
1. Introduction

Aeolian processes—the erosion, transportation, and deposition of sediment by the wind—affect landscape evolu-

tion, soil fertility, climate, and air quality (Field et al., 2010; Kok et al., 2018; Ravi et al., 2011). Aeolian sedi-

ment transport can be substantial and sometimes even the dominant geomorphic process in drylands (Breshears 

et al., 2003; Field et al., 2009), which comprise almost 40% of the Earth's terrestrial surface (Millennium Ecosys-

tem Assessment, 2005). In grasslands and rangelands, which account for 65% of drylands, aeolian processes are 

known to interact with vegetation change and disturbances at multiple spatial and temporal scales (Li et al., 2008; 

Okin et al., 2006; Ravi et al., 2012; Sankey, Germino, Benner, et al., 2012; Sankey, Germino, & Glenn, 2012; 

Sankey, Germino, Sankey, & Hoover, 2012). Grassland degradation is often attributed to the encroachment of 

woody plants and associated transformative changes to the geomorphology, soils, and ecology of the grass-

lands (Archer, 1989; Grover & Musick, 1990; Schlesinger et al., 1990; van Auken, 2000). This phenomenon, 

also referred to as shrub encroachment, has been documented worldwide and many studies have investigated 
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the geomorphological, ecological, hydrological, and socio-economic impacts of this transformative landscape 

change (e.g., D’Odorico et al., 2013; Huxman et al., 2005; Turnbull et al., 2012; Wilcox, 2010).

Shrub encroachment can result from complex interactions among several factors, including but not limited to, an 

increase in CO2 concentration, warming, overgrazing, fire suppression, and microclimate modification by vege-

tation (Archer et al., 1995; Li et al., 2022; Schlesinger et al., 1990). The abrupt transitions are often sustained by 

positive feedbacks between the state of the system (shrub or grass) and environmental conditions or disturbances, 

which can alter geomorphology and soil processes from patch to landscape scales (Okin & Gillette, 2001; Ravi 

et al., 2009). As vegetation is a dominant control on wind erosion from soil surfaces, changes in vegetation either 

through changes in compositions or disturbance regimes can alter the rates and patterns of aeolian transport 

(Gillette & Pitchford, 2004; Li et al., 2007; Munson et al., 2011; Wolfe & Nickling, 1993). Shrub encroachment 

into areas historically dominated by grasses often results in an increase in bare soil areas (Okin & Gillette, 2001) 

and decrease in the vegetation connectivity that propagate wildfires. An increase in the length of bare connected 

pathway results in the acceleration of aeolian sediment transport in the landscape (Okin et al., 2009). Aeolian 

processes enhance and maintain the local spatial heterogeneities in nutrient and vegetation distribution through 

removal of nutrient-rich sediments from interspaces and the subsequent redeposition onto shrub-vegetated areas 

(Okin & Gillette, 2001). Via canopy-trapping of eroded sediment, shrub vegetation biogeochemically and hydro-

logically enhances these shrub microsites (“islands of fertility”) compared to grass and bare microsites (Charley 

& West, 1975; Gonzales et al., 2018; Sankey, Germino, Sankey, & Hoover, 2012; Schlesinger et al., 1990). Over-

all, this transition from a grassland to shrubland results in an increase in bare soil, which can then be easily 

eroded, accelerating the land degradation process often associated with shrub encroachment (Li et  al.,  2022; 

Schlesinger et al., 1990).

Recent studies in shrub-grass ecotones have indicated that at the early stage of encroachment, reintroduction of 

fires may potentially alter the feedbacks that reinforce shrub encroachment, with implications for the reversibil-

ity of shrub encroachment (Ravi et al., 2009; Wang et al., 2019). In particular, wind tunnel and plot-scale field 

experiments in the shrub-grass ecotone in the Northern Chihuahuan Desert have shown that aeolian sediment 

transport that occurs subsequent to prescribed fires can redistribute soil nutrient resources from shrub microsites, 

decrease vegetation and microsite heterogeneity, and decrease soil microtopography (Ravi et al., 2009; Sankey 

et al., 2021; Wang et al., 2019). Accelerated post-fire soil erosion from vegetated microsites was attributed to 

the vegetation removal and changes in soil water retention in burned soil (Doerr, et al., 2000; Ravi, D’Odorico, 

Zobeck, et al., 2007; Ravi et al., 2006). Overall, a homogenous redistribution of soil resources following fires may 

result in increased grass growth, potentially reversing land degradation induced by shrub encroachment (Ravi 

et al., 2009; Sankey, Ravi, et al., 2012; Wang et al., 2019).

Even though some studies have demonstrated the potential of fires to accelerate aeolian sediment transport and 

to redistribute sediment in the soil surface (Ravi et al., 2009; Wang et al., 2019), the long-term (annual-decadal) 

dynamics of post-fire aeolian sediment transport and the extent of spatial homogenization of soil surfaces across 

the landscape is not clear. Hence, quantifying the post-disturbance sediment–nutrient redistribution pathways 

is critical for understanding land degradation and soil biogeochemical cycling, and for analyzing the effects of 

climate change, disturbances and management scenarios on drylands. Reliable tracer-based techniques to accu-

rately determine the rate of aeolian sediment transport and redistribution of aeolian sediment in the soil or to 

reconstruct the aeolian sediment source-to-sink routes over long time scales are lacking (Wang et  al.,  2017). 

Recently, Dukes et al. (2018) demonstrated the applicability of using rare earth element (REE) tracers to quantify 

aeolian sediment transport in desert grasslands over short time scales of one season. REEs are ideal tracers for 

studying aeolian sediment transport and redistribution of aeolian sediment in the soil surface because they have 

low mobility in predominantly alkaline soils, low toxicity, low background concentration, and bond strongly with 

soil particles (Deasy & Quinton, 2010; Polyakov & Nearing, 2004; Zhang et al., 2001). However, the applicabil-

ity of multiple REE tracers for understanding the long-term source-sink dynamics of aeolian sediments has not 

been assessed before. Here, using multiple REE tracers, we investigated relationships between aeolian sediment 

transport and the spatial distribution of aeolian sediments in the soil surface at the individual plant microsite scale 

in a shrub-encroached desert grassland for 7 years following a prescribed fire. Our research question is whether 

aeolian sediment transport following prescribed fire implemented during the early stages of shrub encroachment 

can favor the local-scale redistribution of soil nutrients from the islands of fertility beneath the burned shrubs 

to the adjacent bare interspaces, thereby providing negative feedback to the woody plant encroachment into 

grasslands.
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2. Study Area and Methods

2.1. Study Area

The shrub-grass transition ecotone at the Sevilleta National Wildlife Refuge (SNWR) in the Northern Chihua-

huan Desert (New Mexico, USA, 34.33062°N, 106.72078°W) provides a suitable site to investigate aeolian 

processes and the above-mentioned feedback and to evaluate the implications of management scenarios for the 

state of the system. The study site was established in a shrub-grass transition zone consisting of black grama 

grass (Bouteloua eriopoda), creosote shrub (Larrea tridentata), and bare interspaces. The primary windy season 

is from February to May, with the dominant wind direction from the southwest. The site receives most of its 

precipitation from June to October during the North American Monsoon season (Higgins et al., 1997). The soil 

is characterized as a sandy loam (Dukes et al., 2018). More information on soil texture is provided in Supporting 

Information S1 (Table S1).

2.2. Experimental Layout

Two treatment areas (100 × 100 m each; 250 m apart) were established in March 2016: burned and control. Each 

treatment consisted of three 30 × 10 m replicate monitoring areas, oriented perpendicular to the dominant wind 

direction and 25 m apart. In the middle of each replicated monitoring area, a 5 × 5 m plot was designated for soil 

sampling, enough to capture the heterogeneity of the landscape, including all three microsites: bare, grass, and 

shrub (Figures S1 and S2 in Supporting Information S1). A prescribed burn was conducted to create the burned 

treatment (2016) prior to the windy season. Controlled burns are routinely performed at the SNWR as part of 

fire management to decrease the fuel load and eliminate invasive species and shrubs. The prescribed burn was 

confined inside the designated burned treatment area. Fire was ignited using propane torches (to minimize fuel 

residues) and allowed to spread naturally in the direction of prevailing winds. To ensure continuous fire propa-

gation and uniform fire coverage, some shrubs had to be reignited using propane torches. A previous study (Ravi 

et al., 2009) from this grass-shrub transition zone showed that the average fire temperatures were typically higher 

beneath the shrub (∼260°C) compared to grass patches (∼120°C), and barely impacted soil deeper than 5 cm 

regardless of the aboveground vegetation.

Soil samples for laboratory analysis of chemical composition were taken before (March) and after (June) the 

windy season in 2016, 2017, and 2018. A 4-m-high meteorological tower was installed in each treatment. The 

towers were solar powered and equipped with a data logger (CR1000, Campbell Scientific, Logan, UT) and 

sensors to measure wind speed (Anemometer 03101-L, Campbell Scientific, Logan, UT), wind direction (Wind 

Sentry Set 03002-L, Campbell Scientific, Logan, UT), relative humidity, air temperature (Temperature/RH Probe 

CS215-L, Campbell Scientific, Logan, UT), and soil moisture (12 cm Soil Water Content Reflectometer, CS655, 

Campbell Scientific, Logan, UT). Wind speeds were measured at four heights: 0.5, 1.0, 2.0, and 4.0  m. All 

variables were recorded every second and averaged over 1-min intervals. Both control and burned treatments 

experienced similar wind speeds during the experimental period (Figure 1).

2.3. Aeolian Sediment Transport Monitoring

Downwind of each 5 × 5 m soil sampling plot in the replicated burned and control monitoring areas, the wind-

blown sediment was collected using two custom-made Modified Wilson and Cooke (MWAC) sediment collectors. 

Each MWAC sampler array consisted of four aluminum bottles (for sediment collection) mounted at incremental 

heights (0.10, 0.25, 0.50, 0.85 m) (Dukes et al., 2018; Sterk & Raats, 1996). The deposited aeolian sediment was 

collected twice every year, before and after the windy season for the first 3 years of the study. A final sample 

collection was conducted in May 2022 (7th year).

The mass of aeolian sediment collected in the MWAC samplers during each windy season was used to 

calculate the total horizontal mass flux (Q) for each plot. The mass of sediment collected in each sampler 

bottle was divided by the area of the sampler inlet and the duration of sampling time (days) to obtain the 

time-averaged horizontal mass flux (q(z)). The values of q(z) were then fitted to the empirical model used by 

Shao et al. (1993):

�(�) = ��(��
2+��) (1)
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where z is the height from the ground to the center of the dust sampler inlet, and a, b, and c are fitting constants. 

The Q over the full sampling time was calculated by integrating q(z) from the ground (0 m) to a height of 1 m 

(Dukes et al., 2018; Li et al., 2007; Shao & Raupach, 1992):

� = ∫
1�

0

�(�) �� (2)

The statistical significance of the differences in Q values between control and burned flux for each sampling 

period was tested using Kruskal-Wallis one-way ANOVA test.

Wind velocities from the burned and control treatments over the course of the experimental period were used to 

derive the parameters of the wind profile, including the roughness length (zo), calculated by fitting the Prandtl–

von Karman logarithmic law to the measured wind speed profile. The shear velocity of wind was estimated using

�(�) =
�
∗

0.4
ln

(

� − �

��

)

 (3)

where u(z) is wind velocity at height z, u* is the shear velocity (or friction velocity), d is the zero-plane displace-

ment, and 0.4 is the von Karman constant. Zo is empirically determined by using the wind speeds at four heights 

(15-min events with average wind speed at 4 m height >8 m s −1).

2.4. Sediment and Soil Sampling

Randomly distributed samples (approximately 10 g, total n = 402) from the top 5 cm of the soil were collected 

from each of the burned and control plots. This included 50 randomly distributed samples collected from one 

5 × 5 m soil sampling plot from the burned and control areas. Each 5 × 5 m soil sampling plot was divided into 

1 × 1 m grids to delineate soil sample location. To determine the relative contribution of wind erosion (mostly 

occurring during windy season from February to May) and water erosion (the region receives most of its precip-

itation from June to October) in redistributing sediment, soil samples were collected before and after each windy 

season. Samples were taken from the surface of bare microsites and under the vegetation canopies at shrub and 

grass microsites. For each of the randomly distributed sampling locations, the microsite type was recorded. These 

data were recorded to enable geostatistical analysis to determine the spatial patterns of sediment distribution. A 

Figure 1. Time-series of (a) daily precipitation at both sites, (b) daily average wind speed values (at 4 m height) and (c) Rose diagram showing the distribution of wind 

directions and wind speeds (1-min average) from the control and burned areas over the 7-years experimental period. Each concentric circle represents the number of 

events and the length of each spoke around the circle indicates the amount of time that the wind blows from a particular direction with that speed range (colors).
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varying spatial pattern was used for each sampling interval to randomize the sampling strategy. In the year I, 26 

samples were collected from each plot in each of the monitoring areas in the burned and control treatments. In 

addition, 50 additional samples were collected from one randomly selected plot in each treatment to investigate 

the fine scale spatial redistribution of tracers. In the year III, 15 samples were collected from each plot, and 50 

additional samples were collected from the same plot in the burned and control treatment as in Year I. More 

information on the number of soil samples used for the REE analysis from each treatment and microsite type is 

provided in Supporting Information S1 (Tables S3–S5).

2.5. Rare Earth Element Tracer Analysis

After establishing the field site before the prescribed fire, three different REE were used at each microsite: 

holmium (Ho), ytterbium (Yb), and europium (Eu) on shrub, bare, and grass microsites, respectively. Target 

solutions of the REE oxides were prepared by dissolving in diluted nitric acid. By dissolving in nitric acid, the 

polyvalent REE cations could coat the particles and enter the exchange complex, which limits the leaching or 

winnowing from the soil matrix. The solution of REE oxides was sprayed onto the respective microsite and 

soil samples were collected periodically to determine the movement of sediment onsite. The soil and sediment 

samples were collected before and after each windy season occurring between March and June in Year I and III. 

The detailed methodology for REE tracer application is described elsewhere (Dukes et al., 2018). To determine 

the REE concentration of the soil and aeolian sediment samples, they were analyzed using EPA Method 3051A 

(2007). In this process, 2 g of sample was leached with concentrated HNO3-HCl solution (9 mL of trace-metal-

grade concentrated nitric acid and 3 mL of concentrated hydrochloric acid), predigested overnight to limit the 

pressure build-up, and then digested. In the microwave digestion (Microwave Digestion System, CEM MARS 

6, Matthews, NC, USA) process, the samples were digested at 175°C for 30 min and the leachate was cooled 

to room temperature. The leachate was then filtered through No. 5 Whitman filter paper and vacuum filtered 

through 0.45 μm membrane. These filtered samples were then diluted to 50 mL to be analyzed on the Inductively 

Coupled Plasma Optical Emissions Spectrometry (ICP-OES) (iCAP TM 7200 spectrometer, Thermo Scientific, 

USA). To determine the contribution of aeolian sediment from each microsite, background REE concentrations 

were subtracted from sample REE concentrations, then normalized to the average spiked concentration minus 

the background (Table S2 in Supporting Information S1) Individual normalized sample concentrations were then 

divided by the sum of all normalized concentrations, yielding the percentage of each REE component.

A two-way ANOVA with no interaction term was used for the burned treatment and the control treatment to 

test for differences in REE concentrations of the aeolian sediment between years and tracers applied to the three 

microsite types. REE concentrations were log-transformed to approximate a more normal distribution. The robust 

linear model (rlm) analysis using the MASS package in R was performed on log-transformed REE concentrations 

of the soil samples to test for differences as a function of treatment, microsite, year, or interactions. Post-hoc tests 

to the rlm results were performed using the emmeans R package. Prior to log transformations of REE concentra-

tions in aeolian sediment and soil samples, 0.001 ppm was added whenever the concentration was zero. This is 

justified as the detection limit of the ICP OES used for this analysis was 0.005 ppm.

2.6. Geostatistical Analysis

After determining the REE concentrations of the samples, the spatial distribution of REE tracers was quantified 

using geostatistical analysis. The spatial autocorrelation of the measured REE concentrations at different sample 

locations was represented by omnidirectional semivariograms, which depict the spatial dependence of samples 

as a function of separation distance (Sankey, Ravi, et al., 2012; Schlesinger et al., 1995; Wang et al., 2019). For 

these semivariograms, the spherical model was used to fit data (Li et al., 2008; Schlesinger et al., 1995) based on 

the following equations:

�(ℎ) = �0 +
1

2
�

[

3ℎ

�0

−
ℎ3

�3

0

]

whenℎ < �0 (4)

�(ℎ) = �0 + � whenℎ > �0 (5)

where h is the lag interval, A0 is range, C0 is nugget variant, and C is structural variant. In semivariograms, the 

nugget represents the y-intercept of the plot, representing short-range error. The range is the variance of values 
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over the plot before reaching the sill (C0 + C). This magnitude of spatial dependence (C/C0 + C) is interpreted as 

correlated with the strength of autocorrelation among the data, where an increase in the ratio indicates stronger 

spatial autocorrelation (Li et al., 2008). Kriged maps were produced using the same parameters that were applied 

to the semivariograms.

3. Results

The burned plots had significantly greater Q values compared to the control plots in the first 2 years following the 

prescribed fire (Figure 2). However, the differences were not significantly different after 3 years. After the third 

windy season (June 2018), the Q values decreased in both the burned and control plots (Figure 2). Kruskal-Wallis 

one-way ANOVA on Ranks results indicate that the median Q values in June 2018 are not significantly different 

(p > 0.1) between the two plots, whereas in the other two collection periods (June 2016 and 2017) median Q 

values are significantly different between the control and burned plots (p < 0.005 and p < 0.05, respectively).

To observe the changes in surface roughness, the wind velocity values at the control and burned plots were used 

to estimate z0, which relates to the height of surface roughness elements such as vegetation or microtopography. 

z0 was significantly lower on the burned treatment compared to control during the first year (and windy season) 

after the fire. However, zo increased after Year I in the burned treatment and did not differ significantly between 

treatments in all later years (Figure 3).

Aeolian sediments in the control plot in Year I contained greater proportions of bare microsite REE tracer (Yb) 

than the other two tracers, indicating that bare microsites are the dominant contributors of aeolian sediment in 

the control plot (Figure 4c). Among the three microsites, the shrub microsites (Ho) contributed the least (<2%) to 

aeolian sediments in the unburned areas. This pattern was consistent after 3 years (Figure 4c). During this 3-years 

period, the contribution of grass microsites to the aeolian sediments from the control areas ranged from 7% to 

18%, indicating greater erosion compared to shrub microsites (Figure 4c). However, after the prescribed fire, the 

shrub microsites (38% ± 8%) along with the bare microsites (44% ± 9%) were a major contributor of aeolian 

sediments, a trend that remained consistent even after 3 years following fire (Figure 4c). Results of the two-way 

ANOVA conducted for the control treatment data in Figure 4a indicated that controlling for the three tracer and 

microsite types, concentrations did not differ significantly (p > 0.05) between Year I and III. Conversely, results 

of the two-way ANOVA conducted for the burned treatment data in Figure 4b indicated that controlling for the 

three tracer and microsite types, concentrations did differ significantly (p < 0.05) between Year I and III.

The REE tracer analysis of soil samples showed sediment mixing between the bare and grass microsites in the 

control plots, with both grass and shrub microsites being enriched with the bare tracer (Yb); the shrub tracer 

Figure 2. Total horizontal mass flux (Q) after each windy season post-fire from monitoring areas in the control (n = 6) 

and burned (n = 6) treatments. Different letters indicate significant differences in Q values in the year. Black dots represent 

outliers. The Q value of Year VII represents the average Q values for years IV–VII.
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(Ho) mostly remained in shrub microsites (Figure 5). This pattern was consistent even after 3 years, with the 

bare site tracer (Yb) still contributing the most to all microsites; the grass and shrub tracers had lower concen-

trations than the bare tracer in all three microsites (Figure 5). Following 3 years (3 windy seasons), relative 

proportions of the  three tracers at each microsite remained similar to the initial conditions of the control site. 

Bare microsites still had the highest concentration of bare tracers, followed by the grass and shrub tracers. Robust 

Linear Model and post-hoc test results showed significant differences between treatments, year, microsites, and 

interaction effects (treatment: year, year:microsite, and treatment: microsite) for all REE tracers. In Year I, Ho 

(shrub tracer) concentration was significantly greater in the bare microsites in the burned treatment compared to 

control (p < 0.005) but was not significantly different between treatments for other microsites. In Year III, Ho 

(shrub tracer) concentrations were significantly greater in both grass (p < 0.001) and bare (p < 0.05) microsites 

in the burned treatment, indicating a redistribution of sediments by wind from shrub microsites and capture by 

grass microsites. The Eu (grass tracer) and Yb (bare tracer) concentrations were not significantly different for any 

microsites between burned and control treatments in Year I. In Year III compared to Year I, the Yb concentration 

was significantly less for bare (p < 0.05) and shrub (p < 0.05) microsites, indicating possible export of sediment 

from the monitoring plots of both treatments as the bare soil was eroded by wind over time.

The soil samples from the burned plot immediately after the prescribed fire (March 2016) show patterns compa-

rable to those of the control plot. The burned bare microsites again had the most variable REE concentrations in 

the soil, consisting mostly of bare tracer, followed by grass and shrub tracers. Burned grass microsites received 

some mixing from shrub tracers immediately after the fire but remained dominated by grass and bare tracers. 

Burned shrub microsites received little sediment input from grass microsites and consisted only of shrub and bare 

tracer concentrations (Figure S3 in Supporting Information S1).

After three windy seasons, the burned site exhibited considerable mixing between microsites. Bare microsites 

had major contributions from the bare tracer, followed by relatively similar amounts of grass and shrub tracer. 

Grass microsites had bare tracer as the major tracer, followed by similar amounts of grass and shrub tracers. 

Shrub microsites had slightly higher concentrations of the shrub tracer compared to other microsites, whereas 

bare and grass tracer remained at relatively similar concentrations. Over the course of the 3-years study, there is a 

significant decrease in soil and sediment REE concentrations in both control and burned plots, in some cases by 

more than half of the initial concentrations (Figure S3 in Supporting Information S1).

To assess the spatial variations in REE tracers in burned and control plots, kriged maps of REE concentrations 

were created for a selected replicate from burned and control treatments. Isotropic semivariograms were used 

for these data because there were no directional patterns found with anisotropic variograms at 0°, 45°, 90°, 

and 135°. The concentration of the shrub tracer (Ho) did not change in the control plot over 3 years, with the 

Figure 3. The variations in the derived aerodynamic roughness length (z0) for the control and burned treatments. Different 

letters indicate significant differences in Zo values in the year.
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tracer not being redistributed over the course of the experiment (Figure 6). In the burned plot, the shrub tracer 

(Ho) remained in a few locations as burned biomass immediately after the fire, but after three windy seasons, 

a more homogenous distribution of the tracer at the soil-sampling site was observed, indicating soil redistribu-

tion. The grass tracer (Eu) in the control plot was not redistributed and did not shift in position after 3 years, 

retained in mostly heterogeneous patches. In the burned plot immediately after the fire, the grass tracer (EU) 

remained in the plot as burned biomass yet to be removed from the plot, but after three windy seasons and 

sediment redistribution occurred, it appeared that grasses returned to the plot in the form of patchy cover. The 

Figure 4. REE concentrations (ppm, log scale) of aeolian sediment samples in control (n = 6) and burned (n = 6) plots from 

two different collection periods: (a) Year I and (b) Year III. (c) Ternary diagrams of REE proportions from both control and 

burned plots from two sampling intervals. REE tracers: Eu, Ho, and Yb were initially applied to grasses, shrubs, and bare 

microsites, respectively.
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bare tracer (Figure S4–S6 in Supporting Information S1) was most spatially heterogeneous of all three. It was 

most susceptible to wind erosion, making it difficult to determine a trend in control or burned plots from either 

collection period.

A spherical isotropic model was used on the semivariograms, providing a good fit to the data. The range (A0—

distance of spatial autocorrelation) and the magnitude of spatial dependence [C/(C0 + C)] of the semivariograms 

for the REE tracers in each plot from the beginning of the experimental period in March 2016 until June 2018 are 

presented in Supporting Information S1 (Table S6). Following three windy seasons, the autocorrelated distance 

for the shrub tracer (Ho) and the bare tracer (Yb) increased. The bare tracer increased slightly from 0.147 to 

0.336 m, the shrub tracer increased by 1-m in the burned plot, and the grass tracer (Eu) decreased in autocorre-

lated distance by more than 1-m. In the control plot, both the shrub and grass tracers showed a decrease in auto-

correlated distance by less than 0.5 m, while the bare tracer increased by 0.3 m. Over the three windy seasons, 

spatial dependence did not vary substantially in the three REE tracers. The only large variation was in the shrub 

tracer spatial dependence in the burned plot, which dropped from 99.8% to 58.0% after three windy seasons. A 

summary of the semivariogram model parameters for REE concentrations in control and burned plots over three 

windy seasons is provided in Supporting Information S1 (Table S6).

Figure 5. Concentrations (ppm, log scale) of rare earth element tracers in soil samples from different microsites in the 

control (n = 208) and burned (n = 194) areas from two different collection periods: Year I (n = 242) and Year III (n = 160). 

REE tracers: Eu, Ho, and Yb were initially applied to grass, shrub and bare microsites, respectively.
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4. Discussion

Our results indicate that the prescribed fire at the shrub-encroached grassland in the Chihuahuan Desert greatly 

accelerated the patch-scale aeolian transport and redistribution of sediments. After the first windy season follow-

ing the fire, the total horizontal mass flux from aeolian sediment transport was three times greater in the burned 

plot compared with the control (Figure 2), indicating the enhancement of the aeolian erosion right after fire. Over 

the three windy seasons, however, there was a progressive decline in aeolian transport in the burned plot, and by 

year 3, the Q values from both plots showed no clear differences (Figure 2), which is consistent with previous 

studies (Ravi et al., 2012; Sankey et al., 2009). Fires accelerate erosion by altering two major controls on the wind 

erosion process—vegetation and soil moisture (Ravi, D’Odorico, Zobeck, et al., 2007; Ravi et al., 2006; Sankey, 

Germino, Sankey, & Hoover, 2012). Fires that remove vegetation decrease surface roughness (Figure 3), thereby 

increasing wind shear on the soil surface (Ravi et al., 2012; Sankey, Germino, & Glenn, 2012). Further, fires 

are known to induce soil water repellency (hydrophobicity) in vegetated microsites by releasing volatile organic 

compounds from vegetation and surface litter (DeBano, 2000; Doerr et al., 2000; Ravi et al., 2006). Fire-induced 

water repellency is known to increase wind erosion by decreasing the interparticle bonding forces due to moisture 

in soil (Ravi et al., 2006).

The decline in horizontal mass flux in the burned plots resulted from the observed recovery of grasses, and there-

fore surface roughness, along with the possible decline in soil water repellency after three windy seasons. Sankey 

et al. (2021) showed with UAV multispectral, and photogrammetry remote sensing conducted 6 months after the 

prescribed fire that bare soil, herbaceous (e.g., grass), and shrub cover were 78%, 15%, and 7%, respectively in 

Figure 6. Kriged map of Ho concentrations (ppm) from soil samples taken from a control (n = 50) and burned (n = 50) plot from two different collection periods. Ho 

was initially applied to shrub microsites. Symbols on maps represent different microsites from which the soil sample was taken. Note the different concentration scales 

for each map.
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the burned area. This contrasted significantly with cover in the unburned control area that was 47%, 30%, and 

23%, respectively, for bare soil, herbs, and shrubs (Sankey et al., 2021). Sankey et al. (2021) also showed with 

lidar remote sensing that some but not all individual shrubs had resprouted 1 year after the prescribed fire, and 

then grew in height and canopy cover between years one and two. Grasses and other herbs also expanded from 

almost no cover immediately after the fire (1 week) to extensive cover 2 years post-fire (Sankey et al., 2021). The 

lidar analysis additionally showed that the shrub and grass microsites eroded during the first-year post-fire fire 

due to the lack of vegetation cover but aggraded from sediment deposition beneath the canopies of regrown plants 

during the second-year post-fire (Sankey et al., 2021). Four years after a prescribed fire implemented in 2007 at 

the Sevilleta, Sankey, Ravi, et al. (2012) determined from lidar remote sensing that burned plots had statistically 

similar herbaceous biomass but >20 times less shrub biomass in comparison to unburned control plots.

REE tracer concentrations in the wind-blown sediment samples show that most sediments in the total horizontal 

mass flux from control plots were derived from the bare or grass microsites, with little contribution from shrub 

microsites (Figure 4), demonstrating the expected sediment feedback manifested using the shrub encroachment 

process in grasslands (Wang et  al.,  2019). This observation agrees with traditional theory of fertility islands 

(Charley & West, 1975; Schlesinger et al., 1990) stating that the increased entrainment of sediments from the bare 

and grass microsites combined with the sheltering and trapping of sediments by shrub canopy reinforce landscape 

heterogeneity and contribute to the development of islands of enhanced hydrological and biological productiv-

ity. The shrub islands may also accumulate more water from precipitation by higher infiltration rates compared 

to bare and grass microsites (Duniway et  al.,  2018; Gonzales et  al.,  2018; Ravi, D’Odorico, & Okin, 2007). 

Conversely, the degrading grass vegetation in the interspaces may not be able to increase threshold shear velocity 

enough to prevent soil from being eroded, as indicated by sediment mixing occurring between grass and bare 

microsites. Thus, the increased entrainment of sediments from the bare and grass microsites combined with the 

sheltering and trapping of sediments by shrub canopy enhances and maintains the islands of fertility in shrub 

encroached landscapes.

The reintroduction of fire in the shrub-grass system resulted in considerable changes in the vegetation-sediment 

feedback, as indicated by the variations in REE tracer concentrations between the control and the burned plots. 

The burned area had a large increase in sediment contribution from the shrub microsites that coincided with a 

decrease in sediment contribution from grass and bare microsites (Figure 4c). The large increase in aeolian sedi-

ment from shrub microsites can be attributed to the loss of vegetation and the hydrophobicity of the soil post-fire. 

Previous studies have demonstrated the role of fire-induced water repellency in enhancing aeolian transport in 

these desert grasslands (Ravi et al., 2009) following fires. Fire-induced soil water repellency is typically greater 

under shrub vegetation and is generally short lived in these systems, often disappearing after the rainy season 

(Ravi et al., 2009). Removing vegetation and thus reducing the microtopographic relief (elevation) and inducing 

water repellency on the burned plot soil allows for patch-scale acceleration of aeolian sediment transport and 

subsequent mixing between all the three microsites. This shift transforms shrub microsites from sediment sinks 

to sources in the burned areas, thereby allowing for potential spatial homogenization of soil resources (nutrients 

and water) in the landscape, thus reversing the nutrient feedback that reinforces the shrub state (Bird et al., 2002; 

Dukes et al., 2018; Ravi et al., 2009; Sankey et al., 2021; Wang et al., 2019).

Tracer concentration in the soil samples (Figure 5) and kriged maps of REE concentrations (Figure 6) in the 

burned plot further support evidence of increased soil spatial homogeneity following prescribed fire. Initial site 

conditions on the kriged maps show a heterogeneous landscape; specifically with the shrub microsite tracer, 

there were three isolated concentrations of holmium (shrub microsites), indicating a strong fertility island effect. 

After the fire, there was an overall decrease in holmium concentration in the sampling area, but the sediment 

redistribution after three windy seasons led to a more homogeneous distribution of this tracer throughout the site. 

Geostatistical analysis also supports the redistribution of soil nutrients via the holmium tracer on the burned site, 

with spatial autocorrelation increasing by 1 m over three windy seasons (Table S6 in Supporting Information S1). 

Specifically, europium decreases in spatial autocorrelation in both control and burned plots, meaning most of the 

tracer may have eroded out of the monitoring areas (Table S6 in Supporting Information S1).

Our results suggest that an efficient prescribed burn process in the Chihuahuan Desert has been seen to work 

over a 7-years interval, comparable to the historical fire return intervals in the Chihuahuan desert grasslands 

(Drewa et  al.,  2001; McPherson,  1995). It is important to consider confounding factors that will impact the 

effectiveness of the controlled burn. The age of the shrub may affect fire-induced mortality. Fires followed by 
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droughts or extreme wind and rainfall events may result in net sediment and nutrient loss rather than sediment 

redistribution of those resources (Hasselquist et al., 2011; Sankey, Germino, Benner et al., 2012), decreasing the 

chance of grass recovery in the system. Frequent fires can result in higher background sediment yields if grass 

recovery is impeded by moisture stress or reduced soil quality caused by accelerated erosion (Ravi et al., 2012; 

Shakesby & Doerr, 2006). Post-fire soil moisture conditions (precipitation) are crucial for the recovery of grasses 

to the system to maintain soil moisture for grass establishment (Drewa & Havstad, 2001; Parker et al., 2022). 

Further studies are needed to address some of the concerns regarding REE-based sediment tracing method for 

long-term  studies, including the effects of different REE application methods, selectivity of the REE binding 

to different soil aggregates, and the potential leaching and loss of REE tracers from the application area. Soil 

textural differences, even between microsites, can be significant in some sites and need to be addressed. For 

soil with higher clay content, the samples should be separated into sub-samples of aggregate sizes that present 

homogeneous binding of REE. However, these techniques can greatly increase the time, cost and complexity of 

the analysis (Guzman et al., 2013; Kimoto et al., 2006; Zhang et al., 2001).

5. Conclusions

Our study examined the microsite scale interactions among fire, wind, vegetation, and soil erosion processes in a 

shrub-encroached grassland using long-term field observations of aeolian sediment transport and a multi-tracer 

approach to monitor the sediment sources and sinks. In the shrub-encroached grassland, a prescribed fire signif-

icantly increased soil erosion rates from vegetated sites, leading to a redistribution of soil nutrients that favors 

grass and bare microsites over shrub microsites. Increasing homogeneity in the distribution of vegetation as 

well as an increase in surface roughness over three windy seasons indicated the reestablishment of grass cover. 

This shift in vegetation was likely an indication of the reversal of the nutrient feedback that supported shrub 

encroachment, with fire impact shifting shrubs from soil nutrient sinks to sources. Increasing population and 

changing climate will shift land use in several regions across the world, potentially increasing aridity in dryland 

systems and changing frequency and intensity of wildfires, which could then lead to the acceleration of aeolian 

soil erosion in dryland systems. However, this research highlights the role of prescribed fires in shrub encroached 

grasslands as an effective land management tool that can leverage post-fire aeolian sediment transport to poten-

tially improve the condition of desert grasslands in the future.
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Erratum

The originally published version of this article contained a typographical error. All instances of the term “rare 

Earth element” have been corrected to “rare earth element.” This may be considered the authoritative version of 

record.
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