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Feedbacks between fires and wind erosion in heterogeneous arid lands
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[1] Shrub encroachment, a widespread phenomenon in arid landscapes, creates “islands
of fertility”” in degraded systems as wind erosion removes nutrient-rich soil from
intercanopy areas and deposits it in nearby shrub-vegetated patches. These islands of
fertility generally are considered to be irreversible. Recently, fire has been observed to
alter this pattern of resource heterogeneity through the redistribution of nutrients from the
fertile islands of burnt shrubs to the surrounding bare soil areas. Despite the recognized
relevance of both fires and wind erosion to the structure and function of arid ecosystems,
the interactions between these two processes remains poorly understood. This study
tests the hypothesis that fire-induced soil hydrophobicity developing in the soils beneath
burned shrubs enhances soil erodibility by weakening the interparticle wet-bonding forces.
To test this hypothesis, the effects of grass and shrub fires on changes in soil erodibility
and on the intensity of fire-induced soil water repellency are compared at both the

field and patch scales in heterogeneous arid landscapes. Higher water repellency was
observed in conjunction with a stronger decrease in wind erosion threshold velocity
around the shrubs than in grass-dominated patches affected by fire, while neither water
repellency nor changes in threshold velocity was noticed in the bare soil interspaces. Thus,
fires are found to induce soil hydrophobicity and to consequently enhance soil erodibility

in shrub-vegetated islands of fertility. These processes create temporally dynamic
islands of fertility and contribute to a decrease in resource heterogeneity in aridland

ecosystems following fire.

Citation: Ravi, S., P. D’Odorico, T. M. Zobeck, T. M. Over, and S. L. Collins (2007), Feedbacks between fires and wind erosion in
heterogeneous arid lands, J. Geophys. Res., 112, G04007, doi:10.1029/2007JG000474.

1. Introduction

[3] In arid environments erosion processes redistribute
soil particles and nutrients [Schlesinger et al., 1990; Okin
and Gillette, 2001], thereby affecting soil texture and soil
water holding capacity [Lyles and Tatarko, 1986; Offer et
al., 1998] with consequent effects on the productivity,
composition and spatial patterns of vegetation [Schlesinger
et al., 1990]. In these landscapes soil erosion is mainly
due to aeolian processes [Breshears et al., 2003], which
maintain the local heterogeneities in nutrient and vegetation
distribution through the removal of nutrient-rich soil from
intercanopy areas and the subsequent deposition onto
vegetated areas [Schlesinger et al., 1990; Okin and Gillette,
2001]. Thus, wind erosion is often invoked as a major factor
enhancing and maintaining soil heterogeneity, particularly
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in shrub encroached arid landscapes [Okin and Gillette,
2001].

[4] Dryland ecosystems are often prone to disturbances
like fires and grazing, which may render soils more sus-
ceptible to wind erosion with important impacts on regional
and global climate, human health, biogeochemical cycles,
and desertification [Nicholson, 2000; Rosenfield et al.,
2001; Fryrear, 1985; Whicker et al., 2006; Duce and
Tindale, 1991; Schlesinger et al., 1990]. Fires modify the
interactions between eco-hydrological and land surface
processes [Ludwig et al., 1997], expose the soil surface to
the erosive action of winds, and affect the relative abun-
dance and distribution of shrubs and grasses in arid eco-
systems [Scholes and Archer, 1997; van Langevelde et al.,
2003; Sankaran et al., 2004]. On the other hand, vegetation
type and patterns affect both the intensity and frequency of
fires [Anderies et al., 2002; van Wilgen et al., 2003].
Although both wind erosion and fires play an important
role in the dynamics of arid and semiarid ecosystems, the
interactions between these two processes remain unknown.
Fire is now a commonly used management tool in many
aridland ecosystems to reduce shrub cover and to enhance
grass growth. Thus, understanding how fire affects soil
structure and resource heterogeneity is of fundamental and
practical importance in systems where aeolian processes
predominate.
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Figure 1. (a) Diagram showing the formation of islands of fertility around the shrub patches and

increase in microtopography. (b) Diagram showing postfire enhancement of wind erosion leading to
redistribution of resources to bare interspaces and reduction in microtopography.

[s] Several studies have shown that fires in shrub-
encroached grasslands favor grass regrowth and limit
further shrub encroachment [van Auken, 2000; van Wilgen
et al., 2003]. Recent studies [White et al., 2006] have shown
that, while the process of shrub encroachment favors the
formation of a heterogeneous landscape with the concen-
tration of resources beneath the shrub canopies and the
formation of “fertility islands” (Figure la), fires tend to
destroy this heterogeneity by enhancing wind-induced
particle transport and erosion from fertile islands affected
by the burning of shrub biomass. In fact, subsequent to
fire occurrences microtopographic differences between veg-
etated islands and bare interspaces decrease [White et al.,
2006], indicating that the resources accumulated in the
fertility islands are redistributed onto the interspaces, there-
by reducing the spatial heterogeneity of the system
(Figure 1b). In addition, soil organic matter increased in
bare areas relative to vegetated patches, and in some sites,
soil resources (e.g., nitrogen) were more homogeneously
distributed for up to 22 months following fire. These
findings are consistent with the observation that burned
areas exhibit lower threshold velocities for wind erosion and
higher volumes of soil loss than in similar unburned areas
[Whicker et al., 2002]. This difference in soil erodibility
determines important structural changes in the landscape
through postfire translocation of soil resources from burned
“fertility islands” to bare soil areas. As a result, we
hypothesize that fertility islands are not static, but rather
dynamic features of the landscape. Thus wind erosion and
fires influence the dynamics of dryland landscapes, and the
interactions between these two processes play a major role
in determining the composition and structure of vegetation.

[6] However, an important component of these dynamics
remains unexplained, as it is unclear why adjacent sites,
with similar surface roughness and exposed to the same

winds, should exhibit differing susceptibility to wind ero-
sion [Whicker et al., 2002]. Recent studies on soils treated in
the laboratory with water-repellent compounds [Ravi et al.,
2006a] have experimentally shown that soil hydrophobicity
enhances soil erodibility. By affecting the strength of
interparticle wet-bonding forces, water repellency enhances
soil erodibility, causing a drop in wind erosion threshold
velocity, the minimum velocity for erosion to occur. In this
study we show that fire-induced water repellency creates the
same effect, and we provide the first experimental evidence
that postfire enhancement of soil erodibility is due to fire-
induced soil hydrophobicity. Fires are known for having a
major impact on infiltration, runoff and water erosion [e.g.,
DeBano, 2000]. The postfire increase in runoff and soil
erosion is caused by the decrease in infiltration capacity
resulting from fire-induced water repellency [Krammes and
DeBano, 1965; DeBano, 1966]. In fact, burning vegetation
releases fatty acids onto the underlying soil, with conse-
quent effects on the physical-chemical properties of the soil
grain surfaces; in particular, these organic compounds
increase the contact angle formed by the air-water interface
with the soil grains, thereby affecting the dynamics of
moisture retention and the strength of interparticle bonding
forces [Ravi et al., 2006a].

[7] In this paper, a study of the soil hydrophobicity
caused by fire in arid landscapes and the subsequent effect
on wind erosion thresholds in two different arid ecosystems
is presented. In the first part of the study, two systems with
different land cover, an arid grassland and a shrubland, were
compared. The second part of the study concerns a hetero-
geneous arid landscape with a mosaic of vegetated shrub
and grass patches separated by bare interspaces. The first
part of the study investigates the relative importance of
plant communities on the enhancement of soil susceptibility
to wind erosion. The second part concentrates on differ-
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ences in soil erodibility within a heterogeneous ecosystem,
i.e., in grass- and shrub-dominated soil patches. Here we
hypothesize that the postfire enhancement of soil erosion is
stronger in shrub-dominated than in grass-dominated soils
and that this difference is the result of the different level of
soil-water repellency developed by the burning of shrub
versus grass vegetation [Adams et al., 1970]. We argue that
the stronger enhancement in soil erodibility induced by
burning shrubs causes the observed decrease in soil hetero-
geneity. To test this hypothesis, we investigate, with field
and laboratory measurements, changes in soil erodibility
and other soil properties in soil plots affected by burning
biomass.

2. Materials and Methods

[8] The burn experiments were conducted in two different
ecosystems from the southwestern U.S which are prone to
fires and wind erosion, namely, the Cimarron National
Grassland (KS) and the Sevilleta National Wildlife Refuge
(NM). The Cimarron National Grassland (37°7.29'N,
101°53.81'W) is a short grass prairie ecosystem (Blue
grama), with significant shrub encroachment (Sage brush
and Yucca) in some areas. On February 5, 20006, a large fire
burned approximately 1700 ha in part of the Cimarron
National Grassland [U.S. Forest Service, 2006]. Thus, after
all of the above-ground vegetation had burned, the soil
surface was left exposed to high wind erosion activity. Two
sites were chosen at Cimarron: a pure grassland site and a
grassland encroached by shrubs. Two sets of soil samples
were collected on burned and unburned soils across the fire
line on three replicated pairs of (burned and unburned) plots
at each site. The second set of experiments were conducted
at the Sevilleta National Wildlife Refuge, located in the
northern Chihuahuan Desert approximately 80 km south of
Albuquerque, New Mexico (N 34°23.961" and W 106°55.710').
The site chosen for our study was a desert grassland/
scrubland with a mosaic of soil patches dominated by
grasses (Sporobolis) and shrubs (Four wing saltbush and
Snake weed) with bare interspaces. In the three field sites
used for the study grass cover was minimal near the base of
the shrubs and the landscape was heterogeneous with
distinct patches of grasses and shrubs with bare interspaces.
This patchy landscape is typical for these arid shrublands
[Kurc and Small, 2004]. Soil samples were randomly
collected at each site from an area of about 5 m* before
and after the prescribed burn. As the focus of this study is
on wind erosion and fires, soil samples were taken only
from the surface (top 2 cm) under the grasses, around the
shrubs, and from the bare interspaces in the three replicated
plots before and after the prescribed burning.

[s] The soil samples were passed through a 2 mm sieve
and kept in metal trays for 5—6 hours before each wind tunnel
test to equilibrate with the ambient atmospheric humidity and
temperature. Surface soil moisture changed only in response
to fluctuations in ambient air humidity as there was no control
on the atmospheric humidity and temperature, and the soil
samples were not artificially wetted or dried [Ravi et al.,
2004; Ravi and D Odorico, 2005]. To account for the effect
of air humidity on surface moisture content, the wind tunnel
tests were repeated at two ranges of relative humidity: 10—
30% and 40—60%. A nonrecirculating wind tunnel (10.0 m

RAVI ET AL.: FIRE-EROSION FEEDBACKS

G04007

long, 0.5 m wide and 1.0 m high) was used for this study. The
soils were placed in the wind tunnel on removable metal trays
(1.5 em x 46.0 cm x 100.0 cm). The wind velocity was
measured at different heights inside the tunnel using a series
of Pitot tubes connected to pressure transducers. These
measurements were used to calculate the surface roughness
(Z, = 1.17 mm) and to express the wind speed (v) in terms
of shear velocity (u+). Saltation was measured by a particle
impact sensor (SENSIT), soil temperature by an infrared
thermometer (Exergen Corp, IRT/C.2 with Type K Germa-
nium lens), near surface temperature and relative humidity
(2 mm from surface) by a RH/T probe (Vaisala, Inc.
Humitter 50U). For each wind tunnel test, the air flow
was initially increased stepwise to attain a wind speed just
below the estimated threshold value and then increased
slowly till the particle sensor indicated particle movement,
i.e., an abrupt increase from zero to more than 10 particle
impacts per second. Three replicates of the control and
burned soils were used for each set of wind tunnel tests and
these sets were repeated at two different humidity ranges.
Statistical tests (t-test) were carried out to assess the
significance of the results.

[10] Determination of several soil properties was needed
for interpretation of the experimental results. These included
particle size distribution and soil wettability (i.e., the degree
of hygroscopicity/hydrophobicity of the soil grains). Fire-
induced water repellency was determined using both the
water drop penetration time (WDPT) and the molarity of
ethanol solutions (MED) instantaneously infiltrating into the
soil [e.g., Letey, 2001]. For the WDPT (laboratory method)
a pipette was used to place water drops on the soil surface.
The time required for the drop to penetrate the surface was
measured. The water drop penetration (WDPT) time was
determined for each sample as the mean WDPT for 10
droplets. In the molarity of an ethanol droplet (MED) test,
standardized solutions of ethanol in water of known surface
tensions were used to characterize the severity of water
repellency in the soil [Doerr, 1998; Roy and McGill, 2002].
Drops of the ethanol-water solutions with increasing con-
centrations were placed on the surface of the water repellent
soil sample. As the molarity of the solution increases, the
surface tension decreases and at a certain critical concen-
tration (or critical surface tension, CST) the drop penetrates
the soil surface instantaneously (within 3 s). Values of
WDPT and MED for the soils used in the study are reported
in Table 1. Soil texture was determined using the using the
standard hydrometer method [4STM, 1981]. A soil hydrom-
eter (Fisher brand Specific Gravity Scale Soil Hydrometer)
was calibrated to measure the specific gravity of the soil
suspension; the size fractions were calculated based on the
settling time of the suspended particles (Table 1). (Identifi-
cation of experimental apparatus is for information purposes
only and does not imply endorsement by ARS-USDA.)

3. Results

[11] The results from the wind tunnel tests on the soils
from the Cimarron National Grassland show that the thresh-
old friction velocity of burned soils from both the grass-
dominated and shrub-dominated areas were significantly
less than for the control soils collected from adjacent
unburned areas. Moreover the threshold velocity values
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Table 1. Textural and Wetting Properties of the Soils Used in This Study

Particle Size Distribution Soil Hydrophobicity”

Study Sites Land Cover Clay, % Silt, % Sand, % WDPT, s MED, molarity
Cimarron National Grassland, KS Shrubland 9 12 79 120 3
Grassland 8 10 82 30 1
Sevilleta National Wildlife Refuge, NM  Shrub patch 28 19 53 50 2
Grass patch 33 26 41 <10 s <1
Bare interspaces 25 18 57 0 0

?Soil hydrophobicity was not observed in control soils.

were significantly different for the soils from the burned and
the control plots even though the surface moisture contents
were not significantly different. These differences were
consistently observed for the two humidity ranges consid-
ered in this study (Figures 2a and 2b). The differences in
threshold velocities between the soils from control plots and
burned plots were found to be statistically significant both
for the grassland (p < 0.001 in the 10—30% RH range and
p < 0.001 in the 40—60% RH range) and shrubland at (p <
0.001 in the 10-30% RH range and p < 0.00001 in the 40—
60% RH range). Further for each treatment the threshold
values increased with increasing values of air humidity,
indicating a clear dependence of threshold velocity on air
humidity as seen in our previous studies [e.g., Ravi et al.,
2006a, 2006b]. Higher postfire enhancement of soil erod-
ibility resulted from the burning of shrubs than of grasses
(Figures 2a and 2b) as evidenced by the results of the t-test
was carried out between the differences in threshold shear
velocities of burned and control plots in the grassland and
shrubland. The test clearly showed that - in both humidity
ranges considered in this study - the differences between
threshold shear velocities of control and burn plots were
significantly higher in the shrubland sites compared to
grassland sites (p < 0.026 in the 10—-30% RH range and
p < 0.005 in the 40—60% RH range). These results indicate
that this difference is severe at higher humidity values.
Further, the severity of fire-induced water repellency was
higher for the shrubs than for grasses (Table 1). The surface
soil moisture of the burned and control soils were not
significantly different for both the humidity ranges consid-
ered, whereas the surface soil moisture increased with
increasing air humidity as reported in previous studies on
unburned soils treated in the lab with water-repellent
chemicals [e.g., Ravi et al., 2006a].

[12] The second part of the study focused on a heteroge-
neous arid landscape at the Sevilleta National Wildlife
Refuge (NM), which exhibits a mosaic of patches dominat-
ed by shrubs, grasses and bare soil interspaces. In this
system fires induced higher water repellency in the soils
around the shrubs compared to grass-dominated patches,
while no water repellency was noticed in the bare inter-
spaces (Table 1). Laboratory wind tunnel tests showed that
even before the burn experiment different erosion thresholds
existed in the same field due to the textural heterogeneity of
soils sampled under shrubs, grasses and in bare soil patches
(Figure 3). After burning, wind erosion thresholds de-
creased in the vegetated patches. The differences in thresh-
old velocities between the soils from control plots and
burned plots were found to be statistically significant both
for the soils under grass patches (p < 0.001 in the 10—-30%
RH range and p < 0.03 in the 40—60% RH range) and under

shrubs at (p < 0.0001 in the 10—30% RH range and p <
0.003 in the 40—60% RH range), while — as expected — this
difference in threshold velocity was insignificant between
the control and the burned bare interspaces(p > 0.40 in the
10-30% RH range and p > 0.49 in the 40—60% RH range).
Moreover, the decrease in threshold velocity was stronger in
the case of soils affected by the burning of shrubs; in fact, in
both the humidity ranges the difference between threshold
shear velocities of control and burn plots were significantly
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Figure 2. Threshold friction velocity (u+) as a function of
atmospheric relative humidity (RH) as determined by wind-
tunnel tests for control and burned surface soil from the
Cimarron National Grassland. The error bars represent the
standard deviation of threshold shear velocity within each
class of relative humidity. The WDPT and MED values are
for the burned soil.

4 of 7



G04007

0.62

=23 Control Shrub Patches

XXX Burned

WDPT 50 sec
MED 2 Molar

0.60 1

0.58

0.56

ux (m/s)

0.54

0.52 1

0.50

RH (%)

0.62
73 Control Grass Patches
Burned

WDPT <10 sec

MED <1 Molar

0.60

0.58

\NH

0.56 1

ux(mls)

0.54 1

0.52 1

0.50

10 - 30 40 - 60

RH (%)
0.62

X—XJ Control Bare Interspaces

XY Burned
WDPT 0 sec
MED 0 Molar

0.60 1

0.58 1

0.56

ux (m/s)

0.54 1

0.52 1

0.50

RH (%)

Figure 3. Threshold friction velocity (u+) as a function of
atmospheric relative humidity (RH) as determined by wind-
tunnel tests for control and burned soils from shrub patches,
grass patches, and bare interspaces at the Sevilleta National
Wildlife Refuge. The error bars represent the standard
deviation of threshold shear velocity within each class of
relative humidity. The WDPT and MED values are for the
burned soil.

higher in soils from burnt shrub patches compared to soils
from burnt grass patches (p < 0.003 in the 10-30% RH
range and p < 0.013 in the 40—60% RH range). Thus, by
decreasing the wind erosion thresholds in burnt shrub
patches, fires enhance the erodibility of soils from beneath
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the burnt shrubs, thereby contributing to nutrient loss from
the fertility islands and to the consequent reduction in
landscape heterogeneities.

4. Discussion

[13] The experimental results support the hypothesis
that fires enhance soil susceptibility to wind erosion in areas
affected by biomass burning and that this effect is more
significant in the case of shrub-dominated compared to
grass-dominated areas, both at the field (Figures 2a and 2b)
and at the patch scale (Figures 3a—3c). In the case of patchy
landscapes, the postfire redistribution of soil and nutrients
from shrub patches to bare (or sparsely grass-covered)
interspaces can occur only if the soils in and around
the shrub patches become more erodible compared to the
interspaces. Our results indicate that this effect can occur
in the field due to the relatively higher fire-induced soil
hydrophobicity occurring in and around the shrub patches,
compared to either grass-dominated or bare soils. Hence,
following fire events shrub-dominated fertility islands
exhibit lower erosion thresholds compared to grass patches
and bare interspaces.

[14] To assess the magnitude and significance of the
enhancement of soil erodibility resulting from the postfire
decrease in threshold shear velocity, we used wind velocity
records taken (at 2 m height) from a bare soil plot at the
Sevilleta site for a three-week period in the middle of the
2007 windy season (March—April). These velocity meas-
urements were compared with the threshold velocity values
determined in the wind tunnel. To this end, we used the
Prandtl-von Karman logarithmic law [e.g., Campbell and
Norman, 1998] to convert the threshold shear velocities
measured for burned and control soils (Figure 3) into
threshold wind speed values at 2 m height. The decrease
in threshold velocity (at 2 m height) between burned and
control soils was in the range of 1.0—1.5 m/s, which
corresponds, in this short wind record, to a 70% increase
in the number of occurrences with wind velocity exceeding
the threshold velocity. This result indicates that the decrease
in threshold velocity observed in the burned soils can cause
a significant increase in wind erosion activity after fires.

[15] The level of soil hydrophobicity developed by fires
depends on fire intensity, vegetation cover, and soil texture.
The experimental results from our study show that a higher
hydrophobicity develops in the soils beneath burning shrub
vegetation (Table 1). This higher repellency found under the
burnt shrubs is explained by the fact that shrubs typically
contain more water-repellent organic compounds and are
subjected to higher fire intensities compared to grasses
[Tyler, 1995; Moreno and Oechel, 1991]. Indeed, at the
Sevilleta, fire temperatures beneath shrubs were 60—100°C
higher than in grass patches. The shrub patches are also
characterized by high surface accumulations of organic
matter and leaf debris which can enhance the severity of
water repellency induced by fire [Pierson et al., 2001].
Further, the soil under shrub patches contained more sand
(Table 1), and the severity of water repellency is higher in
the case of sandy soils due to their relatively smaller specific
surface area [DeBano, 2000]. The higher fire-induced
hydrophobicity explains the stronger decrease in wind
erosion threshold velocity observed in the soil patches that

50f7



G04007

prior to burning were vegetated by shrubs, as compared to
soils under burned grasses or in the bare interspaces. In the
latter case no decrease in wind erosion threshold was
observed, due to the limited effect of fires on the bare soil
patches.

[16] The enhancement of soil erodibility by fires may also
depend on other factors in addition to soil water repellency,
including the formation of cryptobiotic crusts by algae,
fungi and soil bacteria, which may enhance the soil-water
repellency [e.g., Savage et al., 1969] and are susceptible to
destruction by fire. Previous laboratory studies showing the
ability of soil hydrophobicity to weaken interparticle bond-
ing forces [Ravi et al., 2006a] were carried out on clean
sands treated with water repellent organic compounds and
were not affected by confounding factors such as microbial
crusts or organic matter. The effects of microbial crusts
are not considered in this study because they are mostly
found in the bare interspaces [West, 1990; Schlesinger and
Pilmanis, 1998; Stursova et al., 2006] as they avoid com-
petition with vegetation for resources [Harper and Belnap,
2001; Li et al., 2002]. Although we acknowledge the role
played by microbial crust in the process of soil erosion, it is
not clear how they could contribute to the postfire enhance-
ment of soil erodibility from fertility islands. Conversely, the
fact that fires induce soil-water repellency [e.g., DeBano,
2000; Doerr et al., 2000] is well-established, and the ability
of repellency to enhance soil erodibility has been tested in
the laboratory and mechanistically explained [Ravi et al.,
2006a]. In this study we also eliminated the effects due to the
higher topography of shrub mounds and the soil disturbances
caused animals, by selecting study sites in areas where these
effects were negligible. This study shows that the levels of
soil hydrophobicity developed by typical rangeland fires are
able to enhance soil erodibility. Moreover this effect is
stronger in shrub than in grass patches, and nonexistent in
the bare interspaces. Thus, resource islands in aridland
ecosystems are not static but rather highly dynamic patch
types in response to fire and perhaps other disturbances
such as drought. These differences in the enhancement of
soil erodibility provide the mechanism behind the recent
observational evidence of loss in landscape heterogeneity
subsequent to fires [e.g., White et al., 2006] and demonstrate
the possible value of prescribed fire as a tool to mitigate the
early stages of the processes of fertility island formation and
desertification.
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