 1996; West 2000; Brooks and Pyke 2001; Brooks
et al. 2004). Cheatgrass was introduced into North America
through grain contamination in 1889 (Mack 1981) and was
well established on western rangelands by the 1920s. The
species is now the major plant constituent on 4 to 7 million of
the 18 million ha of sagebrush steppe in the Great Basin (Knapp
1996; West 2000). Shrubs and bunchgrasses on historic Great
Basin sagebrush steppe sites were spaced (Fig. 2A) with bare
areas and a sparse, discontinuous horizontal fuel bed in
between plants (Brooks and Pyke 2001; Rice et al. 2008).
Cheatgrass primarily invaded these open spaces, resulting in a
continuous horizontal fuel structure (Fig. 2B; Whisenant 1990;
Knapp 1996; Brooks and Pyke 2001; Brooks et al. 2004;
Brooks 2008).

The continuous horizontal fuel structure of cheatgrass-
invaded shrubland promotes more frequent and larger-scale
wildland fires than reported for historical sagebrush steppe
(Whisenant 1990; Peters and Bunting 1994; D’Antonio 2000;
Brooks and Pyke 2001; Brooks et al. 2004; Keane et al. 2008).
Historical fires were highly variable in size and severity,

Figure 1. Map showing approximate risk (over next 30 yr) of
cheatgrass invasion within the spatial extent of the Great Basin (,52
million ha) of the western United States. Data coverages and risk maps
(Wisdom et al. 2003) were obtained from the US Geological Survey
Sagebrush and Grassland Ecosystem Map Assessment Project database
(SAGEMAP 2010).
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and large severe fires were infrequent (100–150 yr). Small
fires burned approximately every 20–40 yr (Houston 1973)
and created a mosaic of perennial grass-dominated and
shrub-dominated patches (Fig. 2A) that retarded fire spread.

Current fire return intervals on many cheatgrass infested areas
are 3–10 yr (Whisenant 1990; Brooks and Pyke 2001; Brooks
et al. 2004). Great Basin rangelands with substantial cheatgrass
coverage are 10 to 500 times more likely to burn than pristine
sagebrush-bunchgrass communities (Hull 1965), and fire risk is
near 100% where cheatgrass coverage approaches 50% (Link
et al. 2006).

Shorter fire-free periods and larger-scale fires result in
cheatgrass dominated systems and promote a reoccurring
grass–fire cycle (Young and Evans 1975, 1978; Whisenant
1990; D’Antonio and Vitousek 1992; Knapp 1996; Brooks
and Pyke 2001; Brooks et al. 2004). Cheatgrass is a prolific
seed producer (Young et al. 1969; Humphrey and Schupp
2001; Hempy-Mayer and Pyke 2008) and readily establishes
following disturbance (Steward and Hull 1949; Young and
Evans 1978; Mack 1981; Knapp 1996; West and Yorks
2002). The species has high autumn germination rates and
generates greater root growth during winter than native
bunchgrasses (Hull 1963; Harris 1967, 1977; Link et al.
1990; Svejcar 1990; Aguirre and Johnson 1991; Nasri and
Doescher 1995; Arredondo and Johnson 1998; Arredondo
et al. 1998; Duke and Caldwell 2001). The greater seedling
vigor and reproduction potential causes a decline in species
richness and evenness with increased cheatgrass coverage
(Mack 1981; Brooks and Pyke 2001). The postfire environ-
ment in many cases contains nearly 100% canopy cover of
cheatgrass (Fig. 2C), particularly where frequently reoccur-
ring fires precede wet years (Young et al. 1987; Billings 1994;
Knapp 1996; West and Yorks 2002). Cheatgrass plants
generally mature and die earlier than perennial grass species,
thus lengthening the annual burn window (Keeley 2000;
Keane et al. 2008; Rice et al. 2008). Low decomposition rates
in the Great Basin also facilitate retention of dry, senesced
plants in the interspaces (Knapp 1996). The recurring cycle of
fuel accumulation, frequent burning, and postfire annual-
weed dominance has been referred to as the alien grass–fire
cycle (D’Antonio and Vitousek 1992; Brooks and Pyke 2001;
Brooks et al. 2004).

Pinyon and Juniper Woodland Infill and Expansion
Recent infilling of trees in persistent woodlands and wooded
shrublands of the Great Basin has increased the risk of
occurrence of large, high-severity fires (Fig. 3; Tausch 1999;
West 1999; Miller and Tausch 2001; Tausch and Hood 2007;
Keane et al. 2008). The density and distribution of native
pinyon (Pinus spp.) and juniper (Juniperus spp.) woodlands
have increased 10-fold across the Great Basin and Colorado
Plateau in the last 130 yr (Miller and Tausch 2001). These
species now occur on 30 to 40 million hectares in the western
United States and have formed expansive wooded shrublands
(see Romme et al. 2009) in the Great Basin following 150–
600% increases in occurrence on historical shrub steppe
(Cottam and Stewart 1940; Gedney et al. 1999; West 1999;
Tausch and Hood 2007; Miller et al. 2008). Historical fires in
persistent woodlands were commonly high-severity, stand
replacement burns that occurred in intervals of several hundred
years or more (Baker and Shinneman 2004; Romme et al.
2009). Longer modern fire seasons and high fuel densities on
persistent woodlands suggest much of the Great Basin

Figure 2. Sagebrush steppe in good ecological condition (A), with
cheatgrass (Bromus tectorum L.) dominated interspaces (B), and
following conversion to cheatgrass monoculture (C). Photographs 2A
and 2C provided courtesy of Mike Pellant, Great Basin Restoration
Initiative Coordinator, Bureau of Land Management, Boise, Idaho.
Photograph 2B by authors.
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woodland expanse is poised for large, stand replacing wildfire
(Keane et al. 2008; Romme et al. 2009). Increasing trends in
large fires and area burned indeed have been reported over
much of the pinyon–juniper range. Tree infill on modern
woodlands has increased heavy fuel densities (Fig. 3A) across
these landscapes, leading Miller and Tausch (2001) to suggest
the representative area of closed woodland stands and the
subsequent frequency of crown fires will increase substantially
over the next 40+ yr. The role of fire is also expected to increase
on densely stocked wooded shrublands where grass, shrub, and
tree cover create ladder fuels (Tausch 1999; Miller and Tausch
2001; Miller et al. 2008; Romme et al. 2009). Ladder fuels
(Fig. 3B) facilitate rapidly spreading, high-intensity and severe
ground–surface–crown fires (Fig. 3C) that consume as much as
100% of overstory and understory cover. Cheatgrass invasion
into persistent woodlands and wooded shrublands (Fig. 3D)
has further increased the horizontal fuel structure and risk of
large-scale fires on many sites within the Great Basin (Young
and Evans 1978; Billings 1994; Tausch 1999; Miller et al.
2008).

FIRE EFFECTS ON RANGELAND
HYDROLOGY AND EROSION

Hydrologic response (runoff and erosion) for a given storm is a
function of the rainfall intensity and the resisting forces at or
near the ground surface. We can conceptualize these resisting
forces as defining the site susceptibility to a given rainfall
intensity (Fig. 4). Susceptibility is a function of ground cover
(or bare ground), surface roughness, aggregate stability, soil
structure, soil water repellency, and hillslope angle. Fire affects
hydrologic response by reducing the resistance and thereby
increasing the susceptibility of the soil surface to runoff and
erosion. Fire-induced increases in susceptibility coincide with
shifts in prevailing hydrologic processes that dictate runoff
and erosion rates (Fig. 4; Pierson et al. 2009). Most of the
knowledge of fire impacts on rangeland hydrology is derived
from rainfall simulation studies (Table 1) on hillslopes in the
semi-arid sagebrush steppe (Pierson et al. 2001, 2002, 2008a,
2008b, 2009) and xeric forests (Benavides-Solorio and Mac-
Donald 2001, 2002; Johansen et al. 2001) and studies of flood

Figure 3. Juniper woodland with dense canopy structure (A), with ladder fuels (B), following high-severity wildfire (C), and after postfire cheatgrass
invasion (D). Photographs by authors.
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events following intense rainfall on recently burned landscapes
(see Craddock 1946; Cannon et al. 1998, 2001; Meyer et al.
2001; Moody and Martin 2001; Pierson et al. 2002; Klade 2006;
Cannon et al. 2011). Here, we summarize what is known by
reviewing fire impacts on runoff and erosion processes at the
point to small-plot (, 2 m2), large-plot/patch (10–30 m2), and
hillslope to landscape (multiple watersheds) scales and examining
longevity of fire effects on hydrologic and erosional processes.

Point to Small-Plot Scale Effects
The magnitude of fire-induced increases in runoff and erosion
depends on rainfall intensity, the degree of fire-induced changes
in site susceptibility, and topography (Fig. 4). Rainsplash and
sheetflow (see Kinnell 2005) are the dominant postfire
hydrologic and erosion processes over point to small-plot
scales. The primary resisting agents at this scale are canopy
and ground cover, surface roughness, and soil stability. Fire
removal of canopy and ground cover increases the water
available at the soil surface through decreased interception,
surface water storage, and infiltration. A fire-induced increase
in bare ground reduces surface roughness, promotes rapid
runoff generation, and diminishes the surface protection
against soil detachment and entrainment by raindrop impact
and sheetflow (Table 1; Benavides-Solorio and MacDonald
2001, 2002; Pierson et al. 2001, 2002, 2008a, 2008b, 2009).
The overall effect on runoff generation is amplified where
strongly water repellent soils persist postfire (Table 1) or water
repellency is induced by burning (see DeBano et al. 1998). Soil
loss is governed by the degree of soil surface protection, soil
erodibility, and the amount of runoff (Pierson et al. 2008a,

2009). A fire-induced increase in runoff and erosion is
commonly much greater for shrub coppice areas (areas
underneath shrub canopies) than interspaces (areas between
shrub canopies), and fire effects are generally higher for erosion
than those for runoff (Table 1). Runoff and erosion may
increase by a factor of 3 to more than 10, respectively, for
shrub coppices (Table 1). Fire effects on interspace runoff and
erosion may be negligible where prefire ground cover was low
(Pierson et al. 2001, 2008a, 2009); however, increases by
factors of 2 to 40, respectively, can occur where interspace
vegetation is removed by fire (Pierson et al. 2002).

Large-Plot Scale Effects
Postfire runoff and erosion at the large-plot or patch scale (10s
of m2) are primarily related to the degree of canopy/ground
cover removal, the relative homogeny of surface soil condi-
tions, and the formation of concentrated flow paths. Greater
water availability following burning (less interception/storage),
decreased infiltration, and reduction of surface obstructions
allow water to form deeper, concentrated flow paths with
greater flow velocity, erosive energy, and sediment transport
capacity than are produced by smaller-scale rainsplash and
sheetflow processes (Moffet et al. 2007; Pierson et al. 2009; Al-
Hamdan et al. 2011). Concentrated flow is enhanced on steep
(Cannon et al. 1998, 2001; Meyer et al. 2001) or convergent
(Benavides-Solorio and MacDonald 2005) slopes, and where
overland flow is exacerbated by water repellent soils (Shakesby
and Doerr 2006). A sharp increase in concentrated flow
velocity and erosion are generally observed where ground cover
is reduced below 40–50% (. 50% bare ground; Pierson et al.

Figure 4. Conceptional hydrologic response (runoff and erosion responses) for varying site susceptibility and rainfall intensity. The different grey
scale curves represent responses for different rainfall intensities across a range of site susceptibility. Site susceptibility (x axis) is defined by the
surface conditions (shown in smaller font below the x axis title) that influence runoff and erosion response. Symbols illustrate direction increase (+)
or decrease (2) in respective variable. Hydrologic response increases exponentially as ground cover, roughness, aggregate stability, and soil
structure decrease and bare ground and soil water repellency increase. Responses are amplified with increasing hillslope angle. Rainsplash and
sheetflow processes dominate on gentle portions of the response curves where conditions are hydrologically stable (unburned state); concentrated
flow dominates where curves steepen and conditions become hydrologically unstable (burned state). The transition zone occurs where decreased
surface protection or increased water availability faciliate concentrated flow initiation. Hydrologic responses are generally greater with increasing
rainfall intensity. Potential values-at-risk for varying magnitudes of hydrologic response are shown to illustrate potential consequences of respective
runoff and erosion events. Fire affects hydrologic response by increasing susceptibility (decreasing hydrologic stability) and causing an inherent shift
in hydrologic process dominance. Large fires result in extensive, high susceptibility, and repeated landscape-scale burning over short time windows
(3–10 yr) ensure repeated exposure of highly susceptibile conditions, increasing likelihood for damage to natural resources, property, and human life.
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2008a, 2009). Very few studies have quantified postfire runoff
and erosion at the large-plot scale. Studies by Pierson et al.
(2009) and Johansen et al. (2001) suggest large-plot scale
runoff may increase more than sixfold and erosion 25- to 125-
fold following burning (Table 1).

Hillslope to Landscape Scales Effects
Small- to large-plot scale fire effects on rangeland hydrology
aggregated across a landscape can result in flash flooding,
mudslides, and/or debris flows where intensive rain falls over
extensive or contiguous burned areas. These events typically
form by runoff-triggered erosion and progressive sediment
bulking of the flow as it travels downslope (Cannon et al.
2001). Large erosion events have received only minor attention
in literature on rangelands, but historical accounts demonstrate
the danger that these events pose to downstream resources and
communities (Cannon et al. 1998, 2001; Moody and Martin
2001; Pierson et al. 2002; Klade 2006). For example, wildfires
fueled by cheatgrass burned extensive areas of rangeland and
xeric forest along the Boise Front, near Boise, Idaho, in 1959
(3 640 ha) and 1996 (6 000 ha). An intense, convective
rainstorm 2 wk after fires in 1959 resulted in widespread
flooding and mud-flows that caused extensive (. $3.0 million
at current US dollar value) damage to property and infrastruc-
ture (Klade 2006). Similarly, a short-duration, high-intensity
storm 1 yr following the 1996 Eighth Street Fire flooded
portions of Boise and inundated the flooded areas with
sediment (Pierson et al. 2002; Table 1). The flooding in 1997
was driven by intense rainfall on bare (90–100% bare ground),
water repellent soils with reduced water storage capacity and
low surface roughness. Most of the rainfall falling on the south-
facing slopes ran off, forming concentrated flow networks
(Pierson et al. 2002). Fire suppression and mitigation costs
associated with the 1996 Eighth Street Fire exceeded $4
million. In another case, a prolonged rain-on-snow event in
1996 near Boise produced extensive debris flows from a
7-yr-old xeric-forest fire site (1989 Lowman Fire) along the
South Fork Payette River. A single event in one watershed
discharged 14 600 m3 of soil at a flow velocity of at least
12 m ? s21 (Meyer et al. 2001). Erosion from the multiple debris
flows that occurred generated soil loss equivalent to several
thousand years of nonfire associated erosion (low erosion rates)
based on historical records (Meyer et al. 2001).

Landscape-scale flooding from burned areas has also been
reported from other western US rangeland and forest settings
along the wildland-urban interface (Craddock 1946; Agnew
et al. 1997; Cannon et al. 1998, 2001; Elliot and Parker 2001;
Moody and Martin 2001). In 1945, flooding following intense
rainfall over a 1-yr-old 300+ ha cheatgrass burn site caused
nearly $500 000 (. $6 million at current US dollar value) in
damage to property in Salt Lake City, Utah (Craddock 1946).
Adjacent rangelands in stable condition generated minor runoff
and erosion from the same precipitation event. Similarly,
runoff-triggered debris-flow events 2 mo following the South
Canyon Fire near Glenwood Springs, Colorado, inundated a 13
to 14 ha area with approximately 70 000 m3 of soil from a
network of 15 stream channels (Cannon et al. 1998, 2001). The
fire burned approximately 800 ha on steeply (30–70%) sloping
hillslopes with cover of pinyon–juniper and mountain shrubs.

Cannon et al. (2001) identified 84 debris flow initiations at the
site following a torrential rainstorm (intensity not reported)
event. The debris flows engulfed 30 vehicles traveling on a
flow-intersected highway and forced two people into the
Colorado River. In another study, Moody and Martin (2001)
described hydrologic response to a 100-yr rainfall storm
following the 4 690 ha Buffalo Creek Fire in steep, forested
watersheds of the Colorado Front Range near Denver,
Colorado. More than 60% of the burn was high severity.
Two months postfire, a high-intensity (90 mm ? h21, 1 h)
rainstorm caused flash flooding that killed two people (Agnew
et al. 1997); unburned hillslopes adjacent to the fire generated
very little surface runoff (Elliott and Parker 2001). Hillslope
erosion following the Buffalo Creek Fire increased 150- to 240-
fold. Approximately 1 101 000 m3 of sediment was generated
from interrill, rill, and in-channel processes during the first
summer after the fire (Moody and Martin 2001). Postfire
runoff events from the Buffalo Creek burned area discharged
enough sediment into the Strontia Springs Reservoir to reduce
storage capacity by one-third (Agnew et al. 1997; Moody and
Martin 2001). The examples from the Boise Front Range
(Meyer et al. 2001; Pierson et al. 2002; Klade 2006), Salt Lake
City (Craddock 1946), Glenwood Springs (Cannon et al. 1998,
2001), and Denver (Moody and Martin 2001) areas presented
here demonstrate the potential hydrologic responses to high-
intensity rainfall following large-scale alteration of vegetation
and ground surface characteristics.

Longevity of Effects Across Spatial Scales
The longevity of fire effects differ for runoff versus erosion and
likely depend on how long the respective community requires
to re-establish prefire ground cover and soil characteristics.
Rainfall simulation experiments on sagebrush landscapes
indicate postfire runoff rates return to prefire levels within
one to two growing seasons or when ground cover returns to
40% (Pierson et al. 2001, 2002, 2008a, 2009). Pierson et al.
(2008a, 2009) and Johansen et al. (2001) found postfire plot-
scale erosion returns to prefire levels within two to three
growing seasons or when ground cover approaches 50–60%.
An examination of hillslope scale erosion from burned xeric
forests suggests annual soil loss from natural rainfall events on
sloping terrain can be as much as 60 Mg ? ha21 the first year
following fire and generally returns to less than 0.5 Mg ? ha21

within 3 yr (see Spigel and Robichaud 2007; Robichaud et al.
2008). Annual erosion from unburned xeric forests is generally
negligible (Robichaud et al. 2008; Larsen et al. 2009). These
longevity estimates and cover thresholds likely are good relative
indicators of hydrologic and erosional recovery with respect to
commonly occurring storms; however, recovery relative to
extreme events likely requires litter depths and soil conditions
that may take 4 to more than 10 growing seasons to develop
depending on climate and cover recruitment rates (Robichaud
et al. 2000; Shakesby and Doerr 2006; Robichaud 2009).
Furthermore, surface soil transported to and remaining in
sideslopes and hillslope hollows postfire may serve as a source
for downstream sediment pulses during subsequent high
intensity storm and channel flushing events (Cannon et al.
2001; Meyer and Pierce 2003; Pierce et al. 2004; Moody and
Martin 2009). For example, Meyer et al. (2001) estimated a
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residual 4 000 m3 of soil remaining from a postfire debris flow
event continued to contribute sediment to an adjacent river 4 yr
following the original event.

HYDROLOGIC RISKS OF INCREASING
WILDLAND FIRE

Figure 4 presents a conceptual model from which we can
elaborate on what is known about the potential hydrologic
effects of an increased role of fire on western rangelands and to
identify critical knowledge gaps relative to future advance-
ments. Literature has established postfire hydrologic response is
a function of rainfall intensity (Benavides-Solorio and Mac-
Donald 2005; Spigel and Robichaud 2007) and site suscepti-
bility (Table 1), and that storm-specific hydrologic response
increases exponentially where high site susceptibility promotes
unstable hydrologic conditions and a requisite shift in
hydrologic process dominance (Fig. 4; Cannon et al. 2001;
Pierson et al. 2009). Shifts from infrequent and small to
frequent, large burned areas increase the likelihood that
convective storms moving through a region will encounter
high site susceptibilities over landscape scales, potentially
resulting in extensive soil loss, offsite flooding, and damage
to values-at-risk. For example, recurring wildfires over
cheatgrass dominated rangelands (Whisenant 1990; Brooks
et al. 2004; Keane et al. 2008) ensure large tracks of land will
exist in a hydrologically unstable state repeatedly on 5-yr to
10-yr cycles, increasing periodic high site susceptibility over
short- and long-term time steps. These sites are subjected to
infrequent short-term high soil losses from high intensity
storms and long-term soil loss associated with frequently
occurring low-intensity storms on highly susceptible condi-
tions. Losses of biologically important surface soils is partic-
ularly critical given soil formation rates in the Great Basin
(Harden 1990; Harden et al. 1991), especially where large fires
are followed by drought years with minimal plant recruitment.
The rates of soil loss are alarming given individual storm
erosion estimates from plot-scale studies (Table 1) and
potential first year postfire hillslope erosion rates of 60 to
100 Mg ? ha21 ? yr21 (see Robichaud et al. 2008). The increased
threats to values-at-risk are even more concerning for western
urban centers adjacent to steeply sloping cheatgrass infested
rangelands (Pierson et al. 2002; Klade 2006) and densely
stocked woodlands (Cannon et al. 1998, 2001). The likelihood
of resource and property damaging flooding events is increasing
in these areas due to the increased susceptibility over short- and
long-term temporal windows.

Mitigation of hydrologic risks associated with an increased
role of fire on western rangelands can be advanced by
predictive technologies that answer three basic questions (see
Kaplan and Garrick 1981): 1) what can happen, 2) how likely
is the scenario to occur, and 3) if the scenario occurs, what are
the consequences? The first question refers to a magnitude of
hydrologic response for a given site susceptibility and storm
occurrence. The second question refers to the likelihood or
probability of the respective site susceptibility and storm
co-occurring. The third question addresses the potential
damage to resources-at-risk. Recent advances in understanding
and quantification of fire effects across small-plot to hillslope

scales provide an initial point for populating fire effects models
in a probabilistic framework that incorporates combined
probabilities of site susceptibility, storm occurrence, and
magnitude of hydrologic response (i.e., Robichaud et al.
2007; Cannon et al. 2010). Of course, application of such
models to mitigation of damage to values-at-risk also requires
knowledge of the storm and/or runoff magnitudes required to
cause damage to the respective resource/property (for example,
see Cannon et al. 2008, 2011). Essentially, the hydrologic
response curves shown in Figure 4 can be thought of as a family
of risk curves (see Kaplan and Garrick 1981) for specified
storms over a range of site susceptibilities. Damage to
resources-at-risk is predicated on the magnitude of overall
hydrologic response.

The presented qualitative model (Fig. 4) illustrates the
general hydrologic and erosional relationships that are affected
by ongoing plant community transitions and altered fire
regimes in the Great Basin, but population of the model and
development of predictive technologies are confounded by
several key knowledge gaps. First, we are still learning how the
variables that define site susceptibility (Fig. 4) across spatial
scales interact to influence hydrologic response. Plot scale
studies (Table 1; Robichaud et al. 2000; Moffet et al. 2007;
Al-Hamdan et al. 2011) have identified and quantified the
primary driving and resisting forces that dictate postfire
hydrologic and erosional responses. In many cases, however,
plot-scale studies sought to reduce experimental variability
by focusing on a few primary independent variables (i.e., bare
ground or ground cover) while isolating or fixing other
variables like hillslope angle or rainfall intensity to constant
values. For example, data for populating risk curves depicted in
Figure 4 are extremely limited with respect to different rainfall
intensities. Other variables like soil water repellency may
strongly influence runoff generation from burned soils, but the
effect may vary significantly in space and time (Doerr et al.
2000; Woods et al. 2007; Pierson et al. 2008b, 2009).
Quantification of such temporal fluctuations and overall
variable interactions is absent from most rangeland hydrology
models. Advancements in predictive technologies have been
made (i.e., Robichaud et al. 2007; Nearing et al. 2011), but
rangeland models largely remain focused at the hillslope scale
given the plot-scales at which data are available. Scaling
limitations inhibit linkages of plot- and hillslope-scale respons-
es to off-site impacts on values-at-risk. Even with limitations
identified here, recent advancements offer insight into key
measures needed to address hydrologic impacts associated with
the increasing role of fire on Great Basin rangelands. We
suggest quantifying interactions of storm magnitude and key
measures that define site susceptibility, the spatial and temporal
variability in effects of driving and resisting forces, and spatial
scaling of postfire runoff and erosion remain paramount areas
for future research.

IMPLICATIONS

The role of fire is escalating across western rangelands, and
natural resources, city infrastructures, and lives are at risk.
Elevated short- and long-term soil losses from western
rangelands are likely to occur with more frequent fire-induced
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changes in site susceptibility over landscape scales. Damages to
property and the risks to human life are also likely to increase
where fire activity is intensified along the wildland-urban
interface. Modern and historical reports demonstrate progres-
sive sediment bulking of fire-induced increases in runoff and
erosion from small- to large-plot scales can result in property
damaging and life-taking landscape-scale flooding and erosion
events. Such accounts are well documented across the western
United States following large wildland fires adjacent to urban
centers. Research from plot-to-hillslope scale studies provides a
foundation for advancing understanding of effects of increased
wildland fire activity on rangeland runoff and erosion and
development of predictive technologies. Studies over a range
of vegetation types, spatial and temporal scales, and burn
conditions have established that ground cover, surface soil
conditions/properties, soil water repellency, and hillslope topo-
graphy define site susceptibility to postfire runoff and erosion.
Postfire runoff and erosion are a function of rainfall intensity
and site susceptibility, and the magnitude of postfire hydrologic
response dictates potential damage to resources at risk. Postfire
hydrologic response can be predicted by combining probabil-
ities of susceptibility and storm occurrences. The likelihood of
resource damage can be determined by linking storm response
magnitudes with requisite damages to values-at-risk. Develop-
ment of predictive technologies to address these issues would
enhance postfire mitigation efforts and potentially reduce
postfire expenditures aimed at preventing soil loss, flooding,
and destruction of property.

Current knowledge remains wanting in several key areas that
would advance quantitative model development. A major
deficiency in current knowledge is in the interactions between
hydrologic variables (i.e., soil moisture, water repellency, and
infiltration) in complex field scenarios (i.e., spatially variable
surface conditions and/or rainfall intensity). The literature is
also strongly biased to a few plant communities (i.e., semi-arid
grasslands and shrub-steppe, xeric ponderosa pine forests).
Postfire runoff and erosion data are extremely limited for other
fire-vulnerable plant communities where high-intensity, mon-
soonal precipitation events are common (i.e., Chihuahuan,
Mojave, and Sonoran hot deserts). Current rangeland hydrol-
ogy models remain largely unvalidated for watershed scales
and extreme events. Risks of extreme events are expected to
increase in coming decades based on projections of the greater
role of wildfire and expectations of more intense precipitation
regimes in the western United States. As the role of fire
continues to increase on western rangelands, we suggest it is
paramount that risk management research begins to integrate
current knowledge into probabilistic terms and seek to advance
our understanding and modeling of interacting controls on
postfire hydrologic response across relevant spatial, temporal,
and climatic scales.
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