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ABSTRACT 

Many grasslands in arid and semi-arid regions are undergoing rapid changes in 

vegetation, including encroachment of woody plants and invasive grasses, which can alter 

the rates and patterns of fire and sediment transport in these landscapes. We investigated 

the spatial distribution of sediments at the scale of vegetated  microsites for three years 

following a prescribed fire using a multiple rare earth element (REE) tracer-based approach 

in a shrub-grass transition zone in the northern Chihuahuan desert (New Mexico, USA).  To 

this end, we applied REE tracers – holmium, europium, and ytterbium on shrub, grass, and 

bare microsites, respectively in March 2016. Soil samples were collected from both burned 

and control (not burned) sites before (March) and after (June) the annual windy season, 

from 2016 through 2018. Results indicate that although the horizontal mass flux (HMF) of 

wind-borne sediment increased approximately threefold in the first windy season following 

the fire, and the HMF of both plots were not significantly different after three windy 

seasons. Comparing REE concentrations in sediments from both plots over the three years 

and three annual windy seasons, we observed a post-fire shift in source and sink dynamics 

of sediments. The tracer analysis of wind-borne sediments indicated that the source of the 

HMF in the burned site was mostly derived from shrub microsites following the fire, 

whereas the bare microsites were the major contributors for aeolian sediment in control 

areas. The shift in sources and sinks, and the spatial homogenization of REEs indicate that 

the removal of shrub vegetation resulted in sediment redistribution to the bare microsites 

even three years after the prescribed fire. The findings of this study will improve our 

understanding of post-fire geomorphic processes at a microsite scale in a grassland 

ecosystem undergoing land degradation induced by shrub encroachment. 
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CHAPTER 1  

INTRODUCTION 

1.1 Land degradation in drylands 

Dryland systems cover roughly 40% of the Earth’s land surface and contain more 

than two billion of its inhabitants (MEA, 2005). In these systems land and water resources 

can be strained by an increase in population and the associated demand for food and energy 

services (Schlesinger et al., 1990; MEA, 2005; D’Odorico and Ravi, 2014). As most 

dryland systems are concentrated in developing countries, stressing these fragile 

ecosystems threatens the world’s food security and environmental quality (UNCCD, 1994). 

Overexploitation of natural resources that provide vital ecosystem services, such as carbon 

sequestration and primary production, can lead to deterioration of the landscape, often 

referred to as land degradation or desertification (Darkoh, 1998; MEA, 2005). A decline in 

crop and range productivity and the associated deterioration of rural livelihoods often leads 

to major societal perturbations (D’Odorico et al., 2012). In fact, land degradation is 

regarded as one of the contributing factors for some of the large-scale human migrations 

(e.g., “environmental refugees”) and related conflicts (Nnoli, 1990; Myers, 1993; Darkoh, 

1998; D’Odorico et al., 2012). As land degradation is considered to be both a cause and a 

consequence of poverty, mitigation of land degradation would reduce poverty and provide 

socio-political stability in many dryland regions (Mabbutt et al., 1980; Myers and Kent, 

1995; MEA, 2005). Hence, understanding the biophysical processes contributing to land 

degradation in drylands is motivated by the increasing need to estimate long-term 

variability in food production, to design and evaluate soil and water management programs, 

and to understand the effect of climatic factors. This study will review some of the 
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biophysical feedbacks contributing to land degradation in a field scale experiment, in the 

context of grassland restoration.  

The United Nations Conference to Combat Desertification (UNCCD, 1994) defines 

desertification as “land degradation in arid, semiarid, and dry sub-humid areas resulting 

from various factors, including climatic variations and human activities” (UNCCD, 1994).  

Although land degradation is now recognized as a major environmental issue, the drivers 

of dryland degradation remain poorly understood (Thomas, 1997; Geist and Lambin, 2004; 

Herrmann and Hutchinson, 2005; Verón et al., 2006). This is partly because this process 

involves a complex interplay of biophysical and human factors acting at varying spatial 

and temporal scales (Geist and Lambin, 2004). Among the identified drivers, the dominant 

role of accelerated soil erosion by wind and water is clear (Figure 1). Soil erosion by wind 

and water is often regarded as a cause and effect of land degradation and is estimated to 

have contributed to over 87% of the degraded land worldwide (Middleton and Thomas, 

1997; Nicholson, 2000; Lal, 2001; Reynolds et al., 2003).  

 
 

Figure 1. Drivers of global land degradation (from D’Odorico and Ravi, 2014, with permission). 
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1.2 Accelerated soil erosion as a cause and effect of land degradation 

 Whereas land degradation induced by accelerated soil erosion is a major 

environmental problem in several regions of the world (Figure 2), arid and semiarid 

systems with drier soils and sparse vegetation cover are the most susceptible. Water is by 

far the dominant erosive agent globally, however, aeolian erosion (abrasion and deflation 

by wind) can be substantial or even the dominant erosive agent in arid and semiarid regions 

(Breshears et al., 2003; Ravi et al., 2010a) (Table 1). On a global scale, 432.4 million ha 

of drylands are susceptible to wind erosion with the continents of Africa (160.3 M ha) and 

Asia (153.1 M ha) having the largest areas susceptible to wind erosion (Table 1; Middleton 

and Thomas, 1997). In these regions, deforestation, overgrazing, and the lack of adequate 

soil conservation practices in agricultural areas may render soils more susceptible to wind 

erosion with important impacts on regional climate, air quality, and land degradation 

(Nicholson, 2000; D’Odorico et al., 2012). Furthermore, global climate change has resulted 

in drier conditions in arid and semiarid regions, which may result in the dominance of 

propagation factors (mostly abiotic) of land degradation, such as accelerated aeolian 

erosion (Seager et al., 2007; Field et al., 2010; Ravi et al., 2010b).  

 Dryland area susceptible to land degradation by:  

 Water 

erosion 

106 ha 

Wind 

erosion 

106 ha 

Chemical 

deterioration 

106 ha 

Physical 

deterioration 

106 ha 

Total 

 

106 ha 

Africa 119.1 159.9 26.5 13.9 319.4 

Australia 69.6 16.0 0.6 1.2 87.4 

Asia 157.5 153.2 50.2 9.6 370.5 

Europe 48.1 38.6 4.1 8.6 99.4 

North America 38.4 37.8 2.2 1.0 79.4 

South America 34.7 26.9 17.0 0.4 79.0 

Total 467.4 432.4 100.7 34.7 1035.2 

Table 1. Soil degradation type by region in susceptible dryland area (GLASOD; UNEP, 1997). 
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The entrainment, transport, and deposition of soil particles by wind are major 

drivers of dryland land degradation, and important feedbacks exist among aeolian-

hydrological processes and vegetation dynamics in degrading landscapes (Ravi et al., 

2010b; Wang et al., 2017) (Figure 2). At the local scale, accelerated soil erosion results in 

the loss of vital soil nutrients and a decrease in biological productivity and, therefore, a 

reduction in economic value of agricultural lands (Van Pelt and Zobeck, 2007; Ravi et al., 

2012). In dryland ecosystems, loss of vegetation cover due to disturbances (e.g., wildfires, 

grazing) can further increase wind erosion rates and result in loss of vital ecosystem 

services including primary production and carbon sequestration (MEA, 2005). On a global 

scale, dust emissions resulting from wind erosion were shown to impact global 

biogeochemical cycles, human health, and precipitation (Ramanathan et al., 2001; Field et 

al., 2010). Overall, dryland degradation is manifested as a self-sustaining positive feedback 

loop between the decline in vegetation cover and an increase in aeolian erosion (Figure 2). 

Hence, it is important to understand the role of vegetation and aeolian erosion feedbacks 

in landscapes undergoing degradation.  
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Figure 2. Feedbacks between aeolian processes and the biosphere (modified from Wang et al., 2017). 

 

Soil erosion is a natural geomorphic process, however, if accelerated by anthropogenic 

and climatic factors, it can contribute to land degradation. Whereas both wind and water 

can erode soil, inherent differences exist between them. Water erosion tends to distribute 

sediment in a unilateral direction, with runoff dependent on the topography of a given 

landscape, whereas aeolian sediment distribution can change with wind direction (Field et 

al., 2009). Wind erosion tends to be more dependent on the type of transported sediment, 

specifically, particle size, sorting, volume, and availability (Lal et al., 2005). Water erosion 

tends to be more spatially limited than wind erosion, as the latter is three-dimensional 

(more pronounced vertical component), multidirectional, and less restricted by topography. 

Water erosion also tends to move large amounts of sediment in a short period of time 

(event-based), whereas wind erosion can also move smaller amounts of sediment over an 

extended period of time (not-event based) (Breshears et al., 2003). These differences make 

quantifying the physical processes involved in wind erosion, and comparing the relative 

roles of wind and water erosion rather challenging (Breshears et al., 2003). 
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The erosion of soil particles by wind occurs when the wind velocity exceeds a minimum 

value, referred to as the threshold shear velocity (TSV) of the soil (Bagnold 1941). After 

the TSV is attained, the soil grain is then transported via one of three processes classified 

based on the grain size: surface creep (> 500 µm field scale), saltation (200 – 500 µm, field 

scale), or suspension (< 20 µm, regional and global scale; Figure 3) (Okin et al., 2006). 

The last phase of the erosion process is deposition, where the transport agent lacks the 

energy to carry the grain (Lal et al., 2005).  All these phases are affected by the grain size 

(e.g., 5 m/s near-surface wind speed is required to entrain fine sand), sorting, amount, and 

availability of the sediment, as well as the kinetic energy of the transport media.  

 

Figure 3. Three scales of soil particle motion by wind erosion: surface creep, saltation, suspension (modified from Ravi 

et al., 2011). 

 Effectiveness of wind erosion is dictated by environmental factors. The dynamics 

between the meteorological conditions, soil characteristics, and land surface properties 

combine to shape an environment. These interconnected factors will also determine the 

TSV of a soil and, therefore, the role of wind erosion. In particular, daily variables, such 

as wind shear, precipitation, evaporation, and temperature will alter soil TSV (Ravi et al., 

2004). The inherent characteristics of the soil, such as particle size, particle shape, 
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distribution of soil grains, organic matter, and salinity, will also affect the TSV (Shao et 

al., 1993; Cornelis et al., 2006). Presence of non-erodible elements such as vegetation, soil 

aggregates and crusts, will alter the roughness of a given soil surface, and impact soil 

susceptibility to erosion by wind (Zobeck et al., 2003). Lastly, anthropogenic disturbances 

and management practices soil will determine its wind erosion potential (Chepil and 

Woodruff, 1963). In dryland systems, specifically in terms of land degradation, the key 

control on wind erosion and subsequent dust emissions in short time scales are soil 

moisture and vegetation cover.  

Soil moisture acts as a control on wind erosion by binding the soil grains via wet 

bonding forces (Shao, 2008). An equation for TSV can be derived from the balance of 

forces experienced by a soil grain at the threshold point of initiation of its motion. A soil 

particle at the surface experiences several forces under the influence of an air stream, 

namely aerodynamic forces, which include aerodynamic drag, aerodynamic lift and 

stabilizing forces (force of gravity and inter-particle cohesive force) (Shao, 2008). The 

inter-particle force is defined by the cohesion between individual particles and moisture 

bonding forces between soil particles, which become increasingly important as the soil 

particle size becomes increasingly smaller (Shao, 2008). Texture and water content 

determine which of the two cohesive forces binds soil grains (Haines, 1925; Ravi et al., 

2011). The inter-particle forces (Fi) due to moisture, particle size, and particle density 

affect the threshold velocity of saltation as:  

                             𝑢∗ ∝  √
(𝜌𝑠− 𝜌𝑎)

 𝜌𝑎
𝑔𝑑 √1 +

𝐹𝑖𝐵

(𝜌𝑠− 𝜌𝑎)𝑔𝑟𝑑3                                      (1) 
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where 𝜌𝑠 and 𝜌𝑎  are densities of soil and air, d is the radius of soil particle, g is the 

acceleration due to gravity, and B is a constant (Neuman, 2004; Ravi et al., 2006a). The 

moisture can exist as capillary bridges between soil grains or as absorbed layers on the soil 

grain surface (Ravi et al., 2006a). 

Vegetation shelters the soil surface by absorbing a part of the wind momentum flux 

(Gillette, 1997; Stockton and Gillette, 1990; Shao et al., 1993).  The presence of non-

erodible roughness elements, such as vegetation, increases roughness of surface, resulting 

in substantially higher TSV than those observed on smooth surfaces (Stockton and Gillette, 

1990). The wind shear stress or drag () exerted on the soil surface is related to the shear 

velocity (u*) as:  

             (2) 

When wind flows over a soil surface with non-erodible roughness element such as 

vegetation, the overall shear stress exerted is partitioned between stress on the vegetation 

elements and on the soil surface (Shao et al., 1993): 

 = r + s                                (3) 

where r and s are the shear stresses acting on the roughness elements and bare soil surface, 

respectively. This drag partitioning between the roughness elements and substrate surface 

is controlled by the frontal area of the protruding roughness elements (Shao et al., 1993), 

which is given by the lateral cover (λ), also known as roughness density. The roughness 

density can be expressed as: 

            (4) 

2* )(ua 

s

nbh
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where n is the number of roughness elements, b is their mean width, s is the area of the 

ground with n roughness elements, and h is their mean height. Hence, the percent cover, 

structure, and distribution of vegetation on the soil surface is a major factor affecting the 

susceptibility of the soil to wind erosion (Shao et al., 1993; Okin et al., 2008). 

Changes in plant community composition will alter the distribution and cover of 

vegetation on a landscape, therefore altering the TSV (Ravi et al., 2011). A somewhat 

homogenous distribution of vegetation will slow the rate of wind erosion by lowering the 

overall TSV in that region (Archer et al., 1995). However, removing vegetation and 

creating bare soil areas will drastically increase wind erosion and subsequent dust 

emissions. Changes in plant community composition, grazing, fire, droughts, and other 

anthropogenic impacts can alter the rates and patterns of soil erosion (Okin et al., 2006). 

This is particularly important in dryland systems, which are often characterized by patchy 

vegetation and experience low moisture inputs from precipitation. An example of complex 

interactions between aeolian processes, vegetation transformations, and disturbances (e.g. 

fires, grazing) in dryland systems is the encroachment of woody plants into areas 

historically dominated by grasses. 

1.3 Land degradation induced by shrub encroachment into grasslands 

Grasslands, which account for 65% of all drylands, are very sensitive to external 

drivers, like climate change, and are affected by soil and vegetation degradation leading to 

substantial reduction in ecosystem services (Dregne and Chou, 1992; MEA, 2005). These 

systems undergo rapid changes in vegetation cover in response to anthropogenic and 

climatic factors. A common form of land degradation in arid and semiarid grasslands is the 

rapid encroachment of woody plants into areas historically dominated by grasses, often 
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referred to as “shrub encroachment” (Archer, 1989; Van Auken, 2000). Overall, the 

resulting landscape is characterized by a patchy landscape with shrub patches and nutrient 

depleted bare interspaces. The land degradation process induced by shrub encroachment 

has been documented worldwide (Figure 4) and several studies have investigated the 

ecological, hydrological, and socio-economic impacts of this transformative ecosystem 

change (Huxman et al., 2005; Ravi et al., 2009a; Wilcox et al., 2010; Turnbull et al., 2012).  

 

Figure 4. Sites that experienced recent encroachment of woody plants (blue) (from Ravi et al., 2009b, with permission). 

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 vegetation (Schlesinger et al., 1990; Archer 

et al., 1995). Among these identified drivers, fire suppression and overgrazing are known 

to be important drivers at the local scale. The carrying capacities of many grassland systems 

are increasingly exceeded because of overgrazing, resulting in the degradation of the grass 

layer and accelerated soil erosion. Livestock grazing also results in enhanced shrub seed 

dispersal, potentially dispersing the seeds onto bare patches of soil generated by 

overgrazing (Turnbull et al., 2014). Trampling by livestock also has an important impact 

on vegetation health and soil conditions (compaction, shearing) (Grover et al., 1990). 

Lastly, land managers in these grasslands suppress natural fires to protect their cattle and 
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range operations, thereby removing the dominant control over shrubs in the landscape. An 

increase in connected bare pathways, or functional connectivity, greatly accelerate the 

sediment transport by wind and water, thereby depleting resources for plant productivity.  

As shrubs continue to encroach into grasslands, accelerated soil erosion will result 

in the removal of nutrient-rich soil from bare soil interspaces and deposition of that soil 

onto vegetated (shrub) patches (Okin and Gillette, 2001). Via canopy-trapping of eroded 

sediment, shrub vegetation biochemically and hydrologically enhances these shrub 

microsites compared to grass and bare microsites (Figure 5) (Schlesinger et al. 1990; 

Gonzales et al., 2018). Overall, this transition from a grassland to a shrubland results in an 

increase in bare soil, which can then be easily eroded, accelerating the land degradation 

process often associated with shrub encroachment (Schlesinger et al., 1990; Huenneke et 

al., 2002). This positive feedback cycle ensures that the surrounding area to the shrubs will 

be a nutrient-depleted bare soil (Ravi et al., 2007). Aeolian processes are thought to play a 

major role in the formation and development of the fertile shrub islands (or “islands of 

fertility”). 

A classic example of this shift in vegetation and increase in soil erosion can be seen 

in the southwestern region of the USA. Introduction of large-scale livestock grazing in 

these native grasslands after European colonization led overgrazing and fire suppression 

(Grover et al., 1990; Archer, 1995). Coinciding with the arrival of cattle in the American 

southwest, climatic shifts at the end of the 19th century began to alter precipitation patterns 

in this region. Specifically, precipitation came in the form of more intense storm events 

and fewer light rain events, stemming from a decline in winter precipitation (Turnbull et 

al., 2014). Light rain helped reestablish soil moisture and supported short grass roots, 
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whereas heavy rains resulted in accelerated run off (specifically in upland settings) and 

lowered moisture storage. Along gentler slopes, infiltration would reach greater depths, 

benefitting the deeper shrub roots (Grover et al., 1990). These interacting factors are 

thought to cause the shift from grassland to shrubland in the southwest USA due to 

alterations within the bistable shrub-grass system. 

The shrub-grass systems are considered to be bistable systems close to a point of 

bifurcation (D’Odorico et al., 2012). Once the shrub encroachment processes exceed a 

critical threshold, the landscape will then stabilize as a shrubland (D’Odorico et al., 2012), 

and these transitions are considered irreversible. The bistable dynamics are induced by 

positive feedbacks between external drivers and the state of the system. These feedbacks 

can act at different scales – regional, landscape, or patch scales. Of particular interest are 

the patch-scale (or microsite-scale) feedbacks in a shrub-grass transition system, as some 

of these feedbacks can be altered by local management practices. Three major patch-scale 

positive feedbacks – 1) nutrient, 2) moisture, and 3) temperature feedback – are often 

associated with woody plant encroachment into grasslands (D’Odorico et al., 2012). These 

feedbacks act in concert and reinforce the dominance of woody plants over grasses. The 

woody plants, via trapping wind and water borne sediment, can create islands of 

biogeochemically and hydrologically enhanced productivity [Nutrient Feedback]. These 

areas are interspaced with nutrient depleted, bare soil interspaces, which cannot sustain 

vegetation. The interception of precipitation by shrub canopies combined, with the inherent 

higher infiltration rates on the shrub microsites, and shading (lower evaporation), results 

in higher soil water content [Moisture Feedback]. In the shrub-grass transition zone, the 

shrubs are able to modify the microclimate, and thereby maintain higher nighttime 
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temperatures than adjacent grass patches. Vegetation changes, even at microsite scales, 

may impact surface albedo, emissivity, leaf area, wind characteristics, and soil water 

balance. These changes have the potential to alter the surface heat fluxes and long-wave 

radiation (D’Odorico et al., 2010). Thus via this temperature feedback, shrub microsites 

are able to maintain warmer conditions and may survive frost induced mortality 

[Temperature Feedback]. The shrub-grass transition ecotone at the Sevilleta NWR in the 

Northern Chihuahuan Desert provides an ideal site to investigate the above-mentioned 

feedbacks and to evaluate the implications of management scenarios of the state of the 

system. This study will investigate these feedbacks by observing environmental and 

microclimatic changes, as well as changes in sediment redistribution after a prescribed fire. 

Recent studies in this ecotone have indicated that at the early stage of encroachment, 

reintroduction of fires have the potential to alter these feedbacks, with implications for the 

reversibility of shrub encroachment (Ravi et al., 2009b; Wang et al., 2017; Dukes et al., 

2018) (Figure 5). 
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Figure 5. The stages of land degradation induced by shrub encroachment by grasses in the Chihuahuan Desert along with 

changes in vegetation, functional connectivity and soil erosion rates (modified from Ravi et al 2010). 

 

 

1.4 Previous Studies  

As discussed in the earlier sections, shrub encroachment is global problem, and if land 

degradation continues in vulnerable lands, there will be consequences on food security and 

environment quality. Hence, it is important to find land management solutions to this 

problem. One possible solution often considered is the reintroduction of fire into shrub-

grass systems. During the early stages of a shrub-grass transition zone, with enough grass 

connectivity, there is a window of opportunity to reverse the shrub encroachment process 

using prescribed fires.  

Post-fire changes in shrub encroached grasslands need to be quantified to evaluate their 

effectiveness of land management strategies. To this end, recent studies in shrub-grass 

transition zones have investigated the effectiveness of reintroducing fires in the early stages 

of encroachment (Ravi et al., 2009c, Dukes et al., 2018, Wang et al., 2019). In particular, 
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these studies focused on the interactions among soil erosion, shrub encroachment, and fire 

disturbances.  

Recent studies have quantified the amount of wind erosion that occurs after a 

prescribed fire in a dryland system. Specifically, plot-scale field experiments in the shrub-

grass ecotone in Northern Chihuahuan Desert have shown that prescribed fires can 

redistribute soil nutrient resources from shrub microsites, decrease vegetation (and 

microsite) heterogeneity, and decrease soil microtopography. The accelerated post-fire soil 

erosion from vegetated microsites was attributed to the vegetation removal and changes in 

soil water retention in burned soil (Ravi et al., 2009b). The effect of fire on wind erosion 

was investigated using wind tunnels and field experiments in different shrub-grass systems 

and a theoretical framework was developed to explain the results (Ravi et al., 2006a).  

Burned vegetation and litter layer induces soil water repellency (or hydrophobicity), which 

was shown to decrease the inter-particle cohesion force due to moisture in soils. (Ravi et 

al., 2006b). 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., 2009b). 

The quantification of the post-fire aeolian sediment transport and redistribution is 

mostly demonstrated through tracer-based approaches. More recently, Dukes et al., (2018) 

investigated the applicability of using multiple rare earth element (REE) tracers in a shrub-

grass transition zone in the Northern Chihuahuan Desert to identify aeolian sediment 

sources and sinks. The REEs are ideal tracers for studying aeolian transport and 

redistribution of sediments in that they have low mobility in predominantly alkaline soils, 

low toxicity, low background concentration, and bond strongly with soil particles (Zhang 
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et al., 2001; Polyakov et al., 2004; Deasy and Quinton, 2010). Dukes et al., (2018) applied 

unique REE tracers to shrub, grass, and bare microsites after a prescribed fire at beginning 

of the windy season in March 2016 (Dukes et al., 2018). Aeolian sediment transport and 

redistribution processes were monitored following a prescribed fire, using horizontal 

aeolian mass flux measurements and analyzing REE concentration in soil samples. The 

time-series measurements indicated that during the course of one windy season (March – 

June 2016), the shrub microsites transformed into aeolian sediment sources following a 

prescribed fire (Dukes et al., 2018).  

Recently, Wang et al., (2019) investigated the post-fire redistribution of soil C and N 

at the microsite scale in the shrub-grass ecotone on Sevilleta National Wildlife Refuge 

(SNWR). The results clearly showed the redistribution of soil C and N from shrub to grass 

and bare microsites, suggesting that prescribed fire might influence the competition 

between shrubs and grasses, eventually leading to a higher grass coverage. These studies 

are based on data from a single season, and long-term dynamics of these microsites affected 

by fire are not understood. Furthermore, the role of fire in altering other potentially 

significant patch-scale feedbacks, such as the moisture and temperature feedbacks, needs 

to be investigated. 

Whereas these studies have demonstrated the potential of fires to accelerate aeolian 

transport and to redistribute sediments, the long-term (annual-decadal) dynamics of post-

fire sediment transport and the extent of landscape homogenization are not clear. 

Furthermore, investigations of long-term changes in aeolian transport rates and the 

attenuation of aeolian flux with vegetation recovery (or increase in surface roughness) are 

limited.  
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This is a critical knowledge gap, as understanding the post-fire landscape responses is 

important in evaluating the extent of land degradation and the effectiveness of grassland 

management strategies. To address this challenge, this study investigated the spatial 

distribution of sediments and the extent of sediment homogenization at the microsite scale 

in a shrub-grass transition zone, three years following a prescribed fire.  
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CHAPTER 2  

HYPOTHESES AND OBJECTIVES 

Land degradation can be manifested by shrub encroachment, destabilizing a 

bistable system with alternative attractors of shrub and grass states (Westoby et al., 1989; 

Anderies et al., 2002; D’Odorico et al., 2012, 2013). Shrub encroachment enhances the 

vegetation heterogeneity of a grassland, increasing the amount of bare soil interespaces 

between shrubs and thus leading to intensification of soil erosion (D’Odorico et al., 2013). 

This process can be initiated by anthropogenic factors, mainly by fire suppression and 

overgrazing (Schlesinger et al., 1990; Darkoh, 1998). Recurrent fires may help prevent the 

transition of grassland to shrubland by shrub mortality and soil resource redistribution 

(Ravi et al., 2009a). Redistribution of soil resources may help induce landscape 

homogeneity by increasing grass cover, preventing further erosion (Sankey et al., 2009). 

However, long-term dynamics of sediment redistribution in a spatial and quantified sense 

have not been conducted to date. REE tracers and meteorological data were used to 

understand how the three patch-scale feedbacks, which enhance shrub encroachment into 

grasslands, are affected by the reintroduction of fires. 

2.1 Hypotheses 

1. Sediment transport in the burned areas will be initially higher than adjacent control 

plots, but return to background levels after three years (2016-2018). 

2. The distribution of REE in the burned areas will be more homogenous three years 

following a prescribed fire. 

3. Soil moisture and temperature feedbacks in burned areas will reverse, compared to 

the unburned control areas. 
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2.2 Objectives 

1. Compare the temporal changes in aeolian activity by calculating the total horizontal 

mass flux from burned and control areas three years following a prescribed fire. 

2. Measure the spatial and temporal changes in the concentration of the applied REE 

tracers in the burned and control areas will be measured using ICP-OES. 

3. Use meteorological and soil moisture data to determine changes in soil temperature 

and moisture feedbacks, and determine whether these feedbacks have been altered 

by the prescribed fire.  
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CHAPTER 3  

METHODS 

3.1 Study Site 

 The field site for this project is located within Sevilleta National Wildlife Refuge 

(SNWR) in the Northern Chihuahuan Desert, New Mexico, USA (Figure 6). The site was 

established in a shrub-grass transition zone, consisting of black grama grass (Bouteloua 

eriopoda), creosote shrub (Larrea tridentata), and bare interspaces (Báez and Collins, 

2008). The study area is characterized by ~70% grass cover, ~20 % bare interspaces, and 

a very low density (~10%) of shrubs (Báez et al., 2006). The grass at the base of the shrubs 

provided enough connectivity for a prescribed fire (March 2016) to spread across the field 

site. The windy season is from February to May, with the dominant wind direction from 

the southwest (Dukes et al., 2018). 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). The site is located in the Rio Grande 

Rift Valley, consisting of aeolian and water-laid unconsolidated sand deposits (Bajada 

Deposit) eroded off the nearby Los Piños Mountains (Figure 7). The Los Piños Mountains 

consist of high grade metamorphic rocks, and alternating units of limestone and mudstone. 
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Figure 6. (a) Major biomes of New Mexico. Location of the Sevilleta National Wildlife Refuge (SNWR) at 

the northern tip of the Chihuahuan Desert in central New Mexico (from Dukes et al., 2018); (b) A 

prescribed fire at the study area in March 2016.  

 

Figure 7. Geologic Map of the Becker SW and Cerro Montoso Quadrangles, Socorro County, NM (USGS, 

1986). * marks site location (34°19’50” N, 106°43’15”W). 

3.2 Field Site: Experimental Layout    
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Two monitoring areas (100 x 100 m each; 250 m apart) were established in March 

2016: burned and control (Figure 8). A prescribed fire was conducted to induce the burned 

treatment. Each monitoring area consisted of three 30 x 10 m replicate plots, oriented 

perpendicular to the dominant (southwest) wind direction and 25 m apart. In the middle of 

each replicated plot, a 5 x 5 m area was designated for soil sampling. Soil samples for 

laboratory analysis of chemical composition were taken before (March) and after (June) 

the windy season in 2016, 2017, and 2018. The 5 x 5 m sampling areas are meant to capture 

the heterogeneity of the landscape, including all three microsites (bare, grass, and shrub). 

A 4 m-high meteorological tower (MET Tower) was installed in each monitoring area. The 

towers were solar-powered and equipped with a data logger (Campbell Scientific 

Measurement and Control Datalogger CR1000), sensors to measure wind speed (Campbell 

Scientific Wind Sentry Anemometer 03101-L), wind direction (Campbell Scientific Wind 

Sentry Set 03002-L), relative humidity and air temperature (Campbell Scientific 

Temperature/RH Probe CS215-L), and soil moisture (Campbell Scientific, 12 cm Soil 

Water Content Reflectometer, CS655). The wind speeds were measured at four levels: 0.5, 

1.0, 2.0, and 4.0 m. Soil moisture sensors were installed at a depth of 15 cm under the 

shrub, grass, and bare microsites. All variables were recorded every second and averaged 

over 1-minute intervals. The tower data stored in the data logger were downloaded 

remotely using the Sevilleta LTER wireless data acquisition system. Meteorological and 

aeolian transport observations were started a day after the prescribed fire at both the burned 

and adjacent control area. 

3.3 Wind Erosion Monitoring 
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 At the replicated burned and control plots, the windblown sediment was collected 

using 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) on a pole equipped with a sail to 

ensure that the inlet tube is always oriented into the wind (Sterk and Raats, 1996). Two 

MWAC sampler arrays were installed on each replicate plot downwind of the 5 x 5 m 

sampling area. The deposited aeolian sediment was collected twice every year, before and 

after the windy season. 

 
Figure 8. Example of field site experimental layout, includes one replicate plot and instrumentation onsite.  

 

The volume of sediment collected in the MWAC samplers during each windy 

season was used to calculate the time averaged horizontal mass flux (HMF or Q) for each 
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plot. Using the well-established method (Shao et al., 1993; Li et al., 2007), the mass of 

sediment collected in each sampler bottle was divided by the area of the sampler inlet (2.34 

x 10-4 m2) and the duration of sampling time (days), to obtain the time-averaged horizontal 

mass flux (q(z)). We used the empirical formula developed by Shao et al., (1993) to fit the 

calculated q(z) values: 

    𝑞(𝑧) = 𝑐𝑒(𝑎𝑧2+𝑏𝑧)            (5) 

where z is height from the ground to the center of the dust sampler inlet, and a, b, and c are 

constants. The total HMF (Q) over the full sampling time was be calculated by integrating 

q(z) from the ground (0 m) to a height of 1 m (Li et al., 2007):  

    𝑄 = ∫ 𝑞(𝑧) 𝑑𝑧
1

0
            (6) 

The statistical significance for Q values between each sampling period was tested using 

Kruskal-Wallis One-way ANOVA test.  

The dominant wind direction was determined using data collected from MET 

Towers over three windy seasons, in order to produce wind rose diagrams. Due to low 

precipitation associated with dominant wind, this direction, rather than prevailing wind, is 

assumed to dominate sediment transport. Wind velocities from the burned and control plots 

over the course of the experimental period were used to calculate the parameters of the 

wind profile, including the roughness length (zm), calculated by fitting the Prandtl–von 

Karman logarithmic law (log wind law) to the measured wind speed profile. Shear velocity 

of wind was found using: 

   𝑢(𝑧) =
𝑢∗

0.4
ln (

𝑧−𝑑

𝑧𝑚
)            (7) 
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where u(z) is wind velocity at height z, u* is the shear velocity (or friction velocity), d is 

the zero plane displacement, zm is the aerodynamic roughness length, and 0.4 is the Von 

Karman constant (Campbell and Norman, 1998).  

Zo is empirically determined by using the wind speeds at four heights above the 

surface by plotting ln(z) versus u(z). The slope of this line is (u*/k), and zm is determined 

by taking the exponent of the negative intercept divided by the slope (Campbell and 

Norman, 1998). The displacement height was assumed to be nearly 0 m for the burned plot 

with no vegetation.  

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. Individual normalized sample 

concentrations were then divided by the sum of all normalized concentrations, yielding the 

percent or each REE component.  

    
(𝐶𝑆𝑖−𝐶𝐵𝑖)

(𝐶𝐴𝑖−𝐶𝐵𝑖)
                           (8) 

          

(𝐶𝑆𝑖−𝐶𝐵𝑖)
(𝐶𝐴𝑖−𝐶𝐵𝑖)⁄

∑
(𝐶𝑆𝑖−𝐶𝐵𝑖)

(𝐶𝐴𝑖−𝐶𝐵𝑖)
 

             (9) 

where 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. 

3.4 Soil Sampling  
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To characterize sediment redistribution within study areas, soil samples were 

collected and analyzed for chemical composition. In each soil sampling area, 50 randomly 

distributed samples were collected (approximately 10 g) in the top 2 cm of the soil.  Each 

5 x 5 m soil sampling plot was divided into 1 x 1 m grids to delineate soil sample location 

(Figure 8). In order to determine the relative contribution of wind erosion (mostly occurring 

from February to May) and water erosion (region receives most of its precipitation 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 from the 

pedestals 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 in order to determine the spatial patterns of sediment distribution. A 

varying coordinate system was used for each sampling interval to randomize sampling 

strategy.  

3.5 Rare Earth Element Tracer Analysis  

 After establishing the field site in March 2016, three different rare earth element 

(REE) oxides were used at each microsite (Dukes et al., 2018): holmium oxide (Ho2O3), 

ytterbium oxide (Yb2O3), and europium oxide (Eu2O3). These oxides were applied as 

fingerprints of shrub, bare, and grass sites, respectively. The solution of REE oxides was 

sprayed onto a respective microsite and soil samples were collected periodically after the 

fire to determine the movement of sediment onsite. The soil samples collected before and 

after each windy season (from March 2016 to June 2018) were transported to the 

laboratory at Temple University for chemical analysis. To determine the REE and 

micronutrient concentration of the soil (and aeolian sediment in MWAC) samples, they 
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were analyzed using EPA Method 3051A. 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 pressure build-up, 

and then digested. In the microwave digestion (CEM Mars 6 – Microwave Digestion 

System) process, the samples were digested at 175C for 30 minutes 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 m membrane. These filtered samples were then 

diluted to 50 mL to be analyzed on the Inductively Coupled Plasma Optical Emissions 

Spectrometry (ICP-OES) (Thermo ScientificTM iCAPtm 7200 Series). The statistical 

significance for the REE concentrations for these samples, between each sampling 

period, was tested using Kruskal-Wallis One-way ANOVA test.  

3.6 Geostatistical Analysis  

After determining the REE concentrations of the samples, the spatial distribution 

characteristics of REE tracers were quantified using geostatistical analysis. The spatial 

autocorrelation structure 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 (Schlesinger et al., 1995; Sankey et al., 

2012a; Wang et al., 2019). For these semivariograms, the spherical model was used to fit 

data from the soil samples in order to determine soil distribution throughout the site 

(Schlesinger et al., 1995; Li et al., 2008) based the following equations:  

   𝛾(ℎ) = 𝐶0 +
1

2
𝐶 [

3ℎ

𝐴0
−

ℎ3

𝐴0
3]  𝑤ℎ𝑒𝑛 ℎ < 𝐴0        (10) 

    𝛾(ℎ) =  𝐶0 + 𝐶 𝑤ℎ𝑒𝑛 ℎ > 𝐴0        (11) 
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where h is lag interval, A0 is range, C0 is nugget variance, and C is structural variance. In 

semivariograms, the nugget represents the y-intercept of the plot, representing short-range 

error. The range is the variance of values over the plot, before reaching the sill (C0+C). 

This magnitude of spatial dependence (C/C0+C) is interpreted as correlated to the strength 

of autocorrelation among the data, where an increase in ratio indicates stronger spatial 

autocorrelation (Li et al., 2008). Based on these data, kriged maps were produced using the 

same parameters that were applied to the semivariograms. The geostatistical analyses were 

conducted using the GS+ package (GS+ version 10, Gamma Design Software, Plainwell, 

MI). 
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CHAPTER 4  

RESULTS 

The results of aeolian sediment collection after each windy season indicate that 

even though the burned plots had significantly greater Q values compared to the control 

plots in the first year following the prescribed fire, they were not significantly different 

after three years. After the third windy season (June 2018), the Q values decreased in both 

the burned and control plots (Figure 9). Kruskal-Wallis One-way ANOVA on Ranks results 

indicate that the median Q values in June 2018 are not significantly different (p = 0.1578) 

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  = 

0.0033 and p  = 0.0176, respectively) (Figure 9). Both plots have similar Q values (p = 

0.0343 and p = 0.1508, respectively) after the second windy season, however after the third 

(June 2018) both control and burned plots have significantly different Q values (p  = 

0.000002 and p  = 0.000054, respectively) (Figure 9). 
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Figure 9. Total HMF (Q) from MWAC sediment samples measured after each windy season post-fire from both control 

and burned monitoring areas. The symbol * indicates Q values are significantly different as determined by Kruskal-

Wallis One-Way ANOVA on Ranks statistical test (p < 0.05). Black dots represent outliers.  

 

The precipitation and wind characteristics of the study site are provided in Figures 

10 and 11. Both control and burned plots had similar rainfall and experienced similar wind 

speeds during the three windy seasons. The dominant wind directions are from the south 

and southwest, and the average wind speed ranged from 2-4 ms-1, rarely reaching a 

maximum range of 6-13 ms-1 (Figure 11). 
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Figure 10. Time series of: (a) daily precipitation at both sites, and daily average wind speed values (at 4 m height) for the 

(b) control and (c) burned areas. 
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Figure 11. Wind Rose Diagram from burned plot, averaging wind direction and wind speeds (10 minute average) over 

the three year experimental period. Radius of wind rose diagram indicates percentage of time wind blew? in a particular 

direction.  

To observe the changes in surface roughness, the wind velocity values at the control 

and burned plots were used to estimate the roughness length (z0), which relates to the height 

of surface roughness elements. Over the course of three windy seasons, the roughness at 

the control plot remained relatively constant, as indicated by the slope of the trendline on 

the control plot being roughly equal to zero (Figure 12). However, in the burned plot, after 

three windy seasons there is an increase in z0, with the slope of the trendline in the burned 

plot being greater than zero (Figure 12). 
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Figure 12. The variations in derived roughness length (z0) from the control and burned plots for the three windy seasons 

(March 2016 – June 2018). Control plot remains roughly constant, while burned plot has increased roughness length over 

three windy seasons. 

Three windy seasons led to differences in the proportions of each REE tracer 

contributed in both control and burned plots (Figure 13). The initial conditions of the 

control plot indicate sediment mixing between the bare and grass microsites, with both 

grass and bare microsites being enriched with the bare tracer; the shrub tracer remained in 

shrub microsites. Three years after the fire, there is little change in this trend, with slightly 

more mixing from both grass and shrub microsites (negligible contribution from the shrubs 

compared to other two tracers), but the bare site tracer (Yb) still contributes the most to all 

microsites. Sediments from the HMF in the control plot in June 2018 also contained greater 

proportions of this tracer than the other two tracers, indicating that bare microsites are the 

dominant contributors of aeolian sediment in the control plot.  
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The initial post-fire conditions in the burned plot are similar to the control plot in 

March 2016. The grass microsite contributes a significant amount to mixing, whereas shrub 

and bare tracer values concentrate in their respective microsite locations. Three years after 

the fire, bare microsites contribute far less sediment (~20%) in the control plot and there is 

a decrease in contribution from grass microsites. Shrub microsites contribute much more 

sediment (~20%) in the burned plot than it does in the control plot after three windy 

seasons, indicating greater mixing between the vegetated sites in the burned plot. Aeolian 

sediment redistribution trends from the burned plot follow similar trends over three windy 

seasons, with large contributions from shrub and bare microsites, and grass contributing 

the least to wind-blown sediment.  

Figure 13. Ternary diagrams of REE proportions from both control and burned plots from two sampling intervals: March 

2016 and June 2018. The legend indicates sample type: shrub, grass, or bare microsite; MWAC samples are from Aeolian 

sediment collectors. In general, data points trend toward the bare corner. Concentrations of Yb in samples were often an 

order of magnitude higher than either Ho or Eu. 
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 Immediately following the prescribed fire (March 2016), the REE tracer 

concentrations in the soil samples (Figure 14) from the control plot show the patterns that 

REE tracer concentrations have in all three microsites. The grass and shrub tracers had 

lower concentrations than the bare tracer in all three microsites. Grass microsites have a 

large amount of grass and bare tracers and both were readily redistributed in the control 

plot. Shrub microsites had both the shrub and bare tracer. Following three windy seasons, 

relative proportions of the three tracers at each microsite remained similar to the initial 

conditions of the site. Bare microsites still had the highest concentration of bare tracer, 

followed by the grass and shrub tracers. The grass microsites did not show mixing with the 

tracer from shrub microsites, containing only grass and bare tracers. Shrub microsites 

showed some accumulation of grass tracer, but consisted mostly of shrub and bare tracers.  

The soil samples from the burned plot immediately after the prescribed fire (March 

2016) show comparable trends to that of the control plot. The bare microsites again had the 

most variable REE concentrations in the soil, consisting mostly of bare tracer, followed by 

grass and shrub tracers. Grass microsites received some mixing from shrub tracers 

immediately after the fire, but remained dominated by grass and bare tracers. Shrub 

microsites received no sediment input from grass microsites, and consisted only of shrub 

and bare tracer concentrations. After three windy seasons, the burned site exhibited 

considerable mixing between microsites. All three tracers had similar trends across the 

three 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 
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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 three-year study, there is a significant decrease in soil sample 

REE concentrations in both control and burned plots, in some cases by more than half of 

the initial (March 2016) concentrations. The wind borne sediments collected from the 

control plot showed similar concentration of REE tracers over three windy seasons (Figure 

15). After the first windy season, the bare tracer was most easily eroded by wind, followed 

by the grass tracer, and the shrub tracer remained mostly in the shrub microsites. After 

three windy seasons, the bare tracer was still the most easily eroded by wind, followed by 

a slightly higher contribution from the grass tracer, with the shrub tracer again remaining 

mostly within its microsite. 

The fire applied to the burned plot altered the contributions of the three tracers in 

aeolian sediment compared to that of the control plot. After the first windy season, there 

was more aeolian sediment redistribution in the burned than the control plot. The bare 

tracer had the highest concentrations, followed by the grass and shrub tracers. Three years 

after the fire, there was an overall drop in concentration of the three tracers, but still 

comparable to the 2016 trend. Similarly, the bare tracer had the highest concentration, 

followed by the grass and shrub tracers. 
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Figure 14. Box plots of REE concentrations (ppm) in soil samples in microsites from control and burned plots, from two 

different collection periods. Note the log scale. 
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Figure 15. Box plots of REE concentrations (ppm) of aeolian samples in microsites taken from control and burned plots 

from two different collection periods. Note the log scale. Black dots are outliers. 

 

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

maps of REE concentrations were created. Isotropic semivariograms were used for these 

data because there were no directional patterns found with antisotropic variograms at 0˚, 

45˚, 90˚, and 135˚. The grass tracer (Figure 16) in the control plot was not redistributed and 

did not shift in position after three years, retained in mostly heterogeneous patches. In the 

burned plot immediately after the fire, the grass tracer 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 concentration of the shrub tracer did not change in the control plot over three 

years, with the tracer not being redistributed over the course of the experiment (Figure 17). 
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In the burned plot, the shrub tracer remained in a few locations as burnt 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 redistribution. The bare 

tracer (Figure 18) was the 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.  

   

Figure 16. Kriged map of Eu concentrations (ppm) from soil samples taken from control and burned plots from two 

different collection periods. Symbols on maps represent different microsites from which the soil sample was taken. Note 

different concentration scales for each map. 
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Figure 17. Kriged map of Ho concentrations (ppm) from soil samples taken from control and burned plots from two 

different collection periods. Symbols on maps represent different microsites from which the soil sample was taken. Note 

different concentration scales for each map. 
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Figure 18. Kriged map of Yb concentrations (ppm) from soil samples taken from control and burned plots from two 

different collection periods. Symbols on maps represent different microsites from which the soil sample was taken. Note 

different concentration scales for each map. 

 

 A spherical isotopic 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 (March 2016) to the end (June 2018) are presented 

in Table 2. Following three windy seasons, autocorrelated distance for the shrub tracer (Ho) 

and the bare tracer (Yb) increased. The bare tracer increased slightly from 0.147 m to 0.336 

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

in autocorrelated distance by more than 1 m. In the control plot, both the shrub and grass 

tracers showed a decrease in autocorrelated 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 



42 
 

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.  

 Europium Holmium Ytterbium 

  Ao (m) C/(Co+C) Ao (m) C/(Co+C) Ao (m) C/(Co+C) 

March 2016 Control 0.705 0.998 1.021 0.997 0.147 0.999 

March 2016 Burned 1.490 0.998 0.636 0.998 0.147 0.999 

June 2018 Control 0.342 1.000 0.612 0.998 0.471 1.000 

June 2018 Burned 0.336 0.999 1.636 0.998 0.336 1.000 
 

Table 2. Summary of the Semivariogram Model Parameters for REE Concentrations in Burned and Control Plots over 

three windy seasons. 

 

Variations in soil moisture (Figure 19) and soil temperature (Figure 20) were 

observed at each microsite in both the control and burned plots, indicating alterations in 

the soil moisture and soil temperature feedbacks. After precipitation events, the volumetric 

soil moisture content in the control sites was generally higher under the shrub microsites 

than the grass and bare microsites (Figure 19a). In contrast, following precipitation events, 

the shrub microsites in the burned plot had lower soil moisture content than the grass 

microsites (the highest following precipitation events), while bare microsites remained 

relatively constant (Figure 19b). In the burned plot, the shrub microsite had the lowest 

volumetric soil moisture of the three during the span of the three years. Immediately after 

the prescribed fire, the grass microsite had the highest soil moisture content.  
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Figure 19. Time series from March 2016 through June 2018 of soil moisture variations in shrub, grass and bare microsites 

in (a) the control plot and (b) the burned plot. 

 

Soil temperature around each microsite was also altered by fire (Figure 20). In the 

control plot, the bare and grass microsites had comparable daily minimum and maximum 

temperatures over the three windy seasons. However, the shrub microsite had a lower daily 

maximum temperature and a higher daily minimum temperature than the other two 

microsites. In the burned plot, immediately after the fire both the daily minimum and 

maximum temperatures of all three microsites were similar. Shrub microsite temperature 

begins to return to its initial state two years after the fire.  
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Figure 20. Time series from March 2016 through June 2018 of diurnal soil temperature variations in shrub, grass and 

bare microsites in (a) the control plot and (b) the burned plot. 
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CHAPTER 5  

DISCUSSION 

The changes in the dynamics observed between the three feedbacks indicate that 

both sediment transport and redistribution increased in the burned plot immediately after 

the fire, reversing the nutrient feedback, and that both soil temperature and soil moisture 

feedbacks were also reversed as a result of the prescribed fire. The prescribed fire at the 

shrub-grass transition zone in the Chihuahuan Desert greatly accelerated the patch-scale 

transport and redistribution of sediments. After the first windy season following the fire 

the horizontal mass flux (HMF), an indicator of aeolian sediment transport, was three times 

greater in the burned plot compared to the control (Figure 9).  Over the three windy seasons, 

however, there was an overall decrease in HMF in the burned plot, and by the end of the 

experiment the HMF values from both plots are not significantly different (Figure 9). The 

post-fire acceleration of wind erosion and subsequent return to background sediment levels 

due to the recovery of vegetation has been observed in previous studies (Sankey et al., 

2009; Ravi et al., 2012). As described in the introduction (Chapter 1), fires accelerate 

erosion by altering two major controls on wind erosion process – vegetation and soil 

moisture. Fires that remove vegetation decrease surface roughness (Figure 12), thereby 

increasing wind shear on the soil surface. 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). Fire-

induced water repellency is known to increase both water and wind erosion by decreasing 

water infiltration (increase in runoff) and by decreasing interparticle bonding forces due to 

moisture in soil (Debano, 2000; Doerr et al., 2000; Ravi et al., 2006a). The return to 
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comparable HMF between the burned and control plots (Figure 9) resulted from the 

observed recovery of grasses, and therefore surface roughness, with the loss of soil water 

repellency after three windy seasons.  

REE tracer concentrations in the wind-blown MWAC sediment samples show that 

most sediments in the HMF from the control plot in June 2018 were derived from the bare 

or grass microsites, with little contribution from shrub microsites (Figure 13). The 

microsite-scale sediment dynamics indicated by redistribution patterns of multiple REE 

tracers in the control plot demonstrate the expected sediment feedback manifested by the 

shrub encroachment process in grasslands (Wang et al., 2019). Shrub vegetation sheltering 

microsite soil and canopy trapping of eroded sediments (and thus soil nutrients) are major 

factors contributing to the development of islands of enhanced hydrological and biological 

productivity (Schlesinger et al., 1990). The shrub islands also accumulate more water from 

precipitation by higher infiltration rates compared to bare and grass microsites (Figure 19). 

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

threshold shear velocity (TSV) 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. If this process is not mitigated in the early stages, the 

resulting landscape will be characterized by well-defined shrub islands of fertility 

interspaced with nutrient depleted bare soil interspaces which cannot support vegetation.  

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

changes in the sediment feedback, as indicated by the variations in REE tracer 
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concentrations between the control and the burned plots. The burned area had a large 

increase in sediment contribution in the shrub microsites that coincides with a decrease in 

sediment contribution from grass and bare microsites (Figure 13). The large increase in 

aeolian sediment from shrub microsites can be attributed to the loss of vegetation and the 

hydrophobicity of the soil post-fire. In this phase, water repellency is typically higher under 

shrub vegetation and the shrub islands have higher elevation (Ravi et al., 2007; Sankey et 

al., 2012b). Removing vegetation (and thus the higher 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 homogenization of soil resources (nutrients and water) in the landscape, thus 

reversing the nutrient feedback supporting shrubs. Hence, prescribed fires in the early 

stages of shrub encroachment may provide a negative feedback to the woody plant 

encroachment into grasslands. 

The reversal of the nutrient feedback in the system is also seen in alterations in REE 

tracer concentrations in the soil at all three microsites from the beginning of the 

experimental period to the end (Figure 14). One windy season after the fire, there is no 

mixing that has occurred between grass and shrub microsites, with bare microsites 

receiving a small amount from each tracer in the burned area. In this scenario, shrubs and 

grasses continue to shield the sediments immediately around it, allowing for shrubs to 

continue to collect sediment, while the bare microsites are easily deflated by wind. After 

three windy seasons, there is significant mixing between all three microsites. The vegetated 
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sites, no longer able to shield the sediments around them, are eroded by wind, and 

redistributed to promote grass growth.  

Kriged maps of REE concentrations in the burned plot indicate enhanced soil 

redistribution. 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), with the soil surface around these shrubs lacking any 

concentration of holmium (Figure 17). After the fire, there was an overall decrease in 

holmium concentration in the soil sampling area, but the sediment redistribution after three 

windy seasons led to somewhat homogenous distribution of this tracer throughout the site. 

Geostatistical analysis also supports redistribution of soil nutrients (via the holmium tracer) 

on the burned site, with spatial autocorrelation increase by 1 m over three windy seasons 

(Table 2). However, the spatial dependence index decreased greatly over three windy 

seasons for holmium, possibly due to a sampling bias. Kriged maps, as well as geostatistical 

analysis, for both grass (Figure 16) and bare (Figure 18) microsites did not show a spatial 

pattern. Both tracers were very mobile within the system and both lost some concentration 

outside the soil sampling area. Specifically, europium decreases in spatial autocorreltation 

in both control and burned plots, meaning most of the tracer may have eroded out of the 

monitoring areas (Table 2).  

In addition to the reversal of the nutrient feedback in the burned area, reversals in 

moisture and temperature feedbacks were also observed. In the control plot, soil moisture 

and temperature trends remained unchanged for all three microsites (Figure 19a). The shrub 

microsites were the dominant sinks of water from precipitation events by maintaining 

higher infiltration rates (lower runoff), thus reinforcing the islands of enhanced 
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hydrological productivity. However, grass microsites in the control plot received the lowest 

moisture contribution from rainfall events, thereby lowering grass productivity. Lower 

grass cover can further degrade the grass microsites by increasing soil erosion. A reversal 

of these feedbacks is observed in the burned plot. The loss of shrub canopy and the litter 

layer resulted in lower infiltration and higher runoff from shrub microsites (Figure 19b). 

Hence, after fire the shrub microsites collected less moisture and were no longer the 

dominant moisture sinks in the landscape. Interestingly, the grass microsites had the 

highest soil moisture content of the three microsites, indicating potential for enhanced grass 

establishment following fires. 

Soil temperature also changed after with the removal of shrubs. In the control plot, 

the shrubs are able to better control the microclimate around the microsites, by altering the 

surface heat fluxes and long-wave radiation (D’Odorico et al., 2010; Hui et al., 2008). 

Compared to the bare and grass microsites, shrubs were cooler during the day, and warmer 

during the night (Figure 20). This temperature feedback is critical for the maintenance and 

proliferation of shrub vegetation in these desert landscapes, as the shrub microsites are able 

to maintain warmer conditions and survive frost induced mortality. In the burned plot, the 

removal of the vegetation is shown to reverse this feedback, with all three microsites at 

comparable temperatures. As the shrub vegetation recovers from the fire-induced top kill, 

the temperature feedback seems to reestablish in the landscape. 

When using fire to manage a shrub-grass transition zone, it is important to consider 

confounding factors that will impact the effectiveness of the controlled burn. 

Environmental conditions (rainfall, wind, soil moisture) before and after the burn will 

affect its process. An efficient burn process in the Chihuahuan Desert has been seen to 
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work over a six-to-seven-year interval, which has been reported as the historic natural fire 

return interval in the Chihuahuan Desert grasslands. With this in mind, it is important to 

consider the timing of a controlled burn. Prescribed fires followed by droughts or extreme 

rainfall events may result in net sediment loss rather than sediment redistribution, 

decreasing the chance of grass recovery in the system. Some amount of rainfall is crucial 

for the post-fire recovery of grasses to the system, in order to maintain soil moisture for 

grass establishment. The age of the shrub will affect fire induced mortality, in that an older 

shrub is more likely to be resilient than a young shrub. A young shrub will be killed off 

entirely, but an old shrub will only have the top of the plant removed, and will be able to 

recover. Further, post-fire recovery (adaptation for fire) varies with species of vegetation. 

Timing the fire appropriately maximizes the ability of the fire disturbance to reverse all 

three (soil nutrient, soil moisture, soil temperature) feedbacks, indicating that the role of 

fires in this shrub-grass transition zone is not only biological, but biophysical as well.  

Land degradation, also known as desertification, threatens biologically and 

economically productive lands, as well as the world’s food security. Desertification can be 

manifested by shrub encroachment, with shrubs encroaching into historically dominated 

grasslands. In the shrub-grass bistable dynamics, the shrub state is reinforced by three 

major different positive feedbacks: soil nutrient feedback, soil moisture feedback, and soil 

temperature feedback. The shrub encroachment results in a loss of grass cover and lead to 

a heterogeneous landscape consisting of shrub islands and bare patches. Reintroducing 

fires in the early stages of the encroachment process can reverse these feedbacks and 

enhance grass cover. The nutrient feedback is reversed post-fire, thanks to the changes in 

patch scale soil erosion. The shrub islands function as sediment sources following fires, 
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thereby redistributing soil nutrients homogenously over the landscape. The soil moisture 

feedback is reversed with the removal of vegetation and fire-induced soil hydrophobicity, 

allowing for a more even distribution of runoff and therefore, a more homogenous soil 

moisture over a landscape. Lastly, the soil temperature feedback is reversed with the 

removal of the shrub canopy over the microsite. The reversal of these feedbacks should 

help encourage uniform grass growth, restoring the grassland to what it was before the 

shrub encroachment. Since shrub encroachment is a global phenomenon, the findings of 

this study have implications for management in many arid and semiarid environments that 

are affected by land degradation via vegetation transformations (shrub encroachment or 

grass invasions) such as, juniper tree encroachment in northwest Texas (Ansley et al., 

1995), buffel grass invasions in the Sonoran Desert shrublands (Olsson et al., 2012), and 

the Karoo Desert encroachment in South Africa (Dean et al., 1995).  
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CHAPTER 6  

CONCLUSION 

Shrub encroachment into grasslands is a major form of land degradation affecting 

many grassland ecosystems worldwide. The experiments at this shrub-grass transition zone 

in the Chihuahuan Desert investigated feedbacks contributing to land degradation in desert 

grasslands and the management implications. Specifically, the study examined the 

microsite scale interactions among fire, wind, vegetation, and soil erosion processes in a 

shrub-grass transition zone, and to observe changes in the three feedbacks that reinforce a 

shrub dominated state – nutrient, moisture and temperature feedbacks.  

A novel REE tracer technique was used at the site in order to monitor post-fire 

sediment redistribution. REE tracers applied to each microsite allowed for the ability to see 

spatial variations as well as the amount of sediment redistribution taking place over three 

windy seasons in the shrub-grass transition zone. The controlled fire disturbance was seen 

to significantly increase soil erosion from vegetated sites by altering the two major controls 

on soil erosion by wind at short time scales: vegetation and soil erosion. The increase in 

soil erosion led to a redistribution of soil nutrients, seen in the redistribution of REE tracers. 

Increasing homogeneity in distribution of vegetation, as well as an increase in surface 

roughness over three windy seasons, indicates the return of grasses to burned areas.  

This shift in vegetation was an indication of the reversal of the nutrient feedback 

that supported shrub encroachment, with fire impact shifting shrubs from soil nutrient sinks 

to sources (Figure 21). Removal of shrubs with fire also removed canopies and shading 

(lower evaporation), which allowed for increased runoff as well as more uniform 

infiltration rates at all three microsites, which improves grass growth, as well as reverses 
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the soil moisture feedback. The loss of the shrub canopy makes shrub microsites cooler 

and drier than they were before the fire, which in turn makes it more difficult for shrubs to 

recover from fire, allowing grasses to recover faster than shrubs, benefitting from increased 

moisture and nutrient redistribution to the grass microsites. The dynamics between three 

feedbacks demonstrate that fire acts as a biophysical control on the landscape.  

 

Figure 21. Conceptual diagram showing feedbacks supporting shrub encroachment  

 Increasing population and changing climate will shift land usage in several regions 

across the world, potentially increasing aridity in dryland systems, changing frequency and 

intensity of wildfires, which could then lead to the acceleration of soil erosion in these 

dryland systems. With the necessary ecosystem services as well as the extent of the dryland 

systems across the world, it is important to understand the dynamics that exist between 

vegetation, wind erosion, fire, and soil nutrients. This research highlights the role of 

prescribed fires in shrub encroached grasslands as an effective land management tool. 
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Windy Season Horizontal Mass Flux 

(June 2016 - June 2018) 

Plot Year Flux (g/m*d) 

Burned June 2016 21.9993 

Burned June 2016 51.9309 

Burned June 2016 50.0993 

Burned June 2016 25.003 

Burned June 2016 42.0416 

Burned June 2016 62.4383 

Control June 2016 16.7296 

Control June 2016 16.536 

Control June 2016 17.7293 

Control June 2016 17.3695 

Control June 2016 17.6584 

Control June 2016 17.6584 

Burned June 2017 25.5211 

Burned June 2017 24.6448 

Burned June 2017 21.6073 

Burned June 2017 27.5343 

Burned June 2017 23.4841 

Burned June 2017 32.4386 

Control June 2017 26.8792 

Control June 2017 20.547 

Control June 2017 18.0901 

Control June 2017 18.4912 

Control June 2017 16.4899 

Control June 2017 17.6584 

Burned June 2018 5.2864 

Burned June 2018 6.8312 

Burned June 2018 10.6836 

Burned June 2018 10.681 

Burned June 2018 10.2169 

Burned June 2018 6.4262 

Control June 2018 5.3262 

Control June 2018 3.4175 

Control June 2018 2.8662 

Control June 2018 11.8393 

Control June 2018 7.5038 

Control June 2018 3.3338 
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March 2016 Soil REE Concentrations 

Sample  # Plot Eu (ppm) Ho (ppm) Yb (ppm) Microsite 

1 Burned 30.663 0.579 2.218 Grass 

2 Burned 40.002 0.184 0.126 Grass 

3 Burned 0.000 0.388 0.000 Shrub 

4 Burned 0.000 0.354 196.141 Bare 

5 Burned 6.626 0.000 2.570 Grass 

6 Burned 0.000 0.000 219.988 Bare 

7 Burned 23.177 0.000 100.558 Grass 

8 Burned 50.097 0.000 1.628 Grass 

9 Burned 0.000 0.000 283.286 Bare 

10 Burned 26.018 0.048 0.000 Grass 

11 Burned 0.000 13.420 0.000 Bare 

12 Burned 0.000 0.743 0.000 Shrub 

13 Burned 11.677 0.185 0.000 Grass 

14 Burned 5.220 0.000 0.000 Grass 

15 Burned 0.000 33.830 0.592 Shrub 

16 Burned 0.000 0.000 97.790 Bare 

17 Burned 0.000 0.000 119.019 Bare 

18 Burned 0.000 0.000 52.135 Bare 

19 Burned 0.000 0.000 101.327 Bare 

20 Burned 0.000 0.000 119.910 Bare 

21 Burned 0.000 0.000 250.339 Bare 

22 Burned 23.233 0.000 175.737 Grass 

23 Burned 0.000 0.255 98.400 Bare 

24 Burned 0.000 0.423 249.926 Bare 

25 Burned 0.000 0.027 115.202 Bare 

26 Burned 0.000 0.000 157.097 Bare 

27 Burned 0.000 0.946 152.974 Bare 

28 Burned 0.000 0.120 89.301 Bare 

29 Burned 3.834 0.000 37.723 Grass 

30 Burned 0.036 0.000 83.894 Bare 

31 Burned 0.000 0.000 144.245 Bare 

32 Burned 0.000 0.000 238.544 Bare 

33 Burned 0.000 0.000 415.962 Bare 

34 Burned 0.145 0.000 215.149 Bare 

35 Burned 38.235 0.395 86.483 Grass 

36 Burned 97.004 0.000 1.975 Grass 

37 Burned 0.000 0.425 177.963 Bare 

38 Burned 0.000 0.198 2.601 Shrub 

39 Burned 3.349 0.000 42.418 Grass 
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40 Burned 9.307 0.000 5.360 Grass 

41 Burned 0.000 0.000 66.300 Bare 

42 Burned 0.000 0.000 310.181 Bare 

43 Burned 0.162 0.000 0.148 Grass 

44 Burned 33.331 0.000 0.000 Grass 

45 Burned 15.417 0.017 0.000 Grass 

46 Burned 0.000 0.146 20.294 Bare 

47 Burned 87.902 0.631 0.000 Grass 

48 Burned 0.000 34.588 0.030 Shrub 

49 Burned 0.000 0.020 206.289 Bare 

50 Burned 4.461 0.000 0.000 Grass 

1 Control 9.871 0.000 11.726 Grass 

2 Control 0.000 0.000 234.374 Bare 

3 Control 2.609 0.000 30.751 Grass 

4 Control 0.000 0.000 84.924 Bare 

5 Control 0.000 0.000 174.798 Bare 

6 Control 0.000 0.744 207.083 Bare 

7 Control 0.000 124.002 1.469 Shrub 

8 Control 0.000 61.804 0.000 Shrub 

9 Control 0.000 0.195 167.214 Bare 

10 Control 0.000 0.000 487.922 Bare 

11 Control 0.000 11.586 162.646 Shrub 

12 Control 0.000 23.029 0.000 Shrub 

13 Control 0.000 0.395 211.543 Bare 

14 Control 0.000 0.000 204.341 Bare 

15 Control 39.799 0.000 2.088 Grass 

16 Control 0.000 0.020 1.962 Bare 

17 Control 0.000 0.000 250.647 Bare 

18 Control 0.000 0.000 133.637 Bare 

19 Control 0.000 0.000 4.009 Bare 

20 Control 0.000 0.000 1.735 Bare 

21 Control 0.000 0.218 233.897 Bare 

22 Control 0.273 0.000 151.599 Grass 

23 Control 0.000 0.000 243.862 Bare 

24 Control 0.000 0.000 236.736 Bare 

25 Control 0.000 0.000 399.111 Bare 

26 Control 0.000 0.000 225.095 Bare 

27 Control 0.000 0.000 230.056 Bare 

28 Control 0.000 0.000 333.453 Bare 

29 Control 18.815 0.000 0.326 Grass 

30 Control 0.000 0.000 112.134 Bare 
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31 Control 0.000 0.000 176.931 Bare 

32 Control 0.000 0.000 19.871 Bare 

33 Control 1.968 0.000 248.004 Bare 

34 Control 0.000 0.000 410.829 Bare 

35 Control 0.000 0.000 283.288 Bare 

36 Control 0.000 0.000 234.801 Bare 

37 Control 24.375 0.000 71.694 Grass 

38 Control 0.000 0.000 0.010 Bare 

39 Control 13.455 0.000 0.000 Grass 

40 Control 0.000 0.000 173.011 Bare 

41 Control 0.000 0.000 246.843 Bare 

42 Control 0.000 0.000 89.468 Bare 

43 Control 0.000 0.000 159.501 Bare 

44 Control 0.000 0.000 252.514 Bare 

45 Control 3.336 0.000 227.146 Grass 

46 Control 0.000 0.000 186.547 Bare 

47 Control 0.000 0.000 33.055 Bare 

48 Control 0.000 0.000 0.943 Bare 

49 Control 0.000 0.000 257.077 Bare 

50 Control 0.000 0.000 73.674 Bare 

 

June 2018 Soil REE Concentrations 

Sample # Plot Eu (ppm) Ho (ppm) Yb (ppm) Microsite 

1 Burned 1.458 0.353 88.354 Grass 

2 Burned 4.526 4.652 282.143 Grass 

3 Burned 21.402 10.577 143.333 Shrub 

4 Burned 0.364 0.000 39.850 Bare 

5 Burned 1.137 0.569 47.811 Grass 

6 Burned 1.358 0.463 16.275 Bare 

7 Burned 4.594 0.988 173.943 Grass 

8 Burned 0.801 0.230 6.184 Grass 

9 Burned 41.040 2.157 25.269 Bare 

10 Burned 1.050 0.447 89.170 Grass 

11 Burned 10.743 4.011 52.454 Shrub 

12 Burned 1.112 1.203 95.486 Shrub 

13 Burned 1.287 0.838 80.054 Grass 

14 Burned 0.865 1.153 101.258 Grass 

15 Burned 0.132 0.000 18.791 Shrub 

16 Burned 2.941 3.291 74.176 Bare 

17 Burned 0.722 0.162 96.806 Bare 

18 Burned 15.617 8.116 42.842 Bare 
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19 Burned 0.596 0.000 10.293 Bare 

20 Burned 1.704 0.741 15.114 Bare 

21 Burned 0.304 0.174 110.180 Bare 

22 Burned 0.487 2.111 2.506 Grass 

23 Burned 1.186 4.885 17.136 Bare 

24 Burned 1.101 2.823 66.876 Bare 

25 Burned 0.525 0.783 100.570 Bare 

26 Burned 0.021 0.161 18.385 Bare 

27 Burned 10.824 3.342 14.400 Bare 

28 Burned 0.000 1.811 1.910 Bare 

29 Burned 0.000 1.046 0.537 Grass 

30 Burned 0.063 2.240 3.065 Bare 

31 Burned 1.309 0.193 51.413 Bare 

32 Burned 8.415 2.904 5.755 Bare 

33 Burned 0.684 3.093 54.220 Bare 

34 Burned 0.239 7.981 9.433 Bare 

35 Burned 0.000 0.483 20.817 Grass 

36 Burned 0.484 1.738 71.812 Grass 

37 Burned 0.314 1.727 42.701 Bare 

38 Burned 0.123 2.117 22.852 Grass 

39 Burned 0.066 4.603 6.613 Grass 

40 Burned 0.644 1.427 157.459 Grass 

41 Burned 2.102 0.286 0.762 Bare 

42 Burned 31.860 4.470 16.522 Bare 

43 Burned 2.974 13.707 175.303 Bare 

44 Burned 38.940 4.899 11.472 Grass 

45 Burned 0.000 0.037 45.456 Grass 

46 Burned 0.000 0.000 61.514 Bare 

47 Burned 0.728 0.865 108.713 Grass 

48 Burned 10.910 0.312 5.882 Shrub 

49 Burned 2.533 0.729 8.741 Bare 

50 Burned 0.381 0.346 78.208 Grass 

51 Burned 0.570 20.665 3.948 Shrub 

52 Burned 0.446 8.276 5.050 Shrub 

53 Burned 2.369 1.540 110.953 Shrub 

1 Control 5.819 0.000 20.468 Grass 

2 Control 0.140 0.000 59.832 Bare 

3 Control 0.445 0.135 70.733 Shrub 

4 Control 1.228 0.000 95.016 Bare 

5 Control 0.424 0.422 77.461 Bare 

6 Control 0.553 0.740 240.149 Shrub 
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7 Control 0.334 3.475 112.636 Shrub 

8 Control 0.315 0.479 17.526 Bare 

9 Control 0.252 0.000 118.395 Bare 

10 Control 0.109 0.169 10.269 Shrub 

11 Control 0.690 0.401 45.063 Shrub 

12 Control 0.264 42.960 14.046 Shrub 

13 Control 0.500 0.000 12.056 Bare 

14 Control 0.884 0.038 87.121 Shrub 

15 Control 0.974 0.250 170.834 Shrub 

16 Control 2.060 0.244 106.361 Shrub 

17 Control 0.443 1.286 191.399 Shrub 

18 Control 5.201 0.000 25.679 Grass 

19 Control 0.165 0.000 114.266 Bare 

20 Control 0.782 0.041 159.550 Bare 

21 Control 0.352 0.000 73.909 Bare 

22 Control 0.109 0.000 40.573 Bare 

23 Control 1.553 0.000 147.738 Bare 

24 Control 2.402 0.000 62.753 Bare 

25 Control 1.266 0.000 118.576 Bare 

26 Control 0.234 0.000 90.001 Bare 

27 Control 4.155 0.000 88.855 Grass 

28 Control 2.413 0.000 4.521 Grass 

29 Control 1.366 0.000 47.322 Grass 

30 Control 12.763 0.000 69.433 Grass 

31 Control 7.557 0.000 53.736 Grass 

32 Control 1.392 0.000 67.380 Bare 

33 Control 0.276 0.000 29.132 Bare 

34 Control 0.343 0.000 30.827 Bare 

35 Control 0.668 0.000 118.401 Bare 

36 Control 0.453 0.000 113.215 Bare 

37 Control 3.089 0.000 78.039 Bare 

38 Control 17.344 0.000 41.998 Grass 

39 Control 113.380 0.000 7.162 Grass 

40 Control 0.735 0.000 79.973 Bare 

41 Control 0.292 0.000 83.343 Bare 

42 Control 10.886 0.000 0.796 Grass 

43 Control 1.902 0.000 83.508 Bare 

44 Control 0.203 0.000 46.484 Bare 

45 Control 7.724 0.000 37.350 Grass 

46 Control 30.546 0.000 9.400 Grass 

47 Control 3.003 0.000 4.911 Bare 
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48 Control 27.927 0.000 15.335 Grass 

49 Control 1.934 0.000 101.893 Bare 

50 Control 12.599 0.000 2.658 Grass 

 

MWAC REE Concentrations 

Sample Plot Year Eu (ppm) Ho (ppm) Yb (ppm) 

BP1M Burned 2016 20.268 61.786 124.898 

BP1B Burned 2016 33.908 277.476 373.451 

BP2M Burned 2016 18.291 84.682 108.196 

BP2B Burned 2016 25.633 71.865 284.870 

BP3M Burned 2016 21.814 72.352 117.372 

BP3B Burned 2016 40.581 119.485 186.497 

CP1M Control 2016 2.693 0.289 117.117 

CP1B Control 2016 1.769 0.000 108.644 

CP2M Control 2016 3.069 0.231 128.571 

CP2B Control 2016 1.713 0.018 166.496 

CP3M Control 2016 4.630 0.021 73.998 

CP3B Control 2016 5.715 0.000 123.696 

BP1M Burned 2018 5.168 12.471 34.557 

BP1B Burned 2018 4.980 15.311 49.572 

BP2M Burned 2018 2.662 5.243 19.574 

BP2B Burned 2018 3.907 9.210 45.027 

BP3M Burned 2018 4.145 16.255 36.135 

BP3B Burned 2018 5.325 8.486 70.123 

CP1M Control 2018 5.190 0.191 63.596 

CP1B Control 2018 3.705 0.000 59.661 

CP2M Control 2018 4.101 0.068 47.833 

CP2B Control 2018 9.786 0.000 121.223 

CP3M Control 2018 7.566 0.000 53.480 

CP3B Control 2018 4.902 0.083 79.677 

 


