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ABSTRACT: Aeolian processes – the erosion, transport, and deposition of sediment by wind – play important geomorphological
and ecological roles in drylands. These processes are known to impact the spatial patterns of soil, nutrients, plant-available water,
and vegetation in many dryland ecosystems. Tracers, such as rare earth elements and stable isotopes have been successfully used
to quantify the transport and redistribution of sediment by aeolian processes in these ecosystems. However, many of the existing
tracer techniques are labor-intensive and cost-prohibitive, and hence simpler alternative approaches are needed to track aeolian re-
distribution of sediments. To address this methodological gap, we test the applicability of a novel metal tracer-based methodology for
estimating post-fire aeolian sediment redistribution, using spatio-temporal measurements of low-field magnetic susceptibility (MS).
We applied magnetic metal tracers on soil microsites beneath shrub vegetation in recently burned and in control treatments in a het-
erogeneous landscape in the Chihuahuan desert (New Mexico, USA). Our results indicate a spatially homogeneous distribution of
the magnetic tracers on the landscape after post-burn wind erosion events. MS decreased after wind erosion events on the burned
shrub microsites, indicating that these areas functioned as sediment sources following the wildfire, whereas they are known to be
sediment sinks in the undisturbed (e.g. not recently burned) ecosystem. This experiment represents the first step toward the develop-
ment of a cost-effective and non-destructive tracer-based approach to estimate the transport and redistribution of sediment by aeolian
processes. © 2018 John Wiley & Sons, Ltd.
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Introduction

Aeolian processes, including erosion, transport, and deposition
of sediment by wind, are important drivers in earth systems
and important feedbacks are known to exist between aeolian
processes and vegetation dynamics (Field et al., 2010; Ravi
et al., 2011). Even though aeolian processes are natural geomor-
phic processes in the landscape, climatic shifts and anthropo-
genic activities can accelerate wind erosion, with profound
ramifications for soil and vegetation degradation (Kok et al.,
2012; Sharratt et al., 2015; Van Pelt et al., 2017; Webb and
Pierre, 2018). Erosion occurs when thewind shear at the soil sur-
face exceeds the shear strength of the soil aggregates (Bagnold,
1941). Non-erodible roughness elements such as vegetation
can decrease erosion by absorbing a fraction of the wind mo-
mentum (Gillette and Stockton, 1989; Okin and Gillette,
2001). Wind erosion is especially prevalent in many arid and

semi-arid regions of the world, which are characterized by
patchy vegetation cover. Hence the type and distribution of veg-
etation cover in arid and semi-arid regions exert an important
control on the erosion and transport of sediment by wind (Okin
and Gillette, 2001; Breshears et al., 2003; Gonzales et al., 2018).

Disturbances to dryland vegetation such as wildfires can
greatly enhance the rates and patterns of soil erosion by wind
(Whicker et al., 2002; Sankey et al., 2009; Miller et al., 2012;
Ravi et al., 2012; Wagenbrenner et al., 2013). Fires alter the
sediment transport dynamics through both the removal of veg-
etation and through the development of hydrophobicity on the
soil surface due to high temperatures (Debano, 2000; Ravi
et al., 2009a). Recent studies have shown that the effect of fire
on wind erosion occurs at the scale of vegetated microsites in
the landscape (Ravi et al., 2009b; Sankey et al., 2012a,
2012b, 2012c; Dukes et al., 2018). These studies show that
the microsites that normally act as sediment sinks may
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transform into sediment sources after fire. The post-fire redistri-
bution of soil resources is an important control on how grass
and shrub vegetation recovers following such a disturbance
(Ravi et al., 2009b; Wang et al., 2018).
The aeolian transport and redistribution of sediment from

sources to sinks in burned and unburned shrub and grasslands
have been successfully quantified using tracer-based ap-
proaches (Wang et al., 2017; Dukes et al., 2018). Recently,
Dukes et al. (2018) used rare earth element (REE) tracers to
demonstrate that shrub-vegetated microsites can transform into
aeolian sediment sources following a prescribed fire in a shrub-
grass transition zone in the northern Chihuahuan desert (New
Mexico, USA). However, existing tracer techniques, such as
the use of REE oxides are expensive, and the tracer preparation,
application, and laboratory analysis (e.g. inductively coupled
plasma mass spectrometry; ICP-MS) are labor-intensive (Dukes
et al., 2018; Van Pelt et al., 2018). To this end, simpler and
cheaper alternative approaches would be useful to assess and
quantify the aeolian redistribution of sediment for ecological
experiments. A potential method to explore is tracking the spa-
tial changes in low-field magnetic susceptibility (MS) of metal
tracers – such as iron-based powders – applied on target areas
or microsites in the landscape. Magnetic susceptibility determi-
nation has been widely used in various studies as an index for
past climate (An et al., 1991), an indicator for environmental
pollution (Bityukova et al., 1999; Boyko et al., 2004), for map-
ping of roadside pollution (Hoffmann et al., 1999), for mapping
of heavy-metal contamination in soils (Hanesch and Scholger,
2002), for estimating anthropogenic and lithogenic contribu-
tions to minerals in topsoil (Magiera et al., 2006), and for as-
sessment of heavy-mineral content (Buynevich et al., 2007;
Pupienis et al., 2013).
The MS properties of applied tracers may offer potential ad-

vantages including fast, inexpensive measurements, as well as
non-destructive fingerprinting and tracking of sediment move-
ment in the landscape. However, developing an ideal metal
tracer to mimic soil movement can be challenging, as the
greater density of the metal-tracer powders compared with
the natural soil grains may impact their detachment, entrain-
ment, and transport. Hence, the fundamental assumption of
the simultaneous depletion of tracer and soil during erosion
events may not be valid. We investigated the applicability of
a novel cost-effective metal tracer-based methodology for
quantifying post-fire aeolian redistribution of iron powder
tracers initially applied to the vegetated microsites, using
spatio-temporal measurements of magnetic susceptibility.

Methods

Study site

Field experiments were conducted in a shrub–grass transition
zone at the Sevilleta National Wildlife Refuge (SNWR) in
New Mexico, USA. Predominant plants at the field site include
black grama grasses (Bouteloua eriopoda) and creosote bush
shrubs (Larrea tridentata). The dominant wind in this location
during the windy season (February to May) is from the south-
west (Dukes et al., 2018). Summer rainfall (June– September)
accounts for ~60% of the annual precipitation of ~ 250mm
(Muldavin, 2002).

Experimental setup

One 10m × 5m monitoring area established in a burned treat-
ment and in a control treatment (~100m apart) was oriented

perpendicular to the dominant wind direction. A prescribed fire
was conducted in the burned treament at the start of the annual
windy season, approximately one week prior to the start of this
experiment in February 2016 (Dukes et al., 2018). The monitor-
ing areas are characterized by similar soil texture, and topogra-
phy and were chosen to capture the natural heterogeneity of
the landscape, with distinct shrub, grass, and bare soil
microsites. Each monitoring area had six well-defined shrub
islands and had no detectable signs of animal disturbances.

Wind erosion monitoring

Horizontal mass flux (HMF) of sediments, an indicator of aeo-
lian activity, was estimated using custom-made Modified Wil-
son and Cooke (MWAC) isokinetic sediment samplers that
were placed at the downwind side of each monitoring area
(Dukes et al., 2018). Six MWAC samplers were installed in both
the burned and control monitoring areas. Each MWAC sampler
was equipped with four sediment catchers placed at various
heights (nominally 0.1, 0.25, 0.5, 0.85m) and a pivoting wind
vane to direct the catchers parallel to the wind direction. The
sediments in the MWAC samplers were collected at the end
of the windy season 90 days after the initial installation. The
HMF (gm-1 day-1) is the major contributor to aeolian sediment
redistribution and accounts for more than 95% of the sediment
flux occurring up to the 1m height measured from the soil sur-
face (Li et al., 2007). Using data from the MWAC samplers the
time-averaged HMF, q(z), was computed as follows:

q zð Þ ¼ m
tð Þ AMWACð Þ (1)

where z is the height (m) of the center of the MWAC sampler
inlet from the ground,m is the mass of sediment (g) collected by
the MWAC samplers, t is the collection interval (days), and
AMWAC is the area of the MWAC sampler inlet (2.34 × 10-4 m2).
The empirical formula developed by Shao and Raupach (1992)
was used to fit the q(z) values:

q zð Þ ¼ c0e
c1z2þc2zð Þ (2)

where c0, c1, and c2 are fitting constants. The total HMF (Q) was
obtained from the integral of q(z) from the ground to a height of
1m (Li et al., 2007; Dukes et al., 2018).

Q ¼ ∫10q zð Þdz (3)

Magnetic tracer

We used two widely used hydrogen-reduced pure solid iron
powders (Chemical Store Inc. NJ, USA), IRON100 (Mesh 100)
fine powder and IRON325 (Mesh 325) super fine powder (>
99.5% Fe), as the metal tracers. The IRON100 and IRON325
powders were mixed in the ratio 3:1 to create a tracer applica-
ble to a wide particle-size distribution. In actual application,
we then mixed 20 g of metal tracer mixture with 80 g of soil
(1:5 ratio of tracer and soil) derived from the field site. The soil
samples were collected from shrub vegetated microsites (top
2 cm) and were air-dried and passed through a 2mm sieve be-
fore mixing with the iron powder. At the beginning of the windy
season (March), ~100 g of magnetic-soil mixture was then uni-
formly distributed on the six shrub microsites in the burned and
control area in a circular pattern (diameter ~0.5m) around the
base of each shrub.
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For our study, we considered the particle density effects on
terminal velocities of soil and metal particles (Parsons et al.,
1993). For the metal and soil grains to have the same fall veloc-
ities, the diameter of the tracer particles must be smaller than
the soil particles by a factor equal to the square root of the ratio
of their submerged specific weights in the fluid (air) (Parsons
et al., 1993). Under these conditions, the redistribution of the
metal tracer can be used as a proxy for sediment movement.
We used a heuristic approach to relate the granulometric distri-
bution of the resulting magnetic tracer mixture from that of the
background sediment collected from the samplers from the
study area. Background information on the size distribution of
the soil and typical sediment particles collected from the site
was used to determine the median size of the metal tracer mix-
ture (Ravi et al., 2009b; Gonzales et al., 2018). A comparison of
the particle size distribution (PSD) of the tracer mixture
(corrected to equivalent aerodynamic diameter of soil grains)
with actual PSD of sediments collected using MWAC samplers
(0.10 cm) from the study sites indicated that our approach was
successful in creating a tracer mixture with similar median di-
ameters (Figure 1). The PSD of the dominant particle sizes emit-
ted from our field sites were the basis for converting the actual
iron powder PSD to an equivalent PSD similar to that of the
background soil (Hinds, 1999). The size distribution statistics
of the tracer mixture can be converted to corresponding

aerodynamic equivalent diameters of the sediment particles
using Stokes Law. Hence, we assumed that the depletion of iron
powder will be proportional to the depletion of normal back-
ground sediment as wind erosion occurs (Figure 1). The PSD
was determined using a Beckman Coulter LS 13 320 Particle
Size Analyzer (LS13320 with aqueous liquid module, Beckman
Coulter, Inc., CA, USA), with a dynamic measurement range of
0.017 to 2000μm.

The spatial changes in low-field magnetic susceptibility at
the field site were measured using a magnetic susceptibility
meter (Model MS2 Magnetic Susceptibility Meter with an
MS2K sensor, Bartington Instruments, Oxfordshire, UK). We
measured the bulk magnetic susceptibility (k) at 1m spatial res-
olution in the 10m × 5m plots using a 1m2 grid system. The
MS measurements were conducted immediately after the appli-
cation of the tracer at the beginning of the windy season
(March, 2016) and at the end of the windy season (June 2016,
respectively). To correlate changes in magnetic susceptibility
to depletion of soil, the relationship between the fraction of iron
tracer in the soil and magnetic susceptibility was determined in
the laboratory by using varying concentrations of iron powder
tracer (Figure 2). We found a strong linear relationship between
iron fraction in the soil and MS values in our measurement
range (Figure 2).

Statistical methods

One-way ANOVA with interaction effects was used to test sig-
nificance of the differences in the horizontal mass flux from
the burned and control sites, and between the magnetic sus-
ceptibility of soils in the shrub, grass and bare interspace
microsites. Semivariance of MS measurements was determined
at separation distances of 1–6m for the burned and control
treatments to characterize the relative spatial dependence, or
autocorrelation, of spatial patterns of magnetic susceptibility.
All statistical analyses were carried out in R (v. 3.4.4, 2018).

Results

Mean and standard deviation of the total HMF (Q) of the con-
trol and burned plots were 26.70 ± 2.90 and 47.39 ±
12.60 gm-1 d-1, respectively (Figure 3). Thus, the mean Q for
the burned plot was 1.8 times greater than that of the control
plot during the windy season. One-way ANOVA indicated that

Figure 1. Particle-size distributions (PSD) and median diameters of
the tracer, the density corrected tracer, and the aeolian sediments in
the background horizontal flux from the study site. [Colour figure can
be viewed at wileyonlinelibrary.com]

Figure 2. Variation in magnetic susceptibility (MS) with increasing concentration of iron powder tracer in soil samples. [Colour figure can be viewed
at wileyonlinelibrary.com]
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Q differed significantly between the treatments (F=15.36,
P<0.005).
The spatial variation in magnetic susceptibilities for the con-

trol and burned areas before and after the windy season are
summarized in Figure 4. The magnetic susceptibilities of the
shrub microsites decreased to a greater extent in the burned
areas after the windy season compared with those in the con-
trol areas (Figure 4).
The microsite scale measurements show significant variation

in magnetic susceptibility for burned and unburned areas after
the tracer was applied to the shrub microsites (Figure 5). Mag-
netic susceptibility varied significantly between shrub, grass
and bare microsites in the control (F=130.06, P<0.005) and

burned (F=59.58, P<0.005) treatments at the beginning of the
windy season (i.e. Day 0, Figure 5). By the end of the windy
season in the burned treatment, the magnetic susceptibility de-
creased for shrub microsites and increased on grass and bare
microsites (Figure 5). Significant differences between magnetic
susceptibility for each microsite type were observed in the
burned area (F=9.74, P<0.005), but not in the control area
(F=0.06, P=0.80) (Figure 5). Spatial analysis (Figure 6) con-
firmed that the semivariance of magnetic susceptibility was
comparatively low at all separation distances for the burned
treatment at the end of the windy season, and thus was more
spatially homogenous compared with the beginning of the
windy season and compared with the control treatment.

Discussion

In this study, we evaluated a novel affordable metal magnetic
susceptibility tracer method in the context of a post-fire wind
erosion experiment. Wind erosion, or aeolian sediment trans-
port, has been shown by previous studies in a variety of envi-
ronments to be elevated following wildfire due to fire-induced
removal of vegetation and associated changes in near-surface
soil properties (Debano, 2000; Whicker et al., 2002; Ravi,
2009a; Sankey et al., 2009, 2012b, 2012c; Ravi et al., 2012;
Stout, 2012). Similarly, in the present experiment, we measured
significantly higher horizontal sediment mass flux in a burned
compared with a control treatment during a post-fire windy
season. Specifically in some shrub–grass ecosystems, aeolian
transport following a disturbance occurs along well-defined
source to sink pathways that redistribute sediment from burned
shrub to grass and bare microsites (White et al., 2006; Sankey
et al., 2012a, 2012b ; Dukes et al., 2018 ; Wang et al., 2018).
This pattern of post-burn sediment redistribution has been

Figure 3. Horizontal mass flux (Q) derived from MWAC sediment
samplers in the control and burned areas. Q differed significantly be-
tween the treatments (one-way ANOVA, P<0.05). [Colour figure can
be viewed at wileyonlinelibrary.com]

Figure 4. Magnetic susceptibility k of control (a, b) and burned (c, d) areas before and 90 days after the prescribed fire respectively. [Colour figure
can be viewed at wileyonlinelibrary.com]
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suggested to distribute soil nutrients more evenly across the
landscape and to enhance grass recovery (White et al., 2006;
Sankey et al., 2012a, 2012b; Dukes et al., 2018; Wang et al.,
2018). In this experiment, we found support for this sediment
redistribution pattern in a shrub-grass ecotone using the novel
cost-effective tracer method based on magnetic susceptibility.
Results of our study suggest that the burned shrub microsites

functioned as a sediment source and the burned grass
microsites as a sediment sink during the post-fire windy season.
We detected a depletion of the metal tracer in shrub microsites
and an enrichment in grass microsites in the burned treatment
between the beginning and the end of the experiment. At the
end of the windy season, the magnetic susceptibility had de-
creased significantly on the shrub microsites in the burned
treatment but did not change appreciably on the control treat-
ment. This suggests that the tracer was winnowed from the
burned shrub microsites, whereas the presence of vegetation
elements in the control areas dampened the wind shear on
the soil surface and thereby reduced soil erosion. The shelter-
ing effect of non-erodible roughness elements such as vegeta-
tion is well known to reduce near-surface wind speed and
result in trapping of saltating and reptating particles (Hagen,
1996; Okin and Gillette, 2001; Li et al., 2007; Copeland
et al., 2009; Gonzales et al., 2018).

Sediment transported from burned shrub microsites to grass
and bare microsites following fires creates spatial patterns of
microtopography, soil particle-size distribution, and soil nutri-
ents that are more homogeneous (Sankey et al., 2012a,
2012b; Dukes et al., 2018; Wang et al., 2018). Such resource
homogenization is suggested to enhance grass regrowth, thus
decreasing aeolian transport and associated land degradation
(Ravi et al., 2009b). In our study, the bare and grass microsites
in the burned area showed an enrichment of the tracer initially
applied underneath shrubs. As grasses are generally fire-
adapted and typically retain their pedestals with dense fibrous
roots, they are more effective in trapping wind-borne sediments
(Stout, 2012; Van Pelt et al., 2017). The post-fire recovery of
grasses can be much faster compared with shrubs, thereby of-
fering grasses a competitive advantage in trapping aeolian sed-
iment (Parmenter, 2008). The magnetic tracer approach
produced results that provide clear inference to the post-burn
redistribution of sediment from shrub microsites to interspaces.
Using in situ bulk magnetic susceptibility of iron tracer as a
proxy for sediment erosion, our findings indicate that the defla-
tion rate from shrub microsites increased by a factor of 1.6 after
fire while the horizontal mass flux during this windy season in-
creased by a factor of 1.8. As recently demonstrated by Dukes
et al. (2018) in this same shrub-grass ecotone, most of the en-
hanced flux is contributed by the shrub microsites, which are
transformed into sediment sources following fires.

Potential limitations

We acknowledge that there are several potential limitations to
our tracer-based approach that require further investigation.
The tracers may not accurately mimic the movement of soil
particles due to density effects as we assume a constant density
for sediment particles. In a natural setting, the sediment flux of-
ten consists of particles with varying sizes and densities. More-
over, tracer and tracer–soil mixtures would need to be
developed, and hence tested, for specific locations to be useful.
Prior information on the particle size characteristics of the typ-
ical sediment flux and background soil from the study sites
should aid in formulating representative tracer mixtures. More-
over, future work could evaluate whether different proportions
of horizontal vs vertical aeolian sediment flux impact the con-
centration of the tracer and the methodology in general. In

Figure 5. Magnetic susceptibility of vegetation microsites in (a) control and (b) burned areas at the beginning (day 0) and end (day 90) of the windy
season. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 6. Semivariance of magnetic susceptibility measured on con-
trol and burned treatments at the beginning and end of the windy sea-
son. [Colour figure can be viewed at wileyonlinelibrary.com]
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areas with significant moisture inputs from precipitation, the
chemical properties, such as oxidation potential, of iron tracers
and hence the magnetic susceptibility may be altered in the soil
over time (Shankar et al., 1996). Other non-corrosive powders
such as steel, might offer better stability of applied tracers in
the landscape, and could be tested. Nevertheless, our study
represents the first step toward the development of a metal
magnetic susceptibility tracer for applied aeolian sediment
transport research.

Conclusions

We evaluated a cost-effective tracer technique to monitor post-
fire soil redistribution from vegetated microsites, using iron
powder and spatio-temporal measurements of magnetic sus-
ceptibility. Preliminary tests showed that the method was able
to elucidate microsite-scale post-fire changes in sediment
sources and sinks in the landscape and resource homogeniza-
tion in the shrub–grass ecotone that have been previously doc-
umented by independent means. Therefore, the tracer method
emerges from the experiment as a potentially reliable proxy of
aeolian sediment transport that should be further investigated
for in situ field measurements and analytical comparisons. Fu-
ture studies could evaluate a suite of alternative metal tracers
and attempt to understand the stability of the applied tracer in
different soil types and precipitation regimes. The metal tracers
may provide a valuable tool for monitoring the ecogeomorphic
response of landscapes to changing climate, disturbance, and
management scenarios.
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