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Abstract Grasslands, which provide fundamental ecosystem services in many arid and semiarid regions of
the world, are undergoing rapid increases in fire activity and are highly susceptible to postfire-accelerated soil
erosion by wind. A quantitative assessment of physical processes that integrates fire-wind erosion feedbacks
is therefore needed relative to vegetation change, soil biogeochemical cycling, air quality, and landscape
evolution. We investigated the applicability of a novel tracer technique—the use of multiple rare earth
elements (REE)—to quantify soil transport by wind and to identify sources and sinks of wind-blown
sediments in both burned and unburned shrub-grass transition zone in the Chihuahuan Desert, NM, USA.
Results indicate that the horizontal mass flux of wind-borne sediment increased approximately threefold
following the fire. The REE tracer analysis of wind-borne sediments shows that the source of the horizontal
mass flux in the unburned site was derived from bare microsites (88.5%), while in the burned site it was
primarily sourced from shrub (42.3%) and bare (39.1%) microsites. Vegetated microsites which were
predominantly sinks of aeolian sediments in the unburned areas became sediment sources following the fire.
The burned areas showed a spatial homogenization of sediment tracers, highlighting a potential negative
feedback on landscape heterogeneity induced by shrub encroachment into grasslands. Though fires are
known to increase aeolian sediment transport, accompanying changes in the sources and sinks of
wind-borne sediments may influence biogeochemical cycling and land degradation dynamics. Furthermore,
our experiment demonstrated that REEs can be used as reliable tracers for field-scale aeolian studies.

1. Introduction

Population increase; overexploitation of land and water resources; recurrent disturbances such as fire,
drought, and overgrazing; and climatic changes have rendered drylands worldwide highly susceptible to land
degradation, a phenomenon often referred to as “desertification” (Darkoh, 1998; D’Odorico et al., 2013).
Understanding the biophysical and human dimensions of land degradation in drylands is critical because dry-
lands cover at least 40% of the Earth’s terrestrial surface and play a fundamental role for food security and
environmental quality (MEA, 2005; UNCCD, 1994). Accelerated soil erosion by hydrologic and aeolian pro-
cesses is thought to be responsible for over 87% of the degraded drylands and is often regarded as a cause
and effect of desertification (Lal, 2001; Middleton & Thomas, 1997). At the local scale, acceleratedwind erosion
results in loss and redistribution of soil resources and mechanical injury to growing plants (Retta et al., 2000;
Van Pelt & Zobeck, 2007). The dust emissions have large-scale impacts and affect human health, biogeochem-
ical cycles, precipitation processes, and climate (Field et al., 2010; Ravi et al., 2011). Furthermore, increases in
rates of wind erosion and dust emissions resulting from increased aridity (climatic changes) may result in
enhanced loss of soil resources and a decline in vegetation cover (Munson et al., 2011; Ravi et al., 2011). As
vegetation exerts a dominant control on wind erosion, vegetation shifts (e.g., grass-shrub transitions and
exotic grass invasions) and disturbances to vegetation such as wildfires can greatly enhance the transport
and redistribution of soil resources by wind (Mayaud et al., 2017; Miller et al., 2012; Sankey et al., 2009,
2013; Whicker et al., 2002).

Grasslands, which provide fundamental ecosystem services in arid and semiarid regions of the world, are
undergoing rapid increases in fire activity and are highly susceptible to postfire-accelerated soil erosion by
wind (Bowman et al., 2009; Ravi et al., 2012). A common form of land degradation in many drylands is the
encroachment of woody plants into areas historically dominated by grasses. This phenomenon is observed
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worldwide and is often referred to as “shrub encroachment” (Ravi et al., 2009; Schlesinger et al., 1990). Several
studies have investigated the ecohydrological, geomorphological, and biogeochemical implications of this
transformative ecosystem change (Huxman et al., 2005; Li et al., 2007, 2008; Turnbull et al., 2012). Shrub
encroachment is thought to contribute to land degradation by increasing the amount of bare soil which
can be eroded by wind (Gillette & Pitchford, 2004; Okin & Gillette, 2001) and allows for sediment and soil
nutrients to be stripped from unvegetated areas and partially redistributed via canopy trapping onto shrub
patches (Li et al., 2008; Schlesinger et al., 1990). This creates a self-sustaining cycle of erosion, depletion of soil
nutrients, and loss of grass cover (Archer et al., 1995). The loss of grasses decreases connectivity between
vegetated sites and thus decreases the pressure of fires on shrub vegetation further enhancing woody plant
encroachment (Archer et al., 1995; Van Auken, 2000). The resulting heterogeneous landscape is characterized
by topographically raised, hydrologically and nutritionally enhanced shrub islands (or “islands of fertility”),
which are sediment sinks, and deflated, nutrient depleted bare interspaces that act as sediment sources
(Schlesinger et al., 1990).

Fires are common inmany shrub-grass transition systems, and important feedbacks are known to exist among
wind transport, soil erosion, vegetation change, and fires (Li et al., 2007, 2008; Sankey et al., 2009; Sankey,
Germino, Sankey, & Hoover, 2012). In the grass-shrub ecotones of the Chihuahuan Desert in the southwestern
United States, recent studies have demonstrated that by altering soil erosion processes at the early stages of
shrub encroachment, fires can play an important role in the local-scale redistribution of soil resources within
the landscape (Sankey, Ravi, et al., 2012; Van Pelt et al., 2017). On low-relief surfaces, fires can induce rapid
changes in soil surface characteristics, remove vegetation cover, and increase erosion and sediment redistri-
bution (Paysen et al., 2000; Ravi et al., 2009; Whicker et al., 2002). Furthermore, burning of vegetative biomass
at the surface can induce soil water repellency, which has been shown to enhance postfire soil erosion by
decreasing the interparticle forces due to moisture in soils (DeBano, 1966; Ravi et al., 2006, 2007). Recent
studies using wind tunnels and small-scale field experiments have qualitatively demonstrated that in shrub-
lands and shrub-grass transition zones fires can enhance soil erosion under raised shrub vegetatedmicrosites
(i.e., small-scale patches representing the different surface cover types) and result in some level of sediment
redistribution to the deflated interspaces (Ravi et al., 2009; Sankey, Germino, & Glenn, 2012; Sankey, Germino,
Sankey, & Hoover, 2012; Sankey, Ravi, et al., 2012; White et al., 2006). Modeling studies have indicated that
shrub recruitment and growth at an early stage of encroachment can be controlled with lower grazing inten-
sity and recurrent prescribed or natural fires (Ravi & D’Odorico, 2009). The natural fire return intervals for North
American desert grasslands like the Chihuahuan Desert have been estimated to be around 7–10 years to sus-
tain grass dominance (McPherson, 1995; White & Swint, 2014). Hence, recurrent prescribed fires can used by
land managers to maintain Chihuahuan Desert grasslands and can result in the reduction of shrub cover and
redistribution of sediment and nutrients from shrub islands to grass and bare interspaces. This homogeniza-
tion process may have the potential to shift the shrub-grass transition back to a stable grassland state
(D’Odorico et al., 2013; Ravi & D’Odorico, 2009). Even though this fire-erosion feedback has the potential to
homogenize the landscape (Sankey et al., 2010; Sankey, Germino, Sankey, & Hoover, 2012; Sankey et al.,
2009), the actual extent of postfire soil redistribution and homogenization at the microsite scale is poorly
understood. This is a critical research gap, as quantifying the postfire redistribution and loss of sediment
and soil resources is important in evaluating the extent of land degradation and effectiveness of grassland
management practices.

A quantitative assessment of physical processes such as sediment transport that integrates fire-wind erosion
feedbacks is therefore critical for understanding land degradation dynamics, vegetation change, soil biogeo-
chemical cycling, and air quality impacts. However, this quantification is challenging, partly due to the lack of
reliable tracer-based techniques to precisely determine the rate of soil transport and redistribution or to
reconstruct the aeolian source-to-sink routes (Wang et al., 2017). Several studies have used tracers, such as
oxides of rare earth elements (REEs), to quantify water erosion rates (Guzmán et al., 2013; Polyakov &
Nearing, 2004; Zhang et al., 2001; Zhu et al., 2011). These studies showed that soil redistribution patterns, ero-
sion and aggregation, can be tracked with REE tracers (Zhang et al., 2001). Wang et al. (2017) provide a com-
prehensive review on current tracer techniques for aeolian research; however, studies specific to quantifying
aeolian transport using REE traces are limited or still in development (e.g., Van Pelt et al., 2012, 2014).

REEs have been proven to be reliable tracers in laboratory settings with limited research focusing on field
applications (Deasy & Quinton, 2010; Zhang et al., 2001). Past studies have either physically mixed REE
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powders with soil or sprayed water-suspended REE powder on the soil surface (Deasy & Quinton, 2010;
Zhang et al., 2001). Preliminary studies which focus on noninvasive tracer applications (no disturbance to
existing vegetation or the soil surface) for wind erosion have led to the development of REE application pro-
tocols which use dissolved REEs in a calibrated sprayer (Van Pelt et al., 2012, 2014). Similar methods to this
study were used for tracking aeolian redistribution of surface sediments from a point source using field wind
tunnel studies (Van Pelt et al., 2012, 2014). However, the field scale use of multiple REE tracers for wind ero-
sion studies applied with this method has never been assessed. Here we investigated the applicability of this
tracer technique—the novel use of multiple REE tracers to quantify field-scale soil transport by wind and to
identify sources and sinks of wind-blown sediments in a fire-affected, desert shrub-grass ecotone. We
hypothesize that vegetation microsites (shrub or grass patches), which are sinks of aeolian sediments in arid
landscapes, may act as enhanced sediment sources following fires. This postfire modification of sediment
sources and sinks in the landscape might impact rates of resource redistribution and soil patterning, leading
to an ecogeomorphic shift from a heterogeneous landscape characterized by topographically raised shrub
islands of fertility and deflated bare interspaces to a more homogeneous grass-dominated surface. Using
multiple REEs as tracers at the field scale, we hope to quantify the components of aeolian fluxes which are
sourced from varying surface cover post fire.

2. Materials and Methods
2.1. Study Site

Field experiments were conducted at the Sevilleta National Wildlife Refuge (SNWR) in the northern
Chihuahuan Desert approximately 80 km south of Albuquerque, NewMexico. The shrub-grass transition zone
(latitude/longitude: 34.33062°N, 106.72078°W) is a heterogeneous landscape with a mosaic of black grama
grass (Bouteloua eriopoda (Torr.) Torr.) and creosote shrub (Larrea tridentata (DC.) Cov.) with bare soil inter-
spaces. The land cover in the study area is typical of shrub-encroached desert grassland, with about 70–75%
grass cover, 20–30% bare interspaces, and a low density (5–10%) of shrubs (Báez & Collins, 2008). In the field
site, grasses provide enough connectivity among shrub patches to allow the fire spread in the presence of
strong winds (Ravi et al., 2009). The windy season in this area is from February to May, and the predominant
wind is from the southwest (Ravi et al., 2009). Most precipitation occurs from June to October, during the North
American monsoon (Higgins et al., 1997). The soil in the study area is primarily sandy loam (Johnson, 1988).

2.2. Experimental Setup

The experimental site consisted of two 100 m × 100 m treatment areas, one control (unburned) and one
burned, which are 250 m apart and oriented on the northwest-southeast line, perpendicular to the prevailing
wind direction (from the southwest) (Figure 1a). The areas were established at the beginning of the windy
season in March 2016 and are characterized by similar soil texture, vegetation, and topography. In each treat-
ment area we established three 30 m × 10 m replicate plots (25 m apart) oriented perpendicular to the pre-
dominant wind direction. A line transect plant investigation was conducted to ensure that each plot
encompassed the complete surface cover heterogeneity of the landscape (i.e., contained shrub, grass, and
bare microsites). In the middle of each of the replicated plots, a 5 m × 5 m sampling zone was established
to conduct the REE tracer application study. In each sampling zone individual REE tracers were applied to
their respective microsite types (shrub, grass, and bare) such that the entire surface of each zone contained
REE tracers. The 100 × 100 m burned area was created at the beginning of March using a prescribed fire con-
ducted in one of the monitoring areas (Figure 1b). Prescribed fires were ignited using hydrocarbons on the
downwind edge of the experimental (burned) site. After ignition, the grass cover provided enough connec-
tivity among shrub patches to allow for the fire to spread by winds. The fire was restricted inside the target
area by creating a control line around the area by removing vegetation. Partially burnt shrubs were subse-
quently torched to ensure complete removal of vegetation. The postfire landscape consisted of shrub stumps
and burned grass pedestals supported by the remaining grass root mass (Figure 1c).

2.3. Wind Transport Monitoring

Aeolian sediment was sampled using custom-made MWAC (Modified Wilson and Cooke) sediment samplers
(isokinetic sediment collectors) installed at eachmonitoring area in order to determine the sediment horizon-
tal mass flux (Q, the major flux responsible for on-site soil redistribution by wind at the plant interspace to
near-field scale). Two MWAC samplers were placed at the downwind side of each of the 5 m × 5 m
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Figure 1. (a) The layout of the burned treatment area (100 × 100 m) is perpendicular to the predominant wind direction (SW) and consists of three replicate plots
(30 × 10 m) which each contain a sampling zone (5 × 5 m). The control treatment area is adjacent to the burned treatment area. Neither is downwind from the
other. (b) The prescribed fire at the shrub-grass transition zone in Sevilleta National Wildlife Refuge, New Mexico. (c) The postfire landscape with charred shrub
stumps and grass pedestals.
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sampling zone. The MWAC sampling systems, installed at the beginning of the windy season (March), consist
of an array of samplers mounted at four different heights (nominally 0.1, 0.25, 0.5, and 1.0 m above the
ground) attached to a pivoting wind vane. The MWACs collected sediment for 90 days over the course of
the windy season. During this time, none of the samplers filled to capacity.

The time-averaged specific sediment flux, q(z), was calculated by dividing the mass of sediment collected in
the samplers by the collection interval and the area of the MWAC sampler inlet (2.34 × 10�4 m2). The q(z)
results were fit to a widely used empirical formula developed by Shao and Raupach (1992)

q zð Þ ¼ ce az2þbzð Þ (1)

where z is the height from the ground to the center of the sediment sampler inlet and a, b, and c are fitting
constants. The total Q was calculated by integrating q(z) from the ground to a height (H) of 1 m (Bhattachan
et al., 2013; Li et al., 2007; Shao & Raupach, 1992; Shao et al., 1993).

Q ¼ ∫H0q zð Þdz (2)

Finally, the threshold shear velocity (u*t) of the soil surface among treatment areas and microsites was esti-
mated to evaluate erodibility using a method developed by Li et al. (2010). In this method, u*twere estimated
by an empirical equation using the resistance to disturbance created by a penetrometer and projectile shot
by an air gun at the soil. Both air gun and penetrometer were applied along a triangle at 45° to the soil sur-
face, and the readings from the penetrometer (kg) and sizes of the surface soil disturbance (length × width)
created by the air gun were recorded. This method allowed us to estimate u*t at small surfaces such as the
grass microsites. The measurements were conducted along the plant line transects at an interval of every
1 m, and the microsite type (bare, grass, or shrub) of the measurement locations was recorded. More details
about this method, including the accuracy of u*t estimates, may be found in Li et al. (2010, 2013).

2.4. Rare Earth Element Tracers

REE oxides have a strong binding capability, low mobility, low background concentrations in soils, low envir-
onmental toxicity, and multiple REEs allow for multiple tracers with distinct signatures (Deasy & Quinton,
2010; Kimoto et al., 2006; Polyakov & Nearing, 2004; Zhang et al., 2001). Even though REEs are present in
crustal rocks in concentrations similar to metals such as copper and zinc (Haxel et al., 2002), REEs rarely con-
centrate in ore bodies and tend to only be present as a background element in most soils.

For this study, we implemented the REE application protocols for wind erosion developed by Van Pelt et al.
(2012, 2014). At the beginning of March, Holmium oxide (Ho2O3), Ytterbium oxide (Yb2O3), and Europium
oxide (Eu2O3) were applied on shrub, bare, and grass microsites, respectively. The choice of REE oxides was
determined by their low background concentrations in the soil (0.27 ppm Ho, 1.12 ppm Yb, and 0.26 ppm
Eu), availability, and cost. A calculated mass of each REE oxide was dissolved in nitric acid (3 N), diluted with
deionized water (for a solution concentration of 2,790 ppm Ho, 5220 ppm Yb, and 1965 ppm Eu), and then
sprayed onto microsites in each sampling zone using a calibrated sprayer to ensure a uniform concentration
(Deasy & Quinton, 2010; Van Pelt et al., 2012, 2014). The volume sprayed was calculated using the area of each
microsite in order for the tracer to penetrate the top 2 cm of the soil profile (Van Pelt et al., 2014). The target
spiked concentration was 500 times that of the background concentration.

To determine the background and spiked REE tracer concentrations, 50 randomly distributed samples (10 g
each) were taken from the top 2 cm of soil in each (5 m × 5 m) sampling zone before REE application at the
beginning of the windy season (March) and after REE oxide application. Samples were taken from the surface
of bare microsites and from the pedestal of shrub and grass microsites. Sediment samples were again col-
lected after the windy season 90 days later in June, to assess the depletion and enrichment of REEs in the dif-
ferent microsites. The enrichment or depletion of REE tracers relative to background and spiked REE
concentrations in each sampling zone was determined by the Kruskal-Wallis statistical test (NCSS 11, 2016)
which compared the concentrations of each REE tracer in each microsite type at time zero and 90 days.

A minimum of 15 samples from each of the three sampling zones (post windy season) within the two treat-
ment areas (burned and control) were analyzed for the concentration of REEs. Of the analyzed burned treat-
ment samples, 32 were from bare sites, 15 were from grass, and 16 were from shrub microsites. From the
control area 57 bare, 14 grass, and 10 shrub samples were analyzed. Due to the limited mass of sediment
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(2 g needed) collected by the control area MWACs, four samples were ana-
lyzed, whereas a total of eight samples were analyzed from the burned
area MWACs. MWAC samples were taken from collection buckets at the
same height and combined to obtain enough mass for the analysis.

REE concentrations were measured using an Inductively Coupled Plasma
Optical Emissions Spectrometry (ICP-OES) (Thermo Scientific™ iCAP™ 7000
Series). For this analysis, REEs were leached from the sand, silt, and clay size
(< 2 mm) fraction of soil samples using microwave digestion in concen-
trated HNO3-HCl (3:1) solution following the US EPA Method 3051A (US
EPA, 2007). Soil samples (2.0 g) were placed in microwave digestion tubes
followed by 9 mL trace metal grade concentrated HNO3 and 3 mL concen-
trated HCl. The samples were allowed to predigest overnight. The micro-
wave digestion process was conducted at 175°C for 30 min then cooled
to room temperature. The digested samples were filtered through No. 5
Whatman filter papers and vacuum filtered through 0.45 μm membranes.
The filtered samples were diluted to 50 mL for ICP-OES analysis.

To create ternary mixing diagrams, the background REE concentrations
were subtracted from the sample REE concentrations and normalized to
the average spiked concentration minus the background.

Ni ¼ CSi � CBið Þ
CAi � CBið Þ (3)

Pi ¼ Ni

Σ CSi�CBi=CAi�CBi

� � (4)

where Ni is the is the normalized sample concentration of the ith REE
tracer, CSi is the concentration of the ith tracer in sediment samples, CBi
is the background concentration of the ith tracer, and CAi is the initial
spiked concentration of the ith tracer applied to the soil surface.
Individual normalized sample concentrations were then divided by the
sum of all normalized concentrations, yielding the percent of each REE
component, Pi.

3. Results

The median total horizontal mass flux (Q) for the entire monitoring period
(90 days) in the control and burned areas was 27.1 and 58.6 g m�1 d�1,
respectively (Figure 2a). The mean Q was approximately 3 times higher
in the burned area than the control, 75.3 ± 55.0 and 27.1 ± 2.4 g m�1 d�1

respectively. The fitting values of a, b, and c used for equation (1) can be
found in Table S1 of the supporting information. Fluxes in the burned area
have a much higher variation compared to those of the control area
(Figure 2a). Kruskal-Wallis one-way ANOVA on Ranks results indicate that
the Q was significantly different between the control and burned areas
(p < 0.05) (Figure 2a).

The u*t estimated from the surface resistance indicate that the microsites differed significantly between the
shrub (0.40 ± 0.13 m s�1), grass (0.61 ± 0.11 m s�1), and bare soil (0.63 ± 0.11 m s�1) microsites based on one-
way ANOVA (F = 22.96, p < 0.001) (Figure 2b). The u*t values decreased significantly after the prescribed fire
for the shrub (0.20 ± 0.08 m s�1) and grass (0.41 ± 0.14 m s�1) microsites and remained unchanged
(0.62 ± 0.08 m s�1) for bare soil based on the Kruskal-Wallis Multiple-Comparison Z-Value Test at a 95% con-
fidence limit (Figure 2b).

After the windy season, the proportions of the REEs differed greatly between the sampling zones of control
and the burned areas (Figures 3 and 4). Control sampling zones exhibited a mixture of tracers from bare sites

Figure 2. (a) The derived Q from MWAC sediment samplers in the control
and burned areas show an average of 27.1 ± 2.4 and 75.3 ± 55.0 g m�1 d�1,
respectively. The control and burned flux are significantly different as shown
by the box plots and the Kruskal-Wallis one-way ANOVA on Ranks statistical
test. Significant difference is denoted by the A and B symbols. The red
point represents an outlier. (b) The u*t of bare, grass, and shrub sites was
derived using measured surface resistances. Grass and shrub u*t decreased
significantly following fire and bare sites remained constant as shown by
Kruskal-Wallis multiple comparison Z value test at a 95% confidence limit.
Significant differences are indicated by the differing symbols, C, D, and E. Red
points are outliers assuming a normal distribution.
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in the vegetated microsites (shrub and grass) (Figure 3a); both grass
and shrub microsites were enriched with Yb, the tracer initially applied
on the bare interspaces. The sediments from the MWAC samplers in the
control replicate plots contained high proportions of the bare microsite
tracer and low proportions of vegetative tracer (Yb mean = 88.5 ± 1.7%,
Eu mean = 10.7 ± 2.1%, and Ho mean = 0.8 ± 0.6%), compared to
those in the burned replicate plots (Yb mean = 39.1 ± 9.3%, Eu
mean = 18.5 ± 5.3%, and Ho mean = 42.3 ± 13.8%) (Figures 3a and 3b).
In the control sampling zones, there was no significant enrichment of
bare sites with tracers initially applied to the vegetated sites (i.e., Ho
and Eu) and no exchange of Ho and Eu tracers occurred between the
shrub and grass microsites (Table 1 and supporting information
Figure S1). The burned sampling zones showed more mixing than the
control, with interactions between all three microsite types (Figure 3b).
The sediments from the MWAC samplers in the burned replicate plots
showed that the Q was predominantly a mixture of shrub-sourced
(Ho) and bare-sourced (Yb) sediment, 42.3 ± 13.8% and 39.1 ± 9.3%,
respectively. Grass microsites were more enriched with shrub tracer
than vice versa (Figure 4).

The bare tracer (Yb) in the bare microsites of the sampling zones showed
no significant difference between the spiked (time zero) concentration,
the control sampling zone concentration (after 90 days), and the burned
sampling zone concentration (after 90 days) at the 95% confidence level
(Table 1). However, bare microsites in the burned sampling zone showed
a significant increase in the REE tracer concentrations applied under
vegetation, Eu and Ho, compared to the background (time zero) concen-
trations and the control sampling zone concentrations (after 90 days)
(Table 1). In the grass microsites a significant increase in Yb tracer,
applied to bare interspaces initially, was observed in both the control
and burned sampling zones (Table 1). For the grass tracer (Eu), no signif-
icant difference was found between the spiked (time zero), control, and
burned sampling zones (after 90 days) (Table 1). Finally, for the shrub
tracer (Ho), a significant increase was detected in burned sampling
zones compared to the control sampling zones and background concen-
tration (Table 1). Shrub microsites followed a similar pattern to the
grasses with a significant increase in bare tracer (Yb) concentrations in
both the burned and the control sampling zones (Table 1). In addition,
a significant increase in grass tracer (Eu) in the shrub sites of the burned
sampling zones was observed (Table 1), but no significant difference
existed between shrub tracer (Ho) in shrub sites (Table 1). Box plots
and statistical analysis ancillary to Table 1 can be found in the support-
ing information Figure S1.

Meteorological data were gathered for both treatment areas using on-site
meteorological towers (Figure 1). Wind direction, speed, precipitation, and
soil moisture values can be found in the supporting information
(Figures S3–S6).

4. Discussion

Field experiments in a shrub-grass transition zone using aeolian transport monitoring and REE tracers in the
Chihuahuan Desert indicate that fires greatly increased the transport and redistribution of sediment by wind.
The mean horizontal mass flux of wind-borne sediments was 3 times higher in the burned area compared to
the control area. The postfire enhancement of aeolian processes is documented by several other studies and

Figure 3. (a) A ternary plot of control area weight percent element composi-
tion normalized to the spiked REE concentrations shows mixing between
three end members: bare (Yb), grass (Eu), and shrub (Ho). Orange dots dis-
play the composition of bare samples after 90 days, green dots are grass
samples (90 days), light blue dots are shrub samples (90 days), and the dark
blue triangles show the composition of sediment taken from the MWAC
samplers. The data points which plot along or near the bare-shrub and bare-
grass axes and the dark blue triangles which plot in the bare corner indicate
that the main sediment source in the control area is from bare patches, and
there is limited sediment mixing between the shrub and grass sites. (b) A
ternary plot of the burned area weight percent element composition shows
that green and light blue data points plot farther away from the bare-shrub
and bare-grass axes, and the dark blue triangles plot predominantly along
the bare-shrub axis indicating that themain sediment source is from the bare
and shrub patches and that there is mixing between all threemicrosite types.
Red dots at or near the vertices indicate that the initial spiked concentrations
of these REE are more than 100 times background values at time zero.
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is attributed to the loss of vegetation cover and changes in surface soil
properties (e.g., soil water repellency) in the burned area (Miller et al.,
2012; Ravi et al., 2012; Sankey et al., 2009; Whicker et al., 2002).

Themeasured threshold shear velocity u*t for each of the vegetated (shrub
and grass) microsites was significantly lower following the fire (both the
grass and the shrub microsite u*t decreased by approximately 0.20 m s�1)
(Figure 2b). The u*t for the bare microsites did not vary significantly as a
function of fire, however, and was greater than the adjacent vegetated
microsites. The soil surface of the bare microsites contained more silt
and clay and fewer sand particles, more carbonates (inorganic C), and less
organic matter (organic C) than shrub microsites, and physiochemical (e.g.,
carbonate-rich) surface crusts could be observed (Figure S2–S7; see also
Ravi et al., 2009; Sankey, Ravi, et al., 2012). The shrub and grass microsites
also occupy raised microtopographic mound positions, which are erodible
roughness elements on the ground surface that are subject to greater
erosive force from the wind compared to the relatively flat and smooth
bare microsites (Ravi et al., 2009; Sankey, Ravi, et al., 2012). These soil geo-

morphic differences in the microsite surfaces likely caused the u*t to be higher in the bare, compared to vege-
tated, microsites. Because the Li et al. (2010) u*t estimation method does not take into account the sheltering
effect of the vegetation canopy, the effect of unburned grasses and shrubs on the atmospheric boundary
layer—in which vegetation cover acts as a nonerodible roughness element that shelters the soil surface by
lowering the surface wind velocity (Ravi et al., 2011; Stockton & Gillette, 1990)—does not contribute to differ-
ences in the observed u*t between microsites or between burned and control treatments.

In addition to reducing the protective cover of vegetation, fires can also greatly reduce the threshold shear
velocity by decreasing the interparticle bonding forces due to moisture in soils (Li et al., 2007; Ravi et al.,
2006). Soil moisture contributes to interparticle cohesive forces either through an adsorption layer or a “liquid
bridge” spanning particles (Chepil, 1956; Ravi et al., 2006; Shao, 2008). Fire volatilizes organic compounds in
vegetation and surface litter causing, through a strong temperature gradient, the volatilized gasses to be
pulled down into the soil column where they condense on the surface of soil particles making them hydro-
phobic or water repellent (DeBano, 2000). Thus, fires can have a drastic effect on the water content of the soil
underneath the differing microsite types, potentially affecting the interparticle moisture bonding forces
(adsorption and liquid bridge bonding) which determine u*t. Throughout much of the experiment the
burned shrub volumetric water content (VWC) was approximately zero (Figure S6). Experimental studies have
shown that water repellent compounds induced by burning vegetation can enhance soil erodibility in dry
soils by the effect on soil-water contact angle and on the strength on interparticle wet bonding forces
(Ravi et al., 2007). However, fire-induced water repellency in these systems is generally short lived and disap-
pears after the rainy season (Ravi et al., 2009).

The removal of vegetation as a nonerodible roughness element and an associated decrease in VWC following
the fire allows for an increase in the surface wind shear as well as a decrease in interparticle cohesive forces

which results in greater erosion from shrub and grass sites. Shrub sites also
have a lower u*t than that of grass sites. Thus, when vegetation is removed
by fire, sediment is more readily entrained and transported from the shrub
sites than it is from the grasses. This is supported by the REE concentra-
tions found in the burned area sediment collectors (Figure 3b).

The observed soil resource homogenization resulting from increased sedi-
ment transport from previously vegetated, burned microsites have been
shown to lead to soil-geomorphic changes in which the spatial patterns
of soil properties and microtopography become more evenly distributed
(less heterogeneous) across the landscape (Ravi et al., 2009; Sankey et al.,
2010; Sankey, Germino, Sankey, & Hoover, 2012; Sankey, Ravi, et al., 2012).
The reduction in nonerodible (vegetation) and erodible (microtopography)
roughness elements due to burning and postfire erosion alters wind flow
and changes geomorphic conditions by more evenly distributing the

Figure 4. Box plots comparing vegetative tracer (Ho and Eu) concentrations
in all three burned zone microsites. Based on the Kruskal-Wallis test, Ho
concentrations in the grass site (A) are significantly greater than in the other
sites (B). Red points are outliers assuming a normal distribution.

Table 1
Mean REE Concentrations FoundWithin the Differing Microsites Before (spiked)
and After the Windy Season in the Control and Burned Treatment Areas

Microsite Spiked Control Burned

Bare Yb (ppm) 248.14 206.13 182.42
Bare Eu (ppm) 0.76 0.99 1.12a

Bare Ho (ppm) 0.54 0.92 1.93a

Grass Yb (ppm) 1.96a 8.50 15.09
Grass Eu (ppm) 95.45 28.49 62.18
Grass Ho (ppm) 0.25 0.211 2.80a

Shrub Yb (ppm) 1.24a 2.66 5.15
Shrub Eu (ppm) 0.32 0.41 0.75a

Shrub Ho (ppm) 164.82 89.22 70.85

aA significantly different concentration (P > 0.05).
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erosive force of wind spatially across the landscape. Such changes in wind flow coupled with postfire changes
in the spatial patterns of soil properties mean that the spatially heterogeneous increase in postfire aeolian
sediment transport at microsite scales results in the potential loss of microsite and microtopographic varia-
bility. This loss of fine-scale landscape heterogeneity renders the soil erodibility and erosivity less spatially
variable. The Q is the major flux responsible for local postfire aeolian sediment transport, and typically more
than 95% of the flux occurs below the measured 1 m height (Li et al., 2007). As the Q and the amount of salt-
ating particles increases so does the vertical dust flux (Fe) (Gillette et al., 1997; Marticorena & Bergametti,
1995). While Fe was not measured in this experiment, a significant increase in the Fe is generally expected
to occur postfire (Van Pelt et al., 2017; Wagenbrenner et al., 2013). A loss of vegetation cover and an increase
in aeolian activity do no immediately equate to land degradation; however, if this accelerated sediment trans-
port is sustained by slow vegetation recovery and/or persistent droughts, the landscape may be stripped of
nutrients leading to land degradation and an expansion of desert margins (Darkoh, 1998; D’Odorico et al.,
2013; Hasselquist et al., 2011; Sankey, Germino, Benner, et al., 2012). Consequences of postfire-accelerated
aeolian sediment transport include the following: loss of nutrient-rich fine sediments, damage to postfire
vegetation via abrasion (including postfire recovering vegetation and colonizers and/or species planted for
restoration), air pollution (tropospheric aerosols), precipitation suppression, and shifts in biogeochemical
cycles (Field et al., 2010; Hasselquist et al., 2011; Miller et al., 2012; Ravi et al., 2011; Sankey et al., 2009;
Sankey, Germino, Benner, et al., 2012).

The REE tracer analysis of wind-borne sediments showed that Q from the control area was predominantly
derived from the bare microsites (88.5 ± 1.7%) (Figure 3). The wind eroded sediments and nutrients are par-
tially redeposited onto vegetated patches by canopy trapping or lost due to long-range transport. This prefer-
ential deposition and loss of fine soil and associated nutrients is thought to be a major factor responsible for
the formation of shrub islands and deflated bare interspaces leading to land degradation and the expansion
of desert margins (D’Odorico et al., 2013; Li et al., 2008; Schlesinger et al., 1990). Thus, the bare soil interspaces
in shrub encroached landscapes that are not recently burned act as sediment sources while the vegetated
microsites (shrub and grass) act as sinks for the sediments from bare soil sites. Because none of the data points
are observed along or near the shrub-grass axis in Figure 3a, the results show limited mixing of sediments
between grass and shrub microsites. Furthermore, no significant difference was observed between shrub
and grass tracers (Ho and Eu) in bare sites, indicating little or no transport from vegetated microsites under
stable (e.g., not recently burned, trampled, or grazed) conditions (Table 1). The burned sampling zones
showed greater mixing of sediments occurring between all three microsite types compared to the control
sampling zones (Figure 3b). Significant enrichment of each microsite with its two other end members indi-
cates homogenization (i.e., deflation of raised islands of fertility and redistribution onto previously deflated
bare interspaces) of sediment following the fire (Table 1). The REE tracer analysis of wind-borne sediments
from the burned replicate plots indicates that theQ is primarily composed of particles from the bare and shrub
microsites (Figure 3b). These shrub microsites were found to be the most active sediment sources following
the fire, which corroborates experiments based on different methods in other burned desert shrublands
(Sankey, Germino, & Glenn, 2012). Greater enrichment of shrub tracers in grass microsites than vice versa indi-
cates that the grass microsites became a significant sediment sink following the fire (Figure 4). The grasses are
generally fire adapted and typically retain their pedestals with dense fibrous roots which can stabilize the soil
particles in grass microsites (Stout, 2012; Van Pelt et al., 2017). Moreover, the postfire recovery of grasses is
much faster than shrubs, thereby providing the grasses a competitive advantage in trapping aeolian sedi-
ments after fire (Parmenter, 2008; Ravi et al., 2009). This causes sediment from the raised nutrient-rich shrub
microsites to be preferentially transported and redistributed to grass and baremicrosites, therefore creating a
more even, homogenous surface. Resource homogenization is shown to enhance grass regrowth, thus
decreasing aeolian transport and associated degradation (Ravi et al., 2009). Thus, the fire-erosion feedbacks
can provide a potential negative feedback to shrub encroachment. This study demonstrates that REEs can
be used as reliable tracers to identify postfire sinks and sources of sediments and to quantify major compo-
nents of theQ at the field scale. However, long-term field studies are needed tomeasure the different resource
input and output components to accurately predict postfire sediment redistribution and loss.

Studies in sandy soils have shown that REEs can be preferentially adsorbed to a certain fine fraction of the soil
(e.g., Wang et al., 2017; Zhang et al., 2001). Wind preferentially entrains some size fraction of sediment from
the soil, which could lead to an overestimation or underestimation of transport (Li et al., 2009). However, in
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this study our objective was to compare the relative aeolian sediment transport and spatial redistribution of
aeolian sediments in burned and unburned sites. Furthermore, we acknowledge that some disturbances to
the surface soil may have inadvertently occurred in both the burned and control plots during the tracer appli-
cation. Nevertheless, our study represents a useful approach to test the applicability of multiple REE tracers to
quantify wind transport and associated soil redistribution at field scale.

Our results support the postfire resource redistribution and landscape homogenization hypothesized and
tested by several studies (Ravi et al., 2009; Sankey et al., 2010; Sankey, Germino, Sankey, & Hoover, 2012;
White et al., 2006). In particular, our study clearly demonstrated postfire homogenization and more impor-
tantly identified sediment sources and sinks. Thus, fires in the early stages of the shrub-grass transition can
provide an important feedback mechanism to combat this process. However, as observed in our study, fires
can greatly accelerate the sediment transport by wind and possibly subsequent dust emissions (Figure 2).
Hence, the timing of fire and postfire climatic conditions are important factors controlling the balance
between sediment loss and redistribution. For example, if fires are followed by persistent droughts or
extreme winds, the ecosystem might experience a net loss of resources rather than redistribution, resulting
in a completely deflated surface devoid of vegetation (Sankey, Germino, Sankey, & Hoover, 2012). Such
changes can fundamentally alter the geomorphology by making soil erodibility and erosivity less spatially
variable andmakingmore of the total landscape area both a potential source and sink for sediment transport.
Moreover, in some systems, the homogenization can have undesirable environmental consequences. For
instance, in the cold desert sagebrush steppe of the Great Basin, USA, desirable shrubs may not recover post-
fire due to the positive feedbacks between fire, erosion, invasive annual grasses, and landscape homogeniza-
tion (Sankey, Germino, Sankey, & Hoover, 2012).

5. Conclusion

Using a unique multiple tracer-based approach, our findings directly address key questions regarding how
interactions among fire, wind, vegetation, and soil processes in a shrub-grass transition ecosystem affect aeo-
lian transport. We tested the field applicability of a potentially valuable tracer technique, REE tracers for aeo-
lian transport studies, which could be used to monitor landscape responses to disturbances, components of
aeolian fluxes, as well as sediment sources and sinks. In our study, while fires are seen to dramatically increase
sediment transport and nutrient loss, they can also, through a shift in u*t under varying microsite types,
induce micotopographic changes associated with differing vegetation types. Aeolian sediment sources
and sinks are altered following fires, allowing for homogenization of surface sediment which may be trapped
by the vegetation. These processes are thought to enhance grass regrowth by providing a negative feedback
mechanism to woody plant encroachment and reversing associated heterogeneous surface. As climate
change progresses, a potential increase in aridity in drylands may increase the frequency and intensity of
fires, along with acceleration of soil erosion processes and a prolonged postfire window of soil erosion distur-
bances. Considering the extent of degrading dryland ecosystems currently experiencing both hydrologic-
and aeolian-accelerated sediment transport (87% of the world’s degrading drylands) understanding the
interactions among vegetation dynamics, disturbance and soil erosion are critical. Our study presents a first
step toward developing a valuable tool to monitor the ecogeomorphic response of these landscapes to chan-
ging climate, disturbance, and management scenarios.
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