
  

 
 
 
 
 

ABSTRACT 
 
 
 

 
Title of dissertation: INTERACTIONS BETWEEN CHEMICAL, 

PHYSICAL, AND BIOLOGICAL PROCESSES 
DURING DESERTIFICATION OF 
GROUNDWATER-DEPENDENT SEMI-ARID 
GRASSLANDS  

  
 Kimberly Rae Vest, Doctor of Philosophy, 2015 
  
Dissertation directed by: Associate Professor, Andrew Elmore, University 

of Maryland Center for Environmental Science 
 

Desertification is estimated to cost $26 billion per year through loss of agricultural 

production, water reserves, and air quality. Semi-arid grasslands are prone to 

desertification through many factors including groundwater pumping. Groundwater 

pumping below the root-zone of groundwater-dependent vegetation leads to a 

decrease in vegetation cover exposing bare soil to wind erosion. Desertification of 

semi-arid grasslands can lead to a permanent change in vegetation state. Identifying 

when and where ecological changes are irreversible is problematic, requiring 

observations of a new ecological state that favors the continued process of wind 

erosion and depletion of soil resources. To determine biological, physical, and 

chemical processes affecting desertification in semi-arid groundwater-dependent 

grasslands, I examined hydrological and ecological factors across groundwater-

dependent meadows in Owens Valley, California. First, I developed and compared 



  

empirical, process-based, and mechanistic models that predict mass transport. I found 

that scaled gap size explains 56% of the variation in total horizontal flux (Q), and the 

process-based model predicts Q better than the mechanistic model indicating the 

importance of scaled gap size in wind erosion modeling of heterogeneous vegetation. 

Second, I explored the role of landscape connectivity of bare soil in enhancing Q and 

quantifying the magnitude of desertification across the landscape using circuit theory 

and Qrule. I found that landscapes that were more connected than neutral landscapes 

with the same bare soil cover were associated with groundwater decline during the 

California drought and greater Q. This is consistent with the idea that the enhanced 

formation of connected pathways (representing functional connectivity) is evident at 

plots that arrived at a particular bare-soil cover via groundwater decline and wind 

erosion, rather than another process. Third, I analyzed vegetation structure and 

monitored Q, air quality data, and PM10 emissions to evaluate the relationship 

between meadow degradation and air quality.  I found that management practices 

have generated a new mid-valley meadow source of PM10 pollution. These results 

provide information and tools for resource managers of groundwater-dependent semi-

arid grasslands to identify areas degraded by wind erosion, producing Q and PM10, 

and prone to desertification. Managers can use the information and tools to better 

gauge a well field’s health and adjust the groundwater amount pumped from wells.  
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Preface 

This dissertation contains an overall abstract and five chapters. Chapter II, III, and IV 

are presented in manuscript form; therefore, the study area may be repeated, pronouns 

reflect manuscript authorship, and tables and figures appear at the end. A single 

reference section occurs at the end for literature cited throughout the dissertation. 
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Chapter 1: Introduction 

        Desertification impacts approximately 15% of the Earth’s surface affecting 

over 100 countries by reducing ecosystem productivity (Schlesinger et al. 1990; 

Helldén 1991; Hulme and Kelly 1993; Belnap 1995; Rubio and Bochet 1998; 

Reynolds et al. 2007a) and impacting social and economic factors (Helldén 1991; 

Hulme and Kelly 1993; Reynolds et al. 2007a). Desertification is, “land degradation 

in arid, semi-arid, and dry sub-humid areas resulting from climatic variations and 

human activities” (Helldén 1991; Hulme and Kelly 1993; Le Houffrou 1996; 

Nicholson et al. 1998; Rubio and Bochet 1998; Huenneke et al. 2002). Areas 

undergoing desertification can be characterized by increased aeolian sediment (dust) 

transport, changes in soil biological, chemical, and physical characteristics, and 

changes in vegetation structure (Rubio and Bochet 1998). Research suggests that once 

desertification has been initiated, it is hard to reverse. This is supported by research 

that once increasing heterogeneity of soil resources has begun, positive feedback 

processes are likely to develop that reinforces the new functional system properties. 

(Schlesinger et al. 1990; Peters et al. 2006; Turnbull et al. 2008). 

 Water mismanagement, particularly of groundwater resources, is of special 

concern because of the increasing demand on water in semi-arid and arid regions to 

supply growing urban populations (Ragab and Prudhomme 2002). In arid and semi-

arid regions, plant communities are inherently water limited and changes in 

hydrology can have devastating effects on ecosystem functioning, including a 

tendency to initiate desertification (Sharma 1998). Of particular concern are 

hydrologically closed (endorheic) basins where sediment and evaporite minerals 
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collect in valleys creating saline lakes of temporally varying size and fluctuating 

shallow groundwater tables (Elmore et al. 2008). Examples of these conditions 

include Lake Chad in sahelian Africa and the Aral Sea in central Asia where water 

diversions combined with recent climate change, produce large, globally-relevant 

dust emissions (Wiggs et al. 2003; Elmore et al. 2008). For example, groundwater 

supports vegetation cover that reduces wind erosion, influences surface chemistry 

(e.g., salt crust anions), and is integral to the formation of soil crusts, which 

physically inhibit wind erosion.  Small changes in vegetation and soil structure due 

to groundwater withdrawal might initiate a feedback process leading to greater 

structural and functional connectivity eventually causing a threshold change from 

grassland to shrubland permanently leading to desertification. 

As vegetation structure changes, soil degradation occurs (e.g., includes wind 

erosion, water erosion and chemical degradation) (Schlesinger et al. 1990) exposing 

fertile soils in shrub interspaces to wind and water erosion removing them and 

producing dust (Schlesinger et al. 1996b; Lal 2003).  The dust changes the landscape 

by redistributing soil to form islands of fertility (i.e., fertile soil is only located under 

shrubs) that further promote shrub growth to the detriment of grasses (Schlesinger et 

al. 1996b; Schlesinger and Pilmanis 1998). Increasing non-fertile shrub interspaces 

cause crustal hardening, decreasing infiltration, decreasing the likelihood of 

vegetation reestablishment, increasing soil temperature, and increasing the 

susceptibility of islands of fertility to erosion (Schlesinger et al. 1990; Belnap 1995; 

Schlesinger and Pilmanis 1998; Okin et al. 2001; Lal 2003). These changes are 

generally more conducive to the maintenance of shrubland, thus constituting a 
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positive feedback exacerbating desertification (Schlesinger et al. 1990; Kieft et al. 

1998; Schlesinger and Pilmanis 1998). Dust also affects human health by increasing 

respiratory disorders (Zhang et al. 2013), lung disease (Fubini and Fenogolio 2007), 

and bacterial dispersion (Hervàs et al. 2009).  

The Great Basin is the largest endorheic basin in the United States and 

contains many playas, the dustiest of which exhibit shallow groundwater (Reynolds et 

al. 2007b). Historically, one of the largest remaining saline Pleistocene lakes of the 

Great Basin was the Owens Lake, which received recharge from the extensive 

snowpack of eastern Sierra Nevada. Through the late 19th and early 20th century, 

water diversions caused Owens Lake to begin to desiccate, leaving behind an alkali 

playa with shallow groundwater.  In 1913, the city of Los Angeles (LA) built the LA 

Aqueduct and diverted the Owens River, ensuring the complete desiccation of Owens 

Lake thereafter referred to as Owens Dry Lake. In 1973, LA built a second aqueduct 

and increased groundwater pumping in the northern sections of the valley.  The 

increasing pressure on groundwater resources led to changes in regional vegetation 

(Elmore et al. 2003), especially during the California drought from 1987 to 1992 

(Elmore et al. 2006b; Elmore et al. 2008). Owens Dry Lake is currently the largest 

source of PM10 emission (i.e., particulate matter < 10 µm) in North America 

(GBUAPCD 2008).   

Owens Valley, CA was chosen for this work because it has been an outdoor 

experimental laboratory for dust research for several decades.  Work on the Owens 

dry lake playa has been central to our understanding of aeolian processes in a 

groundwater-dominated system; however, this work has been largely constrained to 
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the non-vegetated portions of the playa.  Owens Valley groundwater is pumped from 

extensive regions of alkali meadow vegetation to the north of the dry lake, a system 

that has not been previously studied in the context of wind erosion and desertification.  

The information garnered from this study will inform the management of these 

groundwater resources, with the goal of avoiding desertification.    

1.1 Dissertation Overview: Objectives and Questions 

The dissertation is organized around four general goals addressing the 

magnitude of wind erosion, methodologies for modeling wind erosion, and 

understanding the physical, biological, and chemical changes that occur in the study 

system during desertification. The main goals were to (1) measure the magnitude of 

wind erosion between groundwater-dependent alkali meadow with depth to water 

dependent vegetation changes and groundwater-dependent alkali meadow with static 

vegetation conditions and compare these values with wind erosion rates in other parts 

of the world and with projected consequences for air quality, (2) develop and 

compare empirical, process-based and mechanistic models that predict mass transport 

from field measurements of vegetation and soil structure within groundwater-

dependent plant communities, (3) determine the composition and spatial distribution 

of soil crust properties that influence surface strength, and (4) explore the role of 

landscape connectivity of bare soil gaps in enhancing aeolian transport and 

quantifying the magnitude of desertification across the landscape. Chapter I (this 

chapter) is an overview and introduction to the later original research chapters. 

 Chapter II develops and compares empirical and mechanistic models that 

predict mass transport from field measurements of vegetation and soil structure 
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within groundwater-dependent plant communities. The question addressed is can 

measurements of vegetation structure be used to model areas at risk of wind 

erosion? Wind erosion is a significant environmental problem that removes soil 

resources from sensitive ecosystems and contributes to air pollution. When a 

reduction in vegetation cover occurs through any disturbance process there is 

potential for aeolian transport and dust emission. I found that as the mean gap size 

between vegetation elements scaled by vegetation height increases, aeolian sediment 

transport increases. I also tested a probabilistic model of wind erosion based on gap 

size between vegetation elements scaled by vegetation height (the Okin model) (Okin 

2008), which predicts measured total horizontal aeolian sediment flux more closely 

than another commonly used model based on the average plant area observed in 

profile (the Raupach model) (Raupach et al. 1993).  The threshold shear velocity of 

bare soil appears to increase as gap size between vegetation elements scaled by 

vegetation height increases, reflecting either surface armoring or reduced interaction 

between the groundwater capillary zone and surface sediments.  Natural resource 

managers can use both the Okin model and simple empirical models to target 

management actions in alkali meadow vegetation. 

Chapter III explores the role of landscape connectivity of bare soil gaps in 

enhancing aeolian transport and quantifying the magnitude of desertification across 

the landscape. The primary question is vegetation structure change coupled with 

wind erosion associated with thresholds that lead to permanent vegetation structure 

change? Okin et al. (2009) and Turnbull et al. (2008) hypothesized that an indicator 

of irreversibility in desertification might be “connected pathways” (i.e., structural - 
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vegetation structure is changing and functional - wind erosion begins to increase bare 

soil area). Connectivity of a landscape is related to the length and size of pathways 

through vegetation created by wind erosion (Okin et al. 2009). I analyzed differing 

connectivity across certain areas of the landscape using graph theory, so that the 

degree of desertification across the landscape might be determined.  Most studies 

have focused on population movement between habitats (Bunn et al. 2000; Fuller et 

al. 2006; Minor and Urban 2007; Urban et al. 2009), but I focused on wind movement 

within the landscape. I used circuit theory based on Ohm’s law (McRae 2006; McRae 

et al. 2008), which assumes set of similarities between wind and electrical currents, 

possibly representing an appropriate functional connectivity model for desertification. 

I analyzed the connectivity between grassland locations representing a gradient in 

degradation and theoretical neutral landscape models (NLM) with bare soil cover 

identical to the degradation gradient. Results show that Q increased as connectivity at 

our plots increased supporting the theory that connected pathways form in the 

landscape promoting dust emission. Further, long connected pathways form in our 

plots producing higher amounts of Q from wind erosion, and our plots that were more 

connected than NLM had higher groundwater declines during the California drought 

in the 1980s than plots above the NLM.  Using Circuitscape coupled with Qrule to 

understand the degradedness of an area may help managers to mitigate the effects of 

desertification in an area. 

Chapter IV focuses on determining the magnitude of wind erosion between 

depth to water dependent changes and static vegetation conditions in groundwater-

dependent alkali meadow and compare these values with wind erosion rates in other 
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parts of the world and with projected consequences for air quality. The main question 

was are Owens Valley alkali meadows eroding in areas of groundwater decline and 

does this erosion contribute to regional air pollution? I used plot-based observations 

of total horizontal flux across a gradient of meadow degradation; plot based 

measurements of vegetation cover and structure; and PM10 observations at locations 

along a north to south transect in Owens Valley, CA. I analyzed vegetation structure 

and monitored aeolian sediment transport to evaluate the relationship between 

meadow degradation and air quality.  Results show that (1) management practices 

have generated a new mid-valley alkali meadow source of PM10 pollution that was 

previously unrecognized in Owens Valley; (2) there is a need for more 

comprehensive ecosystem and groundwater management to mitigate the air quality 

issues within Owens Valley; and (3) Los Angeles must reduce their current demand 

for water from Owens Valley through mandatory water restrictions in both drought 

and non-drought periods. 

 Chapter V stands as a concluding statement for the entire dissertation. 

It summarizes the observations and application of the modeling; identifies vegetation 

degradation and wind erosion in the field; integrates field and modeling results; 

determines thresholds for state changes from grassland to shrubland; shows the 

implications of continued pumping of groundwater; and implications of future 

drought and climate change on vegetation and groundwater.  
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Chapter 2: Estimating total horizontal aeolian flux within shrub-
invaded groundwater-dependent meadows using empirical and 
mechanistic models 
 
Published in the Journal of Geophysical Research 

2.1 Abstract 

Wind erosion is a significant environmental problem that removes soil 

resources from sensitive ecosystems and contributes to air pollution. In regions of 

shallow groundwater, friable (puffy) soils are maintained through capillary action, 

surface evaporation of solute rich soil moisture, and protection from mobilization by 

groundwater dependent grasses and shrubs.  When a reduction in vegetation cover 

occurs through any disturbance process there is potential for aeolian transport and 

dust emission. We find that as mean gap size between vegetation elements scaled by 

vegetation height increases, total horizontal aeolian sediment flux increases and 

explains 58% of the variation in total horizontal aeolian sediment flux. We also test a 

probabilistic model of wind erosion based on gap size between vegetation elements 

scaled by vegetation height (the Okin model) (Okin 2008), which predicts measured 

total horizontal aeolian sediment flux more closely than another commonly used 

model based on the average plant area observed in profile (Raupach model) (Raupach 

et al. 1993).  The threshold shear velocity of bare soil appears to increase as gap size 

between vegetation elements scaled by vegetation height increases, reflecting either 

surface armoring or reduced interaction between the groundwater capillary zone and 

surface sediments. This work advances understanding of the importance of measuring 

gap size between vegetation elements scaled by vegetation height for empirically 
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estimating Q and for structuring process-based models of desert wind erosion in 

groundwater dependent vegetation. 

 

2.2 Introduction 

A leading challenge in aeolian geomorphology is understanding the influence 

of vegetation structure on total horizontal aeolian sediment flux, Q (kg m-1 s-1) 

(Musick and Gillette 1990; Musick et al. 1996; Wolfe and Nickling 1996; Lancaster 

and Baas 1998; Belnap and Gillette 1998; Okin and Gillette 2001; King et al. 2005; 

Peters et al. 2006; Li et al. 2007; Li et al. 2009; Okin et al. 2009).  Because vegetation 

structure influences flow regimes, shear stress, and surface erodibility (Shao 2000), 

the absence of vegetation raises the potential for increased Q (King et al. 2006; 

Elmore et al. 2008).  Likewise, dust emissions to the atmosphere are proportional to 

the horizontal flux of saltating grains, aerodynamic entrainment, and aggregate 

disintegration at the surface, with proportionality related to the structure and texture 

of the underlying soil (Gillette et al. 1997; Shao et al. 2011).  Therefore, land-use 

activities that alter the cover or 3-dimensional structure of desert vegetation pose a 

challenge to resource managers seeking to maintain soil stability and limit air 

pollution.  Of particular concern are land-use practices that contribute to woody 

encroachment of grasslands (Schlesinger et al. 1990), destroy biological soil crusts 

(Belnap 1995), or otherwise lead to conditions of increasing shear velocity at the soil 

surface.  

In desert systems prone to high winds and friable soils, vegetation structure 

must be actively managed, either through direct (e.g., seeding of grass, fire 
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treatments, etc.) or indirect methods (e.g., modification of grazing intensity, 

management of groundwater depth, etc.). For management to be successful, methods 

are needed for predicting Q from a limited number of observations.  In empirical 

models, these observations are used to develop statistical relationships between 

vegetation structure and Q, both measured in natural settings.  Once constructed, 

empirical models might be used for quick assessment of site conditions and for 

estimating the potential for future erosion.  Careful use of process-based models, on 

the other hand, requires observations of both soil and vegetation properties but has the 

potential to reveal how these properties influence Q.  Here, the choice of how to 

represent vegetation structure and distribution can be informed by empirical models 

as the choice appears in part to determine model success. 

Parameters that quantify the average profile area of vegetation (per unit 

ground area) encountered by the wind (e.g., “lateral cover” (Marticorena and 

Bergametti 1995; Musick et al. 1996; Wolfe and Nickling 1996; Marticorena et al. 

1997; Dong et al. 2001)), have long been considered useful for estimating the shear 

velocity at the soil surface.  Although there is evidence that the configuration of 

vegetation and other roughness elements have a limited impact on wind erosion 

(Brown et al. 2008), recent work suggests otherwise. The spatial distribution of 

vegetation elements (e.g., vegetation clumping and connectivity of bare soil patches) 

is expected to have a strong effect on wind erosion reflecting the fact that shear 

velocity is spatially variable across a vegetated surface (Okin 2008; Okin et al. 2009). 

Okin (2008) compared the theoretical underpinnings of the Raupach model (1993) 

(based on lateral cover) to a new model that uses scaled gap size ( , average gap hL /
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size divided by average vegetation height) to represent vegetation structure. By 

representing bare soil surfaces as a probabilistic distribution of gaps of a certain size, 

Okin (2008) suggested that Q is more sensitive to vegetation structure and 

distribution than to vegetation (lateral) cover (see also (Okin et al. 2006)). However, 

the Okin model has yet to be tested in a variety of settings using field observations 

collected for this purpose. 

In this paper, we evaluated a suite of vegetation parameters identified from the 

literature (Marshall 1971; Okin 2008; Breshears et al. 2009) including those described 

above, for their capability to explain variability in Q across a shrubland to grassland 

gradient within groundwater dependent vegetation in the Owens Valley, California.  

Although extensive work has explored dust emission from Owens dry lake (Goudie 

and Middleton 1992; Cahill et al. 1996; Gill 1996; Reheis 1997; Gillette et al. 2001; 

Reheis 2006), to the best of our knowledge this study is the first to measure and 

analyze Q in vegetated portions of the valley to the north of the exposed lake bed 

(Fig. 3.1).  Vegetation cover and structure in Owens Valley has been adversely 

affected by groundwater pumping over the past several decades (Elmore et al. 2003; 

Elmore et al. 2006b; Elmore et al. 2008). Mata-Gonzalez et al (2012) looked at 

microtopograpic effects, which can be created by wind or water erosion.  The finding 

that shrubs are more often located on relatively high locations is consistent with the 

idea that shrubs trap sediment carried by wind from bare soil areas.  Today, 

groundwater pumping is actively managed using, to some extent, observations of 

change in vegetation structure, making this a useful study system for developing tools 

that model Q across vegetation gradients that correlate with groundwater depth and 
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history.  Further, the importance of groundwater dependent systems as sources of 

atmospheric dust emission has recently been highlighted (Reynolds et al. 2007b) 

adding additional motivation for understanding these systems.  We intend the results 

of this work to lend insight into future model development and testing as well as into 

the development of sustainable management plans. 

2.3 Methods 

2.3.1 Study site 

Owens Valley is a semiarid endorheic basin in California situated between the 

Sierra Nevada and the White-Inyo mountain ranges, receiving a median precipitation 

of 0.13 m annually.   Snowmelt from the Sierra Nevada results in 5.8x108 m3 – 

6.3x108 m3 annual runoff that recharges groundwater and surface water in the Owens 

River drainage basin (Danskin 1998). Originally these waters flowed to the Owens 

Lake located at the southern terminus of the Owens River Basin (Hollett et al. 1991; 

Danskin 1998).  Due to annual recharge, the groundwater table is close to the surface 

across much of the Owens Valley floor supporting the shallow-rooted alkali meadow 

vegetation community (Sorenson et al. 1991; Elmore et al. 2003; Elmore et al. 

2006b). Saltgrass (Distichlis spicata (L.) Greene) and alkali sacaton (Sporobulus 

airoides Torr.) are characteristic grass species of alkali meadow and form dense 

grasslands in areas where the water table is within 1.5 m of the soil surface (Sorenson 

et al. 1991).   Alkali meadow also contains shrub species, such as greasewood 

(Sarcobatus vermiculatus), Nevada saltbush (Atriplex lentiformis ssp. torreyi), and 

rubber rabbitbush (Ericameria nauseosa), which occur in areas with greater than 2.5 

m, but still accessible, groundwater (Sorenson et al. 1991). 
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In 1913, the city of Los Angeles (LA) built the LA Aqueduct and diverted the 

Owens River contributing to the complete desiccation of Owens Lake around 1920.  

Subsequent dust storms in Owens Valley lead to non-compliance with National 

Ambient Air Quality Standards (NAAQS) for airborne particulate matter (PM10) (US 

EPA 2008; Reheis et al. 2009).   Although restoration work on Owens Lake has 

begun to mitigate dust emissions, (document available from the (US EPA 2008) 

(http://epa.gov/region09/air/owens/pmplan.html#52507)), increasing pressure on 

groundwater resources in the northern portions of the valley has led to the drying of 

springs and seeps (Danskin 1998) and changes in regional vegetation (Elmore et al. 

2003). In particular, during the California drought from 1987 to 1992, LA increased 

groundwater pumping, lowering the water table below the root zone of alkali 

meadows in much of the valley, causing the decline of grass cover, shrub 

encroachment, and exposing bare soil areas (Elmore et al. 2006b; Elmore et al. 2008). 

Due to fluctuations in groundwater depth in some areas (but not all), the cover and 

spatial structure of vegetation within alkali meadow are highly variable. Although the 

largest source of dust emission is from Owens dry lake, the similarities between the 

soils (e.g., puffy salt crusts that are highly susceptible to wind erosion (Reynolds et al. 

2007b)), shallow groundwater tables and geologic history of the Owens dry lake and 

alkali meadow (Orme and Orme 2008) suggest that alkali meadow soils would be 

susceptible to wind erosion wherever bare soil is exposed (Saint-Amand et al. 1987).   

 

2.3.2 Plot Selection 

Our analysis focused on thirteen plots (10,000 m2 each) that were monitored 

for three years from May to September: 2008, 2009, and 2010.  Plot selection focused 
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on covering a range in vegetation structure, from shrubs separated by bare soil, 

through shrubs separated by meadow, to continuous meadow.  Based on research 

linking vegetation structure and groundwater (Elmore et al. 2003; Elmore et al. 

2006b), we found it possible to use spatial and recent temporal variation in 

groundwater depth to capture the needed variability in vegetation structure. However, 

we also required that groundwater be sufficiently close to the surface to justify a 

characterization of “groundwater dependent” and the soil characteristics associated 

with shallow groundwater dominated systems (generally thought of as requiring 

groundwater within 5 m of the surface (Reynolds et al. 2007b)).  Although cattle 

grazing occurs across the entire study area, data on spatial variability in grazing 

intensity is unavailable, and we were forced to work under the assumption that 

grazing had a similar impact on vegetation structure across all plots. To enable the 

establishment of plots along the required gradient in vegetation structure, plots were 

identified that were (1) within 100 m of a long-term monitoring well with recorded 

groundwater depths since 1986 (measured in April of each year); (2) located within 

alkali meadow, as identified by a 1986 vegetation survey (City of Los Angeles and 

County of Inyo 1990); and (3) within soil identified as mollisol or aridisol in Soil 

Survey Geographic Database (SSURGO) (Soil Survey Staff).  Sixteen plots were 

initially selected in these areas.  However, in 2008, destruction of three plots by cattle 

that had not been removed at the time of sediment trap installation reduced the 

number of study plots to thirteen (Fig. 3.1).  We did not re-deploy at these three sites 

in 2009 or 2010. At eight of the thirteen plots, (Aubault 2009) performed soil texture 

analyses.    
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2.3.3 Field Measurements 

At each plot, Q was measured using four Big Spring Number Eight (BSNE) 

sediment traps (Custom Products and Consulting, Big Spring, TX) placed on a 1-m 

pole at heights of 0.1, 0.2, 0.5, and 1 m. This arrangement will henceforth be called a 

BSNE stem. BSNE stems were installed for three seasons (May to September 2008, 

2009, and 2010) within each plot. Although dust emission during the winter might be 

significant (Saint-Amand et al. 1987), we avoided this season due to the pervasive 

presence of cattle over-wintering across most of the Owens Valley floor.  During the 

summer, cattle are typically moved to higher elevation grazing lands. Although cattle 

likely influence vegetation structure, we know from previous research that 

groundwater decline is the main source of vegetation structure change (Elmore et al. 

2003). Also, we do not believe that cattle changed the vegetation structure 

considerably during the study period because the mean vegetation structure at each 

plot was not significantly different across years, and we saw no evidence that there 

was between-plot variation in grazing intensity to the degree that it influenced 

vegetation structure at one plot more than another. In 2008, we placed a BSNE stem 

at each plot in a location characterized by either grass or a bare soil. In 2008 and 

2009, we did not find differences in the amount of sediment collected between grass 

and bare soil locations (suggesting low within plot variability in Q and sediment 

sources from outside the immediate vicinity of the BSNE stem). Therefore, in 2010, 

we placed all BSNE stems in bare soil locations. The reason the location did not 

effect the sediment collected was because the sediment in each of the traps was from 

a wider area than where the BSNE stem was placed. The average diameter of bare 
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soil around the BSNE stems was approximately 3.16 m in 2008, 4.41 m in 2009, and 

5.23 m in 2010.  In 2009 and 2010, two BSNE stems were placed at two of the plots 

to explore spatial variation in Q, and tiles were placed around the BSNE stem at each 

plot to prevent vegetation growth around the lowest trap that might prevent trap 

movement and obstruct the inlet (something that occurred at plots 1, 4, 7, 10, 20, and 

25 in 2008). BSNE stems were not placed within one meter of shrubs.  The height of 

each trap was measured from the ground surface to the bottom of the inlet.  The mass 

of the sample collected in each trap was divided by sampler inlet area and the 

duration of collection time, q(z) (kg m-2 s-1).  The results from each trap were fit to an 

exponential equation that was integrated from the ground surface to 1 m to estimate Q 

(kg m-1 s-1) (Shao and Raupach 1992; Gillette et al. 1997).  The Q was adjusted to 

account for the known efficiency of the BSNE stem, 90% ± 5% (Shao et al. 1993).  

  Vegetation cover, gap distribution and vegetation height for each plot was 

determined using four 50 m line intercept transects run in cardinal directions from the 

BSNE stem (USDA and NRCS 2004). For each transect, along-transect width 

(greater than 0.03 m), species, height of vegetation (greater than 0.08 m), and along-

transect width of bare soil patches (greater than 0.03 m) were measured. Despite the 

imposed detection limit in vegetation height, we found that even the shortest 

vegetation elements were taller than 0.08 m. The vegetation height was measured 

using a regulation Frisbee® with a hole carved into the center through which a 

wooden meter stick could be threaded. The meter stick was placed in each individual 

plant along the transect, and the Frisbee® was dropped vertically with the meter stick 

penetrating the hole in the disk. The top of the plastic disk at its stopping location was 



 

 
17 

 

recorded as the vegetation height. Vegetation transects were conducted only in May 

of 2008, 2009, and 2010 during BSNE stem deployment.   

Meteorological data were measured at three locations across Owens Valley 

(Fig. 3.1). Wind velocities were measured in 2009 and 2010 using five tower-

mounted anemometers positioned above the ground at 0.5, 1, 2, 5 and 10 m (wind 

velocity height used to estimate U). In 2008 at the two southern towers, wind velocity 

was only measured at 10m. Average wind velocities were recorded every 10 minutes 

on the two southern towers and every 5 minutes on the northern tower.  Data from an 

air temperature and humidity sensor mounted at 2 m were collected every 3 seconds 

and averaged at 10 minute intervals at the two most southern towers. These 

measurements were collected over the duration of each sampling period in 2008, 

2009, and 2010. Precipitation measurements were collected by Los Angeles 

Department of Water and Power and Inyo County Water Department at rain gauges 

across Owens Valley. 

Threshold shear velocity ( ) is the minimum shear velocity that generates 

the force required to begin moving particles on bare soil generating Q (Table 2.1) 

(Belnap and Gillette 1998). When shear velocity is less than , there is no sediment 

movement.  can be measured directly using a wind tunnel (this method is 

expensive and logistically difficult (Li et al. 2009)) or by using a particle sensor 

attached to a tower fitted with anemometers (Lancaster and Baas 1998).  We were not 

able to use either of these methods at our plots; therefore, we estimated  using (1) 

a relationship between soil texture and  identified from the literature (Gillette et al. 

u*t
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1980; Gillette et al. 1982; Gillette and Passi 1988; Cahill et al. 1996), and (2) a 

relationship between surface strength and  (Li et al. 2010).  

The threshold shear velocity of bare soil ( field) was estimated by firing a 

spherical copper pellet (0.0045 m diameter BB) into the bare soil surface at 45º using 

a 760 Pumpmaster air gun with a muzzle height of 0.15 m (following methods 

described by Li et al (2010)). For each plot, a 50 m tape was run in a cardinal 

direction from the BSNE stem, and a BB was shot every 5 m.  The BB-holes were 

typically elliptical, and the area of the hole (m2) was calculated using the maximum 

diameter and a line perpendicular to the maximum diameter. In addition, a pocket 

penetrometer (QA Supplies, FT011) applied at 45 º to the soil surface was used to 

measure the resistance of the soil surface (Li et al. 2010). Working with desert soils at 

lands near Moab in SE Utah, Li et al (2010) calculated field using a linear 

relationship with the area of the hole produced by the BB (BB, Li et al (2010) uses 

BBarea) and the force for the penetrometer to puncture the soil surface (F, Li et al 

(2010) uses Penetrometer), and field (Table 3.1).  

   𝑢∗!"#$%&   = 𝑒!.!"#! !.!"#∗!! !(!.!"!∗!) + 10                                                 (1) 

We used this method and applied equation (1) to soils at our plots in 2009.  Although 

there might have been changes in annually, there were no detectable differences in 

depth to water, gap size, or vegetation structure.  Therefore, we do not find it likely 

that  changed across the three study years.  
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3.3.4 Remote sensing of vegetation cover 

We acquired Landsat ETM+ images in September 2008, 2009, and 2010 to estimate 

the fraction of photosynthetic vegetation (%PV) at each site using linear spectral 

mixture analysis (Elmore et al. 2000). These data were previously validated against 

field measurements of leaf area along 33 permanent transects and found to be 

accurate to within ± 4.0% PV (absolute percent cover units) and are therefore useful 

for a variety of land-use and land-cover change investigations (Elmore et al. 2003; 

Elmore et al. 2006b). We sampled %PV cover at each plot from these raster data sets 

and calculated three different %PV statistics: single pixel, nine-pixel mean, and the 

standard deviation of the nine pixels, at and around each plot.   

2.3.5 Field measured parameters 

We evaluated the capability of six different vegetation parameters to explain 

variation in Q: lateral cover (λ) (1.3x10-5 to 0.18), concentration of roughness 

elements (Cr) (4.7x10-2 to 11), percent cover of woody vegetation (%Wc) (6.1% to 

79%), percent cover (%C) (23% to 96%), average gap size ( ) (0.20 m to 3.9 m), 

and scaled gap size ( ) (1.8 to 10) (Table 3.1). All vegetation parameters were 

chosen from literature and were calculated from the described field observations. 

Lateral cover (λ) was chosen as a parameter because it has been used to define 

vegetation structure in wind erosion research since Marshall (1971). λ is the plant 

area observed in profile encountered by the wind as it flows over the surface. Due to 

the difficulty of calculating a true lateral cover parameter from transect data, we used 

an equation from Okin (2008) that relates lateral cover to average gap size ( ) with 

the following formula:  

L

hL /

L
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,         (2) 

where AP is profile area of the plant, AB is the basal area, is the average plant width 

and is the average gap size. We calculated AP assuming plant profiles resemble an 

ellipse defined by plant height and plant diameter along the transect, which we 

measured in the field. The basal area was estimated by assuming plants resemble a 

circle (as viewed from above) with a radius equal to half the shrub diameter.      

  Percent woody cover (%Wc) was chosen for two reasons: (1) variation in 

woody vegetation amount and density was immediately apparent across our plots and 

(2) shrublands generally exhibit elevated Q over grasslands (Breshears et al. 2009). 

%Wc was calculated as the fraction of ground covered by the characteristic shrub 

species, live and dead.    

Fryrear (1985) found that any type of roughness element (e.g., soil clods, plant 

litter, etc.) decreased wind erosion on bare soil. Therefore, we chose to use the 

vegetation parameter percent cover (%C) to represent the total amount of roughness 

elements in an area. %C was estimated by calculating the percentage of vegetation 

and litter covering all transects compared to bare soil area. 

The aforementioned vegetation parameters focused primarily on quantifying 

the vegetation amount (%Wc and %C) and arrangement in the landscape (λ and Cr). 

However, bare soil is the erodible substrate; therefore, the following parameters focus 

on estimating the area of susceptible bare soil to wind erosion: average gap size  

and gap size scaled by vegetation height .  is calculated as the average 

distance between shrubs and grass plants along transects.  , where h is the 
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average plant height in transects, accounts for the fact that the length of the wake 

downwind of a plant depends upon the plant height (Okin 2008).   

2.3.6 Statistical Analysis 

Using an ANOVA with Tukey Honestly Significant Difference (HSD), we 

examined whether there were differences between Q and vegetation parameters 

collected annually over the three-year period. We then used an ANOVA with Tukey 

HSD to examine the differences in the means of relative humidity (a higher relative 

humidity increases  which decreases dust emission (Nickling and Neuman 1997; 

Park and In 2003)), wind velocity, and temperature to try and explain any observed 

differences.  Using linear and rank regression, we examined the relative capability of 

each parameter (derived from remote sensing, vegetation, or gap measurements) to 

explain the variability between plots and years in the measured Q. To determine the 

most explanatory model for Q using any combination of vegetation parameters, all 

the parameters were linearly regressed against Q using all possible regressions, step-

wise regression, forward entry regression and backward regression using a P value 

cut off of 0.01.     

2.3.7 Process-based Modeling: the Okin Model 

The goal of wind erosion models is to calculate total horizontal sediment flux 

(Q) from a limited set of lab and field measured parameters.  A principal challenge in 

modeling wind erosion on vegetated landscapes is the choice of a vegetation 

distribution parameter that does not describe shear stress on the surface as 

homogeneous (Okin 2005; Okin 2008).  Since 1971, vegetation measurements for 

u*t
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wind erosion models have used lateral cover (λ) (Marshall 1971; Raupach et al. 1993; 

Okin 2008). Yet, λ (i.e., plant area observed in profile) is an imperfect representation 

of vegetation cover because a few tall plants are treated equally to a greater number 

of short plants, and field observations demonstrate that Q can be dependent on 

vegetation distribution (Okin and Gillette 2001; Gillette et al. 2006; Okin 2008). 

Furthermore, λ is difficult to calculate because both the frontal silhouette area of 

vegetation and average footprint per plant are required measurements (Marshall 1971; 

Okin 2008). The Okin model, on the other hand, uses the full probability distribution 

of gap sizes scaled by vegetation height as measured in the field (Okin 2008).   

The model itself is described in detail by Okin (2008).  Briefly, QU  (total 

horizontal flux at a certain wind velocity U) is modeled using the distribution of gaps 

downwind of the nearest upwind plants as: 

       (3) 

where  is the probability that any point is a distance, x, downwind of 

vegetation of height, h; Fg is the fraction of bare ground; and QU
(x/h) is the horizontal 

flux associated with bare soil at the x/h position.   

The reduction in shear velocity associated with a plant spacing of x/h is described by 

an exponential curve: 

      (4) 

where u*s/u* is the ratio of shear velocity in the presence of plants (u*s) to the shear 

velocity in the absence of vegetation (𝑢∗), (u*s/𝑢∗  )x=0 is the depressed shear velocity 
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in the immediate lee of a plant, and c1 is the e-folding length expressed in units of 

height (4.8) (Okin 2008).  We studied the literature (King et al. 2005) and compared 

the description of vegetation type and associated values for (u*s/𝑢∗  )x=0  with 

vegetation at our plots. From this analysis we arrived at the value of 0.2 for (u*s/𝑢∗  

)x=0. We then calculated 𝑢∗  (i.e., the law of the wall [see Priestley 1959]), as 

,         (5) 

where U(z) (m s-1) is the wind velocity at height z (m) measured at each tower, κ 

=0.4, D is the displacement height (i.e., 0 so that wind erosion is allowed on 

vegetated surfaces), and z0 is the roughness height of bare soil (m) (0.001).  In many 

wind erosion models, z0 is the roughness height that varies over heterogeneous 

surfaces related to both plant cover and canopy height. However, in the Okin model, 

z0 is the roughness height of bare soil between plants and is considered to be 

independent of plant parameters. We assume that z0 defined in this way, is the same 

for all plots. We chose the value because it was the average estimate between the 

roughness height of bare soil (0.0001 m to 0.0008 m) in arid and semi-arid regions 

using an ERS scatterometer (Prigent et al. 2005) and the roughness height of 

biological crusts ((0.0006 m to 0.0137 m) in Table 1 of Rodriquez-Caballero et al 

(2012)).  We did not independently measure a roughness height ourselves, and we 

acknowledge that the roughness exhibited by soils will lead to differences in z0. We 

also assume that the variance in roughness length due to soil roughness (z0) is small 

compared to that imposed by vegetation structure and therefore, use the same z0 for 

all plots.    
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Flux at any plant spacing, QU
(x/h) , was calculated by using the formulation by 

Shao et al (1993) later modified to include the distance (x/h) from the nearest upwind 

plant: 

        (6) 

where A is a constant equal to one that accounts for the relative availability of sand 

particles for transport (Gillette et al. 2001), ρ is air density at 23.3 °C  and 1,400 m 

(average temperature over BSNE deployment for three years and average elevation of 

Owens Valley; 1.01 kg m-3), is acceleration due to gravity (9.8 m s-2), 𝑢∗ is the 

surface shear velocity, is the threshold shear velocity of bare soil, and δ is set to 0 

when ( >𝑢∗) and 1 otherwise. The units of QU
(x/h) are horizontal mass flux (kg m-1 

s-1).  Finally Q for all wind velocities were calculated by: 

         (7) 

which integrates QU over the full probability distribution of measured wind velocities 

Pd
U.   

 2.3.8 Mechanistic Modeling: the Raupach model 

   The Raupach model calculates threshold shear velocity by using the parameter 

λ (i.e., plant area observed in profile) (Raupach et al. 1993).      

       (8) 

where  is the threshold shear velocity in the presence of vegetation and is the 

threshold shear velocity of the bare soil surface.  is the ratio of the drag coefficient 
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of a single element divided by the drag coefficient of the bare ground. =100 and 

m=1 because these are the values recommended by Raupach et al (1993) for flat 

erodible surfaces.  is the ratio of the basal area to the frontal area of the vegetation, 

, (Table 1) (Okin 2008).  

To incorporate the relationship between λ and percent vegetation cover, C, the 

Raupach model can be re-expressed as  

                   (9) 

The terms  in equation (8) and  in equation (9) each account for 

vegetation covering part of the surface, thus resulting in greater shear stress on the 

remaining bare ground (Okin 2005). The terms in equation (8) and 

in equation (9) account for the partition of some of the shear stress onto 

the vegetation and away from the soil surface.   

By combining equations (6) and (9) and using the field, we solved for QRaupach: 

    (10) 

2.3.9 Model Comparison 

We used the Okin model to calculate the total horizontal aeolian sediment flux 

at each plot using a uniform  (0.56 m s-1) (QUniform) and a  estimated using data 

collected separately at each plot (QOkin) (Table 2.2). The uniform  value was 
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chosen based on published values (Table 2.3), suggesting that a of 0.56 m s-1 was 

an appropriate average value for alkali meadow in Owens Valley. We compared 

modeling results to measured Q (Qfield) (Table 2.5) from, the deployed BSNE stems 

by using a nonparametric ANOVA. We measured  at each plot separately using 

equation (1) and recalculated Q using the Okin model (QOkin). We also calculated Q 

using the Raupach model (QRaupach) for each plot, using field. To determine whether 

the Okin model predicts Q better than the Raupach model at our plots, a 

nonparametric ANOVA was performed in R between the  QOkin, QRaupach, and Qfield. In 

all statistical analyses, we used a critical P-value of 0.01 to determine significance. 

2.4 Results 

3.4.1 Comparing 2008, 2009, and 2010 data 

The seven different vegetation parameters (Table 2.4) were similar in 2008, 

2009, and 2010 (ANOVA with Tukey HSD) except for %Wc, which was significantly 

different between the years 2008 and 2010 (P=0.003) and 2009 and 2010 (P=0.002).  

The Qfield was also significantly different between the years 2008 and 2010 (P<0.001) 

and 2009 and 2010 (P<0.001) (ANOVA with Tukey HSD), but the Qfield in 2008 and 

2009 was not significantly different (P=0.99).  This led us to run ANOVAs with 

Tukey HSD between wind velocities, depth to water (DTW), relative humidity, and 

temperature for these three different years.  We also compared precipitation during 

BSNE deployment for the three-year period. The mean wind velocities in 2009 and 

2008 were not significantly different (P=0.74); however, the mean wind velocities in 

2008 and 2010 (P<0.001) and 2009 and 2010 (P<0.001) were significantly different, 
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with a higher average wind velocity in 2010. During the duration of BSNE stem 

deployment in 2010, 4.6 % of days exhibited wind velocities greater than 10 m s-1 (at 

10 m height) compared to 3.50 % and 1.40 % in 2008 and 2009, respectively, 

indicating that the wind velocity distribution was more skewed toward higher values 

in 2010. The means of DTW between 2008, 2009, and 2010 were not significantly 

different (P=0.81). The means between relative humidity were different between 

2008 and 2009 (P<0.001) and 2009 and 2010 (P<0.001) but indistinguishable 

between 2008 and 2010 (P=0.54); however, the number of days with relative 

humidity greater than 60% during BSNE stem deployment in 2010 was <1 % 

compared to 3.5 % and 1.40 % for 2008 and 2009, respectively. Mean temperature 

between 2010 and 2009, and 2010 and 2008 were significantly different with 

temperatures being colder in 2010 (P<0.001 for both). Reynolds et al (2007) notes 

that dust emission suppression only occurs during heavy rainfall, but the largest 

average event in Owens Valley was only 0.003 m during BSNE deployment in 2008. 

Although 2010 had the lowest amount of precipitation during BSNE deployment of 

the three years, we do not believe that rainfall influenced changes in Q greatly.  

Therefore, compared with 2008 and 2009, the summer of 2010 exhibited a higher 

average wind velocity, greater number of days with high winds, low humidity, and on 

average colder temperatures.  

2.4.2 Empirical relationship between Qfield and vegetation 

We combined the field measurements (Qfield and each vegetation parameter) 

for all years (i.e., 2008, 2009, and 2010) and analyzed the vegetation parameters 

against Qfield, but this did not result in any vegetation parameter explaining greater 
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than 50 % of the variation in Qfield using a critical P-value of 0.01. Therefore, we 

analyzed vegetation parameters from 2008 and 2009 separately from vegetation 

parameters from 2010 against Qfield (Table 2.4).  We felt this was justified by the 

differences in Qfield in 2010 apparently driven by drier, colder, gustier conditions. The 

vegetation parameters from 2008 and 2009 analyzed independently against Qfield only 

resulted in one parameter (scaled gap size, ) explaining greater than 50 % of the 

variation in Qfield (adjusted R2=0.56; P<0.001) (Table 2.4 and Fig. 2.2d). The 

vegetation parameters from 2010 analyzed independently against Qfield did not result 

in any parameters explaining greater than 50 % of the variation in Qfield (Table 2.4). 

The most commonly used vegetation parameter in aeolian research, λ, did not explain 

any variation in Q (2008 and 2009: adjusted R2<0.001; P=0.76 and 2010: adjusted 

R2<0.001; P=0.44) (Table 2.4).  The combined 2008 and 2009 empirical model that 

explained the most variation in Qfield (58 %) contained the vegetation parameters, 

average gap size ( ) (P<0.001) and scaled gap size ( ) (P<0.001) (adjusted 

R2=0.58; P<0.0001), and took the form: 

   

           (11) 

 

The strongest relationship between q(z) (i.e., the sediment amount in the BSNE stem 

trap at each height divided by deployment time) and  was found at traps set at 

0.2 m and 0.1 m (the lowest traps), with an adjusted R2=0.54 (P<0.0001) and 0.50 

(P<0.0001), respectively (Fig. 2.3). As the heights of the traps increase, the 

relationship between q(z) and  decreased to an adjusted R2=0.36 (P<0.001) at 
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0.5 m and an adjusted R2=0.19 (P=0.01) at 1 m (Fig. 2.2). For 2010 data,  at 0.1 

m and 0.2 m explained less variation in q(z) than in 2008 and 2009 with an adjusted 

R2=0.23 (P=0.04) and an adjusted R2=0.14 (P=0.01). For 0.5 m and 1 m heights in 

2010,  was an insignificant explanatory variable at a height 0.5 m (adjusted 

R2=0.02; P=0.29) but became significant again at a height of 1 m (adjusted R2=0.38; 

P=0.01).   

 

2.4.3 Model Results 

The means of QUniform and Qfield were significantly different (P<0.001). 

QUniform resulted in an overestimate at a majority of plots, but one plot (plot 12 in 

2010) exhibited an underestimate (Table 2.5).  Eighteen plots had QUniform (Table 2.5) 

values that were greatly overestimated (Table 2.5).  These plots had a larger average 

 value than other plots (Table 2.2 and Table 2.5).   

Mean QOkin and mean Qfield were not significantly different (P=0.02) (Table 

2.5).  However, the Okin model seemed to overestimate Q for plots located in the 

mid-valley (plots 7, 9, and 11). The overestimate of Q in the mid-valley might be 

mechanistically related to strong cross-valley winds [Raab and Mayr, 2008], which 

could lead to soil armoring in larger gaps (i.e., an elevated ). Mean Qfield, and mean 

QRaupach, differed (P=0.005), and the means were also different between QOkin and 

QRaupach  (P<0.001).  Minimum values for QRaupach and QOkin were 0 g m-1 s-1; these 

values were less than the minimum Qfield value of 2.59x10-9 g m-1 s-1. Maximum 

values for QRaupach and QOkin were 1.03x10-8 g m-1 s-1 and 1.69x10-5 g m-1 s-1, 

respectively.  The maximum value for Qfield was 1.94x10-6 g m-1 s-1, thus closer to the 
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QOkin maximum value. Plot by plot, QRaupach, values were generally less than Qfield 

values.   

To explore the behavior of QOkin with increasing , we ran the Okin model 

using some hypothetical parameter sets.  We held % bare soil constant at an average 

value of 64 % and varied  from 0.2 m s-1 to 0.6 m s-1 while also varying  

across the range measured at our plots (1.9 to 10).  Results of this exercise 

demonstrated the non-linear behavior of Q with increasing  (Fig. 2.4).  A linear 

relationship between Q and  (such as seen in Fig. 2.2d and Fig. 2.4) crosses 

successive lines of constant .  Across a larger range in  than measured at our 

plots, we observed that if  is held constant at 0.56 m s-1, Q increases exponentially 

until  equals 20 at which point, Q increases at a decreasing rate. 

2.5 Discussion 

Many of our plots have experienced periods of groundwater pumping, 

contributing to the decline of alkali meadow grasses and replacement by shrubs 

(Elmore et al. 2006b).  Given previous work that describes the impacts of 

groundwater pumping on vegetation cover and the cover of perennial grasses in 

particular (Elmore et al. 2003; Elmore et al. 2006b), we interpret the relationships that 

we observe between field measured total horizontal aeolian sediment flux (Qfield) of 

the BSNE stems for 2008 and 2009 and vegetation structure (known to be caused in 

part by land use change) (Fig. 2.2).  The Qfield is comparable to other values of Q in 

similar environments (Minqin, China (Dong et al. 2010) and Chihuahaun Desert 

Playas (Bergametti and Gillette 2010)).  Although horizontal transport and dust 
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emission are not always correlated, Gillette et al (1997) showed a relationship 

between horizontal flux and vertical flux at the Owens Lake, which exhibits similar 

soils to those found at our plots. This combination of evidence supports the idea that 

dust emission is occurring at our plots. Plots with intact, continuous grass cover or 

taller shrubs with small inter-shrub spaces each exhibited small scaled gaps sizes and 

generally reported the lowest Q (Fig. 2.2d).  Groundwater depth is known to influence 

both the cover of alkali meadow grasses (Elmore et al. 2006b) and the formation of 

puffy ground, through evaporation of solute-rich soil moisture (Gillette et al. 2001; 

Elmore et al. 2006b).  Most research has focused on Owens Lake as the source of dust 

emission to the valley (Goudie and Middleton 1992; Cahill et al. 1996; Gill 1996; 

Reheis 1997; Okin et al. 2001; Reheis 2006); however, as indicated by Figure 2.2, the 

wind erosion from the vegetated portion of the valley floor can be considerable.   

The λ parameter has been used in wind erosion research since (Marshall 

1971) and has been included in shear stress partitioning models and models of wind 

erosion with roughness elements (Raupach et al. 1993; Marticorena and Bergametti 

1995; Musick et al. 1996; Wolfe and Nickling 1996; Marticorena et al. 1997; Dong et 

al. 2001).  However, λ parameter was not correlated with Q at our plots (Table 2.4).  

We attribute this to the inability of λ to quantify differences between plots with many 

small roughness elements from plots with few large roughness elements (e.g., 

compare plots 1 and 10).  Several of the other vegetation parameters were likewise 

not correlated with Q (Table 2.2) because like the λ parameter, they explained the 

quantity but not the distribution of roughness elements on the landscape. Scaled gap 

size, , on the other hand, was correlated with Qfield (Table 2.4 and Fig. 2.2).  The hL /
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success of  as a vegetation parameter is due to its ability to describe the 

heterogeneous distribution of vegetation (e.g., mixture of shrubs, grass and bare soil 

gaps) and the amount of sheltered bare soil (i.e., reduced shear wake zone) behind the 

vegetation (Okin 2008).  The relationship between  and Q in empirical and 

process-based models is important in understanding wind erosion in groundwater-

dependent meadows.   

The most explanatory empirical model predicting Q (equation (11)) utilized 

two vegetation parameters to model Q ( and ) in 2008 and 2009 (but not 2010).  

Although,  was slightly correlated with Q, combining  and  in the 

regression explained a slightly greater variability in Q, which led to a slight increase 

in prediction of the model (Parameter ; R2=0.56 and Parameters:  and ; 

R2=0.58). This might occur because together  and  help draw out the 

differences between grass dominated and shrub dominated plots.  Extending 

measurements of  and the relationship in Figure 2.2 and equation (11) to 

estimate Q of other sites in the Owens Valley or elsewhere should be done with 

extreme caution as variation in soil and vegetation characteristics are more likely to 

influence this relationship. Where appropriate, Q derived from the described 

empirical relationships could be used to help managers target areas susceptible to 

wind erosion.  This approach would be valid under the assumption that  and wind 

fields are the same for all plots.   

The Raupach model estimated lower Q values than measured in the field due 

to the inability of lateral cover to appropriately characterize the vegetation structure at 

our plots.  To obtain Q values from the Raupach model that match Q values obtained 
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from the field, the  of bare soil would have to be lower than both values found in 

the literature (Table 2.3) as well as those estimated in the field. However, field 

measures of  show values similar to literature cited values at comparable plots 

(Table 2.2 and Table 2.3). The Okin model does a better job at predicting Q in 

vegetated landscapes because it represents the distribution of vegetation cover, 

recognizing that large soil gaps can produce Q despite significant vegetation cover. 

The mean QOkin and mean Qfield were not significantly different (P of 0.02; Table 2.5).  

However, the mean QUnifrorm and Qfield were significantly different (Table 2.5) 

indicating that a single value of  estimated from literature across this study site is 

insufficient to characterize the inherent spatial variability. Further, where individual 

plots reported different QOkin and Qfield, we generally observed a diversity of soil 

surfaces (salt crusts, packed clay, etc.) and gap sizes (e.g., a few large gaps) 

suggesting that a single  value for the entire plot might not be appropriate.   

The Okin model predicts that as  increases, the Q response resembles a 

sigmoid growth pattern.  Over the range in  observed at our plots, a linear 

relationship between  and Q can only be achieved if the  increases with 

increasing  (Fig. 2.4).  In other words, our data supports the idea that, in this 

study area, as gaps increase in size they become increasingly resistant to wind erosion 

and form streets (Okin et al. 2001). As vegetation cover is diminished in and around 

gaps, the longer wind fetch enables the erosion of an increasing area leading to 

increased dust emissions.  However, as gaps increase in size, the edges of the gaps 

maintain loose, easily erodible soil. These observations support our understanding of 
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groundwater influences on Q (Elmore et al. 2008); plots with larger gaps usually have 

deeper groundwater (Elmore et al. 2006b) and groundwater depth has been found to 

be inversely related to dust emissions, at least for playas (Reynolds et al. 2007b). 

Although  is higher in streets, these areas have the ability to produce large 

amounts of horizontal flux due to a large fetch (Okin et al. 2001) causing saltation 

and dust emission along the length of the street and burying and damaging vegetation 

on the periphery of the street (Okin et al. 2009) leading to increased bare soil area. 

This study has shown the utility of the Okin model and the measurement of  to 

be important in modeling aeolian transport in complex vegetation.  

The results from this study are applicable to any environment with sparse 

vegetation and high wind velocities, but vegetated coastal dunes might be one of the 

more interesting comparisons.  Unvegetated surfaces are seldom found in coastal 

aeolian environments, but vegetation cover can be spatially variable and dependent on 

disturbance history (Alcantara-Carrio and Alonso 2002).  Therefore coastal dune 

stabilization depends on vegetation cover change (Levin et al. 2006), and the degree 

to which vegetation moderates wind erosion (Fulbright et al. 2006). Wind erosion 

models that include vegetation parameters such as percent cover and mean vegetation 

height to characterize vegetation have been effective in modeling these processes 

(Buckley 1987; Alcantara-Carrio and Alonso 2002; Levin et al. 2006), suggesting 

 and the Okin model might provide beneficial information in vegetated coastal 

dune environments.   
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There are many interesting uncertainties remaining to be investigated, 

including quantifying the impacts of grazing and other disturbances and 

understanding the source and consequences of spatial and temporal variability in 

model parameters influencing Q. Grazing is known to increase the bare soil area and 

decrease grass height (Nash et al. 2004).  Grazing animals also disturb soil crusts 

enabling wind erosion, particularly along frequently used paths (Belnap 1995). We 

saw little evidence that inter-plot variation in grazing intensity influenced vegetation 

structural differences between our plots and therefore did not attempt to quantify the 

effect of cattle. This being said, the interpretation of our results does not depend on an 

understanding of the causes of vegetation structural differences between plots, only 

on their magnitude and on the relationship between vegetation structure and estimates 

of Q.  Therefore, the most difficult disturbance to incorporate are those that increase 

the transport of sediment to our plots from locations outside the range of our 

transects, which extended 50 m from each BSNE stem.  For example, it cannot be 

ruled out that activity on local roads (many of which are unpaved) or off-road all 

terrain vehicle (ATV) activities had an impact on our measurements and model 

success [e.g., Belnap 1995]. In Owens Valley, ATVs are permitted on dirt roads 

located within 500 m of our plots and roadwork (grading, paving, etc.) is ongoing in 

many areas. Although it would be hard to measure the impact of these dust sources on 

measurements of Q at our plots, it is possible they lead to temporal or spatial 

variability in the success of empirical and mechanistic models to predict Q.  

  Further refinements to the models used here will likely require a more detailed 

representation of spatial and temporal variability in model parameters (e.g., , in u*t
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particular) and Q. Although we found that measurements of Q were not sensitive to 

the placement of BSNE stems in 2008 and 2009, the placement in 2010 might have 

contributed to the increase in Q observed at some plots. This possibility brings into 

question several assumptions we made regarding the spatial and temporal variability 

in model parameters. For example, a single value of was used at each plot, yet we 

commonly observed loose soil at the edges of gaps in the vicinity of vegetation 

indicating a range in values exists. Likewise, vegetation structure was measured only 

at BSNE stem deployment, which does not account for vegetation structural changes 

throughout the growing season.  Finally, we only measured  and Q in the summer, 

potentially missing significant changes in soil condition and Q during winter (31% of 

Q events as measured from MET stations). During BSNE stem deployment, wind 

velocity at 0.5 m exceeded an average of 60 % of the time in 2009 at the two 

southern MET stations. During 2010, wind velocity exceeded  at our plots an 

average of 75 % of the time at the two southern MET stations, which might explain 

the greater Q observed in 2010 at some plots. However, this comparison of wind 

velocity at 0.5 m and does not take into account the sheltering effect of vegetation. 

In combination, these unmeasured factors call for work that incorporates spatial and 

temporal variability in model parameters into models of Q.  The strongest empirical 

model found here explained 58 % of the variation in Q, leaving considerable 

variability for measurements and approaches for estimating Q. 
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2.6 Conclusions 

Determining which vegetation parameter best relates to Q is important, both 

for understanding the mechanics of wind erosion models and for using these models 

to manage for soil stability. In this study, scaled gap size better explained Q than 

other vegetation parameters including lateral cover, the vegetation parameter most 

widely used in wind erosion modeling (Table 2.4). Adding an additional vegetation 

parameter, gap size, slightly increased the prediction of Q (from 56 % to 58 % 

variance explained; equation (11)).  These two vegetation parameters are easily 

measured in the field; therefore, offering land and resource managers a useful option 

when assessing the potential wind erosion at any site.  The scaled gap size in 

particular appears to be a useful metric in systems impacted by disturbance processes 

that decrease inter-shrub grass cover. 

Wind erosion models that use scaled gap size instead of lateral cover are more 

successful in predicting Q in areas of heterogeneous vegetation.  The Okin model, 

using scaled gap size, better predicted Qfield than the commonly used Raupach model, 

using λ (Table 2.5) suggesting the Okin model should be used where vegetation cover 

is spatially heterogeneous.  However, predictive capability of the Okin model using a 

single average  for all plots (0.56 m s-1; Table 2.5) overestimated Q (Table 2.5), 

demonstrating the importance of knowing  at each plot. Further, across our study 

plots  correlated with bare soil area, which is consistent with the idea that soil 

surfaces in large gaps become more resistant to erosion over time. Practical 

applications of the Okin model might use a range of  values to produce a range of 

potential Q values, or attempt to parameterize  as a function of bare soil area.  
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Further, modeling work might benefit by taking into account within-plot variability in 

. For example, could be varied based upon gap size and position within a gap.  

Natural resource managers can use both the Okin model and simple empirical 

models to target management actions in alkali meadow vegetation.  Wind erosion 

causes reduced soil fertility that is unfavorable to vegetation reestablishment (Belnap 

and Gillette 1998; Li et al. 2007; Elmore et al. 2008) eventually forming streets and 

areas of reduced fertility (Okin et al. 2001).  Continued disturbance of vegetation in 

Owens valley, for example, has the potential to cause the formation of streets, 

elevating  as bare soils become more common and allowing for a longer fetch for 

saltation and dust emission, thus burying and damaging plants and creating more bare 

soil area (Okin et al. 2001; Okin et al. 2009). Understanding the interaction of soil 

resources, groundwater depth, and vegetation structure may illuminate whether wind 

erosion promotes these positive feedbacks eventually leading to desertification, 

increased dust emissions, reduce air quality and associated human health problems.  
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Figure 2.1 The plots where BSNEs stems were installed across the Owens Valley in 

alkali meadow identified using the vegetation survey of 1986 (City of Los Angeles 

and County of Inyo 1990). There are two meterological towers located in the southern 

half of the valley and one located in the north (squares). The background is a Landsat 

TM image from September 8, 1992. 
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 Figure 2.2 Scaled gap size ( ) vs. log normalized horizontal flux (Q) for 2008 

(A), 2009 (B), 2010 (C), and 2008 (circles) and 2009 (blocks) combined (D).  in 

2008 and 2009 explained 52% and 60% of the variability in Q, respectively; however, 

in 2010,  did not explain the variability in Q. Therefore, we combined the 2008 

and 2009 data for our analysis and analyzed the 2010 data separately (e.g., Table 3.4). 

Together, the 2008 and 2009 data explained 56% of the variability in Q. In 2008 and 

2009, lower scaled gap size results in lower Q.  
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Figure 2.3 The effect of scaled gap size ( ) on the amount of sediment collected 

by BSNE stems across plots in 2008 and 2009 increased with decreasing BSNE 

height (A-D).  The scaled gap size ( ) explains more variability in q(z) at 0.2 m 

(C) and 0.1 m (D) than at 0.5 m (B) and 1 m (A).  All results are normalized by 

duration of sampling time.  

hL /

hL /



 

 
42 

 

  
 

Figure 2.4 Q increases exponentially with increasing  across a range of  

(light gray (0.2 m s-1) to black (0.6 m s-1)). However, and Q increase linearly 

for our plots as in Fig. 2d (dashed line).  One explanation is that  increases with 

increasing , perhaps through wind erosion and surface armoring.   
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Table 2.1: Description of Parameters used in Paper 
 

Table 2.1. Description of Parameters used in Paper 

Parameter Equations Description Units 

 6 and 10  
This is a constant equal to 1 that 
accounts for relative availability of 
sand particles for transport. 

unitless 

 2 and 9  This is the average basal area of the 
plants from transect data. m2 

 2 and 9  This is the average profile area of 
plants from transect data. m2 

 8, 9 and 10 This is the ratio of element to surface 
drag coefficients (~100).  unitless 

 9 and 10 This is the percent vegetation cover of 
an area. % 

%C  Not applicable The percentage of the total amount of 
roughness elements in an area. % 

Cr Not applicable This is the concentration of roughness 
elements  unitless 

D 5 This is the displacement height from 
the ground to the anemometer. m 

Fg 3 This is the fraction of bare ground. unitless 
 6 and 10  This is the acceleration due to gravity m s-2 

 5 

The Kármán constant is used to 
describe the logarithmic velocity 
profile of wind velocity near a 
boundary. 

unitless 

 2 and 11  This is the average gap size length 
from transect data. m 

 11  This is the scaled gap size unitless 

 2 and 8  

This is the canopy cover as viewed 
from the side (most commonly used 
parameter to define vegetation structure 
in wind erosion models). 

unitless 

 8 This  has the value of 1 for surfaces 
that are topographically stable. unitless 

 3  
This is the probability that any point is 
a distance, x, from the nearest upwind 
plant of height, h. 

unitless 

Pd
U(x/h) 7  This is the probability that any point is 

a certain distance, x/h, at wind speed U. unitless 

A
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β
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κ
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Table 2.1. Description of Parameters used in Paper 

Parameter Equations Description Units 

q(z) Not applicable 
The mass of the sample collected in 
each trap divided by sampler inlet area 
and the duration of collection time 

kg m-2 
s-1 

 7, 10, and 11  This is the total horizontal flux. kg m-1 
s-1 

QU 3 and 7 This is the total horizontal flux at a 
certain wind speed U. 

kg m-1 
s-1 

 3 and 6  
This is the horizontal flux for any 
points a distance x/h from the nearest 
upwind plant. 

kg m-1 
s-1 

 6 and 10  This is the air density at STP. kg m-3 

 8  
This is the ratio of the basal area to the 

frontal area of the vegetation.  unitless 

U(z) 5 This is the wind speed at height (z). m s-1 

 4, 5, 6, 8 and 
10  This is the surface shear velocity. m s-1 

 6 This is the surface shear velocity in 
presence of vegetation m s-1 

 4  
Ratio of shear velocity in the presence 
of plants to shear velocity in the 
absence of plants 

unitless  

 6, 8, 9, and 10 

Threshold shear velocity of bare soil is 
the shear speed at which particles on 
bare soil begin to move generating 
particle movement. 

m s-1 

field 1  
Threshold shear velocity ( ) 
estimated from penetrometer and BB-
hole measurements. 

m s-1 

 2 The average plant width from transect 
data. m 

%WC  Not applicable 
The percent of the fraction of ground 
covered by woody perennial plants, 
live and dead. 

% 

zo 5 Roughness height m 
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Table 2.2: Results of field data 
 
 
Table 2.2 Results of field data 

Year Plot field’ m s-1 L/h %Bare Soil Q kg m-1s-1 Soil Type 

2008 1 0.83 1.9 5.6 2.6x10-9 NM 

2008 4 0.68 10 77 3.6x10-8 sandy/silty 
loams 

2008 6 0.58 3.6 58 2.8x10-8 NM 

2008 7 0.36 6.0 68 2.6x10-8 loamy sands 

2008 9 0.40 3.4 36 2.9x10-8 loamy sands 

2008 10 0.91 5.3 54 2.6x10-8 loamy sands 

2008 11 0.40 4.7 54 2.8 x10-8 NM 

2008 12 0.51 5.0 49 3.0 x10-8 NM 

2008 17 0.51 3.7 40 1.0 x10-8 sandy/silty 
loams 

2008 20 0.58 1.8 31 1.1 x10-8 loamy sands 

2008 21 0.51 3.3 48 1.9 x10-8 sandy/silty 
loams 

2008 22 0.43 2.6 11 7.0x10-9 NM 

2008 25 0.56 4.9 24 2.4 x10-8 sandy/silty 
loams 

2009 1 0.83 1.8 2.0 3.7 x10-9 NM 

2009 4 0.68 6.2 58 2.9 x10-8 sandy/silty 
loams 

2009 6 0.58 3.6 59 2.4 x10-8 NM 

2009 7 0.36 6.4 71 2.3 x10-8 loamy sands 

2009 9 0.40 4.0 47 2.5 x10-8 loamy sands 

2009 10 0.91 6.6 53 1.9 x10-8 loamy sands 

2009 11 0.40 5.9 58 3.4 x10-8 NM 

2009 12* 0.51 4.1 35 1.9 x10-8 NM 

2009 17 0.51 3.9 58 7.8 x10-9 sandy/silty 
loams 

2009 20 0.58 1.9 30 5.0 x10-9 loamy sands 

2009 21 0.51 5.2 76 9.5 x10-9 sandy/silty 
loams 

u*t
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Table 2.2 Results of field data 

Year Plot field’ m s-1 L/h %Bare Soil Q kg m-1s-1 Soil Type 

2009 22 0.43 2.4 22 1.2x10-8 NM 

2009 25* 0.56 7.6 57 3.4 x10-8 sandy/silty 
loams 

2010 1 0.83 2.4 4.0 2.8x10-8 NM 

2010 4 0.68 8.2 66 4.0x10-7 sandy/silty 
loams 

2010 6 0.58 4.7 32 5.0x10-8 NM 

2010 7 0.36 4.9 50 1.2x10-7 loamy sands 

2010 9 0.40 6.9 67 1.9x10-7 loamy sands 

2010 10 0.91 7.3 72 4.2x10-7 loamy sands 

2010 11 0.40 6.8 63 3.8x10-7 NM 

2010 12* 0.51 4.5 25 1.9x10-6 NM 

2010 17 0.51 5.3 46 2.3x10-7 sandy/silty 
loams 

2010 20 0.58 3.3 35 4.7x10-8 loamy sands 

2010 21 0.51 2.4 34 1.2x10-7 sandy/silty 
loams 

2010 22 0.43 2.0 22 5.0x10-8 NM 

2010 25* 0.56 6.0 71 2.5x10-7 sandy/silty 
loams 

  ‘The field was only measured in 2009 *Plot 12 and 25 had two BSNE stems 
each.  The , L/h, % Bare Soil, and Q are an average of these two BSNE stems. 
Not measured (NM) means that texture analysis was not completed for the plot. 
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Table 2.3:  from literature 
 

Table 2.3. Threshold Shear Velocity (Average =0.56 m s-1) 

Ranges Soil Type Study Site Citation 

0.4 - >1.54b m s-1 Silt Loam Lake Danby, 
CA (Gillette et al. 1980) 

0.4 – 0.75b m s-1 Loamy 
Sand 

Shadow Mnt, 
CA (Gillette et al. 1980) 

0.59 – 2.78b m s-1 Sandy 
Loam 

Lake Danby, 
CA (Gillette et al. 1980) 

~0.3 – 1.8b m s-1 Dry Lake Owens Lake, 
CA (Gillette et al. 1982) 

0.4 – 1.14b m s-1 Sandy 
Crust 

Owens Lake, 
CA (Gillette et al. 1982) 

0.49 – 0.67b m s-1 Coarse 
Sand 

Owens Lake, 
CA (Gillette et al. 1982) 

Smooth – 0.35b m s-1 
Rough – 1.5b m s-1 
Crusted – 0.8b m s-1 

Sandy 
Loam 

Panhandle TX 
and OK (Gillette and Passi 1988) 

Smooth – 0.75b m s-1 
Rough – 1.5b m s-1 
Crusted – 2.0b m s-1 

Silt Loam Panhandle TX 
and OK (Gillette and Passi 1988) 

Smooth – 0.3b m s-1 
Rough – 1.0b m s-1 

Crusted – 0.35b m s-1 

Loamy 
Sand 

Panhandle TX 
and OK (Gillette and Passi 1988) 

0.3 -1.1a m s-1 Unknown Jornada, NM (Cahill et al 1996) 

0.28 – 0.9a m s-1 Unknown Yuma, AZ (Cahill et al 1996) 

0.37 – 0.56 m s-1 

Sandy/silty 
loams and 

Loamy 
sands 

Owens Valley, 
CA Current study 

Vegetated plots are indicated by a and undisturbed plots are indicated by b 
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Table 2.4: Regression Results 
 
 
Table 2.4. Regression Results 

Vegetation 
R2: 2008 

and 20093 
P value: 2008 

and 2009 R2: 20104 
P Value: 

2010 
λ <0.0011 0.76 <0.001 0.44 
Cr 0.261 <0.01 0.33 0.02 

%Wc <0.001 0.85 <0.0011 0.68 
%C 0.41 <0.001 0.03 0.26 

 0.38 <0.001 0.48 <0.01 

 0.56 <0.001 0.15 0.09 
Percent Live Cover 0.251 <0.01 0.11 0.12 
Percent Live Cover  0.281,2 <0.01 0.402 0.01 
Standard Deviation 
from Percent Live 

Cover 0.058 0.11 <0.001 0.83 
1Log-transformed data; 2Average of nine pixels; 3Q is Log-transformed; 4Q is 
ranked in the regressions 
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Table 2.5: Comparison between QUniform, QOkin, Qfield, and QRaupach, including ANOVA 
results  
 
Table 2.5 Comparison between QUniform, QOkin, Qfield, and QRaupach, and ANOVA 
results 

Year Plot 
QUniform 

(kg m-1s-1) 
QField  

(kg m-1s-1) 
QDiff   

(kg m-1s-1) 

QOkin
b  

(kg m-1s-1) 
QRaupach

b 
(kg m-1s-1) 

2008 1 2.2x10-7 2.6x10-9 2.1x10-7 0.00 0.00 
2008 4 5.8x10-7 3.6x10-8 5.4x10-7 1.5x10-8 3.1x10-10 
2008 6 1.4x10-6 2.8x10-8 1.4x10-6 9.0x10-7 1.6x10-9 
2008 7 7.9x10-7 2.6x10-8 7.6x10-7 1.7x10-5 9.2x10-9 
2008 9 1.0x10-6 2.9x10-8 1.0x10-6 1.3x10-5 7.3x10-9 
2008 10 6.5x10-7 2.6x10-8 6.5x10-7 0.00 0.00 
2008 11 1.2x10-6 2.8x10-8 1.2x10-6 1.5x10-5 7.2x10-9 
2008 12 1.0x10-6 3.0x10-8 1.0x10-6 2.6x10-6 3.6x10-9 
2008 17 9.6x10-7 1.0x10-8 9.6x10-7 2.4x10-6 3.6x10-9 
2008 20 1.6x10-6 1.1x10-8 1.6x10-6 1.1x10-6 2.6x10-9 
2008 21 1.2x10-6 1.9x10-8 1.2x10-6 3.0x10-6 3.6x10-9 
2008 22 3.6x10-7 7.0x10-9 3.6x10-7 3.0x10-6 6.0x10-9 
2008 25 8.5x10-7 2.4x10-8 8.5x10-7 8.5x10-7 2.1x10-9 
2009 1 1.0x10-7 3.7 x10-9 9.9x10-8 0.00 0.00 
2009 4 6.1x10-7 2.9 x10-8 5.8x10-7 2.4x10-10 9.8x10-12 
2009 6 1.0x10-6 2.4 x10-8 1.0x10-6 3.0x10-8 1.2x10-10 
2009 7 5.6x10-7 2.3 x10-8 5.4x10-7 3.0x10-6 3.8x10-9 
2009 9 1.2x10-6 2.5 x10-8 1.2x10-6 3.0x10-6 2.6x10-9 
2009 10 6.7x10-7 1.9 x10-8 6.5x10-7 0.00 0.00 
2009 11 6.7x10-7 3.4 x10-8 6.4x10-7 1.7x10-6 2.5x10-9 
2009 12a 7.6x10-7 1.9 x10-8 7.4x10-7 1.5x10-7 5.3x10-10 
2009 17 1.8x10-6 7.8 x10-9 1.8x10-6 3.7x10-7 5.0x10-10 
2009 20 1.3x10-6 5.0 x10-9 1.3x10-6 3.8x10-8 1.2x10-10 
2009 21 1.8x10-6 9.5 x10-9 1.8x10-6 3.6x10-7 5.6x10-10 
2009 22 6.7x10-7 1.2x10-8 6.6x10-7 8.8x10-7 1.9x10-9 
2009 25a 1.2x10-6 3.4 x10-8 1.2x10-6 6.3x10-8 1.9x10-10 
2010 1 1.1x10-7 2.8x10-8 8.2x10-8 0.00 0.00 
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Table 2.5 Comparison between QUniform, QOkin, Qfield, and QRaupach, and ANOVA 
results 

Year Plot 
QUniform 

(kg m-1s-1) 
QField  

(kg m-1s-1) 
QDiff   

(kg m-1s-1) 

QOkin
b  

(kg m-1s-1) 
QRaupach

b 
(kg m-1s-1) 

2010 4 4.4x10-7 4.0x10-7 4.7x10-8 6.0x10-9 1.6x10-10 
2010 6 3.9x10-7 5.0x10-8 3.4x10-7 2.4x10-7 1.4x10-9 
2010 7 5.0x10-7 1.2x10-7 3.7x10-7 1.5x10-5 1.0x10-8 
2010 9 4.0x10-7 1.9x10-7 2.2x10-7 7.5x10-6 7.6x10-9 
2010 10 7.7x10-7 4.2x10-7 3.6x10-7 0.00 0.00 
2010 11 6.7x10-7 3.8x10-7 2.9x10-7 1.2x10-5 8.0x10-9 
2010 12a 3.3x10-7 1.9x10-6 -1.6x10-6 9.9x10-7 3.8x10-9 
2010 17 5.5x10-7 2.3x10-7 3.1x10-7 1.6x10-6 3.5x10-9 
2010 20 6.8x10-7 4.7x10-8 6.4x10-7 4.2x10-7 1.3x10-9 
2010 21 1.0x10-6 1.2x10-7 9.3x10-7 3.1x10-6 3.4x10-9 
2010 22 5.0x10-7 5.0x10-8 4.5x10-7 5.6x10-6 1.9x10-9 
2010 25a 7.4x10-7 2.5x10-7 4.9x10-7 7.4x10-7 1.8x10-9 

ANOVA 
  Adjusted P value Different 

Uniform field <0.001 YES 
Okin field 0.02 cNO 
Okin Raupach <0.001 YES 

field Raupach 0.005 cYES 
aAverage of two BSNE stems;b numbers are not normalized or adjusted for 
homoscedasticity;  cNonparametric ANOVA. 
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Chapter 3: Functional connectivity as a possible indicator of 

desertification in degraded grasslands 

Prepared for submission to Landscape Ecology 

3.1 Abstract 

Changes in vegetation structure within semi-arid grasslands towards increased 

bare soil and shrub cover and decreased grass cover can be driven by a variety of 

abiotic and biotic conditions and are associated with impacts to primary productivity, 

air quality, and biodiversity. In mountain valleys, flood plains, or wherever shallow 

groundwater supports groundwater-dependent vegetation, vegetation change of this 

type can be driven by groundwater pumping and water table decline. Theoretical and 

empirical understanding suggests that as these processes progress, wind erosion 

increases leading to a reorganization of soil resources potentially supporting 

continued degradation.  One hypothesis is that evidence of connected pathways 

between bare soil patches, which elevates wind erosion above levels expected from a 

simple analysis of bare soil area, is an indicator of desertification. To test this 

hypothesis, we used a combination of field measurements and landscape modeling to 

examine variation in functional connectivity among (A) grassland locations 

representing a gradient in degradation, and (B) theoretical neutral landscape models 

with bare soil cover identical to the degradation gradient. To estimate functional 

connectivity, we used circuit theory, which integrates all possible pathways to 

determine a “resistance distance” between any landscape locations. To estimate wind 

erosion, we deployed sediment traps for three growing seasons (2008-2010). We 

found that landscapes that were more connected than neutral landscapes with the 
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same bare soil cover were associated with groundwater decline during the California 

drought (1987-1992) and greater horizontal sediment flux. This result suggests the 

enhanced formation of connected pathways at sites that arrived at a particular bare-

soil cover via degradation, rather than some other process. Our results support the 

idea that functional connectivity above that expected by a neutral landscape model is 

a possible indicator of desertification and that managing for reduced connectivity 

might limit the effects and extent of desertification. 

3.2 Introduction 

Grassland ecosystems are imperiled worldwide due to land conversion, 

desertification, and loss of native plant and animal populations (Kepner et al. 2000; 

Ceballos et al. 2010). Desertification (i.e., “land degradation in arid, semi-arid, and 

dry sub-humid areas resulting from climatic variations and human activities” (Helldén 

1991; Hulme and Kelly 1993; Le Houffrou 1996; Nicholson et al. 1998; Rubio and 

Bochet 1998; Huenneke et al. 2002)) of grasslands affects air quality (Schlesinger et 

al. 1990), climate change (Schlesinger et al. 1990), animal biodiversity (Bestelmeyer 

2005), and a myriad of other processes.  Aridity is predicted to increase in the next 

few decades in areas prone to desertification (Seager 2007). Desertification might be 

expected when and where aridity coincides with over-exploitation of groundwater, 

intensive grazing, or other forms of disturbance. However, the role of groundwater 

decline beneath vegetation dependent on saturated sediments within the root zone for 

all or part of the year has not been extensively evaluated as a driver of desertification. 

Groundwater decline has been shown to be associated with changes in vegetation 

structure, from high-cover grasslands to low-cover shrublands, in some cases 
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dominated by invasive annuals in the intershrub spaces (Elmore et al. 2003). 

However, there are multiple pathways through which this vegetation change might be 

observed (Archer et al. 1995; Throop et al. 2012), and since spatial variability in 

shrub spacing and bare soil cover is inherent to the system even in the absence of 

groundwater decline, evidence of bare soil by itself is not a convincing indication that 

desertification has occurred (Helldén 1991; Prince et al. 1998; Nicholson et al. 1998; 

Prince et al. 2009).  For desertification to occur, there must be a process driving soil 

erosion, declining nutrient availability to plants (Schlesinger and Pilmanis 1998), 

declining soil moisture (Sharma 1998), and local climate change (i.e., energy and 

moisture balance within 2m of the surface) (Schlesinger et al. 1990) that leads to a 

permanent vegetation structure change.  To date, research has mainly focused 

characteristics of desertification: vegetation structure change, soil redistribution, and 

local climate change (Schlesinger et al. 1990; Peters et al. 2006) yet identifying when 

and where vegetation change represents desertification, and possible irreversible 

change, has been problematic.  

Okin et al (2009) and Turnbull et al (2008) hypothesized that an indicator of 

irreversibility in desertification might be the presence of “connected pathways”. 

Connectivity of a landscape is related to the length and size of pathways through 

vegetation created by wind erosion (Okin et al. 2009). This can be described in terms 

of “structural connectivity”, which is purely related to vegetation structure (i.e., the 

spacing of shrubs and grasses on the landscape), or functional connectivity (i.e., the 

length and size of pathways through vegetation linking bare soil patches through a 

process (e.g., wind erosion)) and how they respond to structural variation (Turnbull et 
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al. 2008)), which is an assessment of the ability of wind to move sediments between 

bare soil patches. The ability of wind to cause soil erosion, redistribute nutrients into 

islands of fertility, and create “streets” in the landscape through connected pathways, 

offers a mechanism inhibiting the reestablishment of grasslands (Okin et al. 2001; 

Okin et al. 2009). Due to the reinforcing effects of wind erosion, the establishment of 

highly connected bare soil patches represents a state change that is functionally 

different from the previous system (Turnbull et al. 2008). Although connectivity 

between habitats by biological species has been studied in-depth in landscape ecology 

(Turner et al. 2001), a framework for how functional connectivity might be 

implicated in the desertification processes is lacking.  

Habitat connectivity models have been used to analyze the spatial distribution 

of plant and animal species (Turner et al. 2001) and compare connectivity between 

actual and theoretical neutral landscapes to test hypotheses regarding the controls on 

connectivity. One widely used approach is to apply graph theory (adopted from 

disciplines such as geography, information technology, and computer science) to 

model multiple aspects of landscape connectivity in a single conceptual framework 

(Bunn et al. 2000; Gardner and Urban 2007; Ferrari et al. 2007; Minor and Urban 

2008).  Most studies have focused on the movement of plant propagules or animals 

between habitats (Bunn et al. 2000; Fuller et al. 2006; Minor and Urban 2007; Urban 

et al. 2009), but we suggest that the applicability of these tools to model wind 

movement across a landscape should be explored. In one relevant example from 

Minquin County, China a measurement of cost-distance was used to represent 

landscape connectivity in a desert environment (Sun et al. 2007); however, cost-
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distance only conceptualizes one pathway between bare soil nodes and it is 

unidirectional (McRae 2006; McRae et al. 2008; Urban et al. 2009; Spear et al. 2010), 

which might not be appropriate for representing wind movement through a landscape. 

There is also a recognized need for neutral models of landscapes that can be 

compared against actual landscapes. Neutral landscape models are produced from 

random processes that are designed to be free from external forces influencing 

landscape structure (Gardner and Urban 2007). A neutral landscape could be created, 

for example, that exhibits the same bare soil patchiness but no more connectivity 

between bare soil patches than would be expected by chance. 

In this paper we use the functional connectivity theoretical framework to 

assess evidence of desertification across 13 plots in the Owens Valley, California. At 

each plot we measured total horizontal flux for three growing seasons using standard 

sediment traps. We then compare these measurements against modeled landscape 

connectivity using circuit theory, a novel graph based approach to model all possible 

pathways through a landscape. Circuit theory is based on Ohm’s law (McRae 2006; 

McRae et al. 2008), and in this context, assumes a set of similarities between wind 

and electrical currents, possibly representing an appropriate functional connectivity 

model for desertification. Finally, we generate neutral landscape models across a 

gradient in vegetation cover and compare landscape connectivity of these with actual 

landscapes at each plot. If circuit theoretical estimates of landscape resistance are an 

appropriate indicator of desertification, degraded landscapes are expected to be more 

connected than neutral landscapes, even at the same level of vegetation cover. 
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3.3 Methods 

3.3.1 Study Site 

Owens Valley is a semiarid endorheic basin in eastern California situated 

between the Sierra Nevada and the White-Inyo mountain ranges, receiving a median 

precipitation of 0.13 m annually. Snowmelt from the Sierra Nevada results in 5.8x108 

m3 – 6.3x108 m3 annual runoff that recharges groundwater and surface water in the 

Owens River drainage basin. Originally these waters flowed to the Owens Lake 

located at the southern terminus of the Owens River Basin (Hollett et al. 1991; 

Danskin 1998). Due to annual recharge, the groundwater table is close to the surface 

across much of the Owens Valley floor supporting alkali meadow vegetation 

(Sorenson et al. 1991; Elmore et al. 2003; Elmore et al. 2006b). 

In 1913, the city of Los Angeles (LA) built the LA Aqueduct and diverted the 

Owens River leading to the complete desiccation of Owens Lake around 1920. 

During the California drought from 1987 to 1992, LA increased groundwater 

pumping, lowering the water table below the root zone of alkali meadows in much of 

the valley, causing the decline of grass cover, shrub encroachment, and exposing bare 

soil areas (Elmore et al. 2006b; Elmore et al. 2008). Due to fluctuations in 

groundwater depth in some areas (but not all), the percent cover and spatial structure 

of vegetation within alkali meadow are highly variable. Although the largest source 

of dust emission is from Owens Dry Lake, the similarities between the soils (e.g., 

puffy salt crusts that are highly susceptible to wind erosion (Reynolds et al. 2007b)), 

shallow groundwater tables and geologic history of the Owens dry lake and alkali 

meadow (Orme and Orme 2008) suggest that alkali meadow soils would be 
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susceptible to wind erosion wherever bare soil is exposed (Saint-Amand et al. 1987). 

Subsequent dust storms in Owens Valley via Owens Lake and alkali meadow areas 

(Chapter II) lead to non-compliance with National Ambient Air Quality Standards 

(NAAQS) for airborne particulate matter (PM10) (US EPA 2008; Reheis et al. 2009). 

3.3.2 Plot Selection 

Our analysis focused on thirteen plots that were monitored for three growing 

seasons: 2008, 2009, and 2010. Plot selection focused on covering a range in 

vegetation structure, from shrubs separated by bare soil, through shrubs separated by 

meadow, to continuous meadow. Based on research linking vegetation structure and 

groundwater (Elmore et al. 2003; Elmore et al. 2006b), we found it possible to use 

spatial and recent temporal variation in groundwater depth to capture the needed 

variability in vegetation structure. However, we also required that groundwater be 

sufficiently close to the surface to justify a characterization of “groundwater-

dependent” and the soil characteristics associated with shallow groundwater 

dominated systems (generally thought of as requiring groundwater within 5 m of the 

surface (Reynolds et al. 2007b)). Control plots were identified that experienced no 

groundwater decline in the historical record, yet also exhibited a range of vegetation 

structure, including bare soil area ranging from 32-50%. Plots were identified that 

were (1) within 100 m of a long-term monitoring well with recorded groundwater 

depths since 1986 (measured in April of each year); and located within alkali 

meadow, as identified by a 1986 vegetation survey (City of Los Angeles and County 

of Inyo 1990). Sixteen plots were initially selected in these areas. However, in 2008, 

destruction of three plots by cattle that had not been removed at the time of sediment 
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trap installation reduced the number of study plots to thirteen (Fig. 3.1). We did not 

re-deploy at these three sites in 2009 or 2010.  

3.3.3 Field Measurements 

At each plot, Q was measured using four Big Spring Number Eight (BSNE) 

sediment traps (Custom Products and Consulting, Big Spring, TX) placed on a 1-m 

pole at heights of 0.1, 0.2, 0.5, and 1 m. This arrangement will henceforth be called a 

BSNE stem. BSNE stems were installed for three seasons (May to September 2008, 

2009, and 2010) within each plot. Although wind erosion during the winter might be 

significant (Saint-Amand et al. 1987), we avoided this season due to the pervasive 

presence of cattle over-wintering across most of the Owens Valley floor.  During the 

summer, cattle are typically moved to higher elevation grazing lands. In 2008, we 

placed a BSNE stem at each plot in a location characterized by either grass or a bare 

soil. In 2008 and 2009, we did not find differences in the amount of sediment 

collected between grass and bare soil locations (suggesting low within plot variability 

in Q, and sensitivity of the BSNE collectors to vegetation and soil conditions in a 

wider area than the immediate vicinity of the BSNE stem (Vest et al, 2013). 

Therefore, in 2010, we placed all BSNE stems in bare soil locations. The average 

diameter of bare soil around the BSNE stems was approximately 3.16 m in 2008, 4.41 

m in 2009, and 5.23 m in 2010. In 2009 and 2010, two BSNE stems were placed at 

two of the plots to explore spatial variation in Q, and tiles were placed around the 

BSNE stem at each plot to prevent vegetation growth around the lowest trap that 

might prevent trap movement and obstruct the inlet (something that occurred at plots 

1, 4, 7, 10, 20, and 25 in 2008). BSNE stems were not placed within one meter of 
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shrubs. The height of each trap was measured from the ground surface to the bottom 

of the inlet. The mass of the sample collected in each trap was divided by sampler 

inlet area and the duration of collection time, q(z) (kg m-2 s-1). The results from each 

trap were fit to an exponential equation that was integrated from the ground surface to 

1 m to estimate Q (kg m-1 s-1) (Shao and Raupach 1992; Gillette 1997). The Q was 

adjusted to account for the known efficiency of the BSNE stem, 90% ± 5% (Shao et 

al. 1993).  

Vegetation cover, gap distribution and vegetation height for each plot was 

determined using four 50 m line intercept transects run in cardinal directions from the 

BSNE stem (USDA and NRCS 2004). For each transect, along-transect width 

(greater than 0.03 m), species, height of vegetation (greater than 0.08 m), and along-

transect width of bare soil patches (greater than 0.03 m) were measured. Despite the 

imposed detection limit in vegetation height, we found that even the shortest 

vegetation elements were taller than 0.08 m. The vegetation height was measured 

using a regulation Frisbee® with a hole carved into the center through which a 

wooden meter stick could be threaded (Mannetje and Jones 2000). The meter stick 

was placed in each individual plant along the transect, and the Frisbee® was dropped 

vertically with the meter stick penetrating the hole in the disk. The top of the plastic 

disk at its stopping location was recorded as the vegetation height. Vegetation 

transects were conducted in May of 2008, 2009, and 2010 during BSNE stem 

deployment.   
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3.3.4 Remote Sensing of Vegetation Cover 

National Agricultural Imagery Program (NAIP) 1m color aerial photos from 

United States Department of Agriculture (USDA) Natural Resource Conservation 

Service (NRCS) GeoSpatialDataGateway for 2008, 2009, and 2010 were downloaded 

for Owens Valley, California. In ENVI (Exelis Visual Information Solutions, Inc. 

2014), the locations of the thirteen plots with dust collectors were located on these 

aerial photographs and a 200m x 200m area surrounding each was clipped (i.e., 

double the area of our vegetation transects at each plot to help with classification). 

This created 13 different image subsets around the dust collectors for each study year. 

The NAIP imagery in 2010 included the infrared band. The 2008 and 2009 NAIP 

imagery lacked the infrared band. 

3.3.5 Classification 

The decision tree tool in ENVI was used to classify pixels in each image into 

shrub, grass, and bare soil.  The decision tree classification was based on field data 

collected (i.e., vegetation type and structure) at each plot, indicating where areas of 

bare soil, shrub, and grass were located.  We developed a decision tree using the 

natural color band 2 (blue) and band 3 (green) from the NAIP imagery (Fig. 3.2). The 

first step of our decision tree was to identify soil pixels from vegetation pixels. We 

used band 2 for its ability to distinguish soil and shrub pixels from grass pixels 

(USGS 2013). For these pixels to be identified as bare soil, they had to have band 2 

values greater than 121 (i.e., brighter pixels).  The second and third steps of the 

decision tree distinguished grass from shrub pixels. In the second step, we looked at 

the contrast between unclassified pixels using band 3. Band 3 was useful for its 
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ability to access plant vigor (USGS 2013). If these band 3 pixels were greater than 

100, we classified them as shrubs, if they were less than 100, they went through 

another step of classification. The third step used band 2 to identify shrub pixels from 

grass pixels. If the unclassified band 2 pixel values were less than 70, they were 

classified as shrubs, and if they were greater than 70, they were classified as grass. 

The classification image was then compared to the original image to see if the bare 

soil, shrub, and grass areas matched. If the classification image did not match, we 

adjusted the values on the tree, but we did not change its structure.  

3.3.6 Circuitscape 

The first step in running Circuitscape is developing a resistance grid (McRae and 

Shah 2009). Electrical resistance is the opposition that a resistor offers to the flow of 

electrical current in a circuit (McRae et al. 2008). In our application of Circuitscape, 

wind blowing (i.e., electrical current) through a vegetated landscape is diminished 

when it blows through shrubs or grass, and this effect persists for some distance 

downwind of the plant (Okin 2008). Therefore, we ranked land cover resistance 

values between 1 and 9 with 1 representing low resistance and 9 representing high 

resistance. The following rules were used: 

• Resistance values for bare soil: We gave bare soil a resistance value of 1 to 

represent a high likelihood of sediment movement by wind (Okin et al. 2009). 

Although, different bare soil surfaces have different soil stability properties 

due to roughness, particle size, and/or soil crusts (Nickling and Ecclestone 

1981; Nickling 1984; Saint-Amand et al. 1987; Gillette et al. 2001; Reynolds 

et al. 2007b), we could not distinguish these differences from NAIP imagery.  
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• Resistance values for grass: We gave grass a resistance value of 9 to represent 

a low likelihood of aeolian sediment movement by wind (Okin et al. 2009).  

• Resistance values for shrub: Shrubs reduce shear stress less well than grass 

but better than bare soil (Okin 2008). Therefore, shrubs were given the value 

of 3 in our landscape.   

• Resistance values in the vicinity of shrubs: Shrubs are taller, therefore 

influencing shear stress further from the vegetation (Okin 2008). To mimic 

this effect, we used the neighborhood statistics tool in the Spatial Analyst 

toolbox in ArcGIS that assigns values to unknown points based on their 

distance to known points. We applied a filter of a mean radius of 5 pixels to 

each pixel in the image.  

The second step in running circuit theory is developing a focal region grid 

containing source and sink regions for current to flow, among which landscape 

resistance is modeled (McRae and Shah 2009). We created four different focal node 

regions representing the different cardinal directions (N, E, S, W), and connectivity 

was modeled between each opposite pair (i.e., N to S and E to W). A current map is 

generated in Circuitscape for each wind position that shows the current density at 

each raster cell (McRae and Shah 2009). From this current map, Circuitscape 

calculates a total resistance distance for the landscape based upon N-S and S-N and 

E-W and W-E wind directions. To develop the resistance distance for the landscape, 

these resistance distances (n = 2) were averaged for each plot. 
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3.3.7 Model comparison to field observations 

 The average resistance distance across each landscape was compared against 

the total horizontal flux (Q) measured from the deployed BSNEs. The BSNE stem 

collects soil particles from a lateral area 10 times the height of the dust collector 

(Okin 2010). As connected pathways increase in grasslands and shrublands, wind 

erosion removes an increasing amount of aeolian sediment from vegetation interfaces 

creating higher amounts of aeolian flux (Q) (Okin et al. 2009). Therefore, using linear 

regression, we examined the relative capability of average current from the wind 

directions (N, S, E, W) at the thirteen different plots to explain the variability in Q at 

each plot for 2008, 2009, and 2010.   

3.3.8 Vegetation Configuration 

To test the effect of vegetation configuration above and beyond that of total 

cover, we developed neutral landscapes across a wide range of land cover percentages 

(bare soil, shrub, and grass). Neutral landscape models (NLMs) generate an expected 

system performance in absence of human-processes in that system (Caswell 1976; 

Gardner et al. 1987). To develop NLMs, we used Qrule that was developed for scale-

dependent analysis of landscape patterns and requires the specification of: (1) type of 

map (e.g., random map); (2) map characteristics (e.g., land cover percentages); and 

(3) output generated (Gardner 1986).  For the map characteristics, we used different 

land cover percentages from 0% to 100% (e.g., bare soil, 10%; shrub, 60%; grass, 

30%) based upon land cover at our actual landscapes. We took each plot developed 

by Qrule and created a resistance grid following the methods described for the actual 

landscapes, and these resistance grids were analyzed by Circuitscape to develop 
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resistance distance measurements for each plot. Next, we regressed the resistance 

distance against percent bare soil, percent grass, and percent shrub and the plotted the 

same for each of our actual landscapes. If our actual landscapes were below the 

NLMs regression line, we used this as evidence that our actual plots were more 

connected (lower resistance) than by chance.  Okin et al (2009) hypothesizes that 

connected pathways (i.e., bare soil areas) are an important factor in movement of 

aeolian sediment and eventual desertification. Therefore, we focus on the percent bare 

soil regression line to analyze the degradation of our plots. Elmore et al (2003; 2006) 

indicates that groundwater pumping caused vegetation change in our plots. To 

evaluate if groundwater decline due to pumping during the California drought (i.e., 

1987 to 1996) affected the vegetation structure of our plots resulting in more 

connectivity, we performed an ANOVA to see if depth to water (DTW) from 1987 to 

1996 was different between plots above and below the neutral model regression line. 

Further, we know that as plots become more connected, bare soil corridors increase 

resulting in greater amounts of Q (Okin et al. 2009). To see if vegetation 

configuration below our NLMs regression line produces more Q indicating a more 

connected landscape with connected pathways, we performed an ANOVA to see if Q 

is different between plots above and below the neutral model regression line.  

3.4 Results 

3.4.1 Comparison of Q and landscape resistance 

We analyzed Q for all years (i.e., 2008, 2009, and 2010) against resistance 

distance and found that the relationship depended on year of analysis, but this did not 

result in a significant relationship between Q and resistance distance using a critical 
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P-value of 0.05. The resistance distance from 2008 and 2009 explained greater than 

50% of the variability in Q (adjusted R2 = 59%; P<0.0001) (Fig. 3.3).  There was one 

plot (22) (Fig. 3.4B) that contained a road that had a lower resistance distance than 

expected based on the Q. The resistance distance from 2010 explained greater than 

50% of the variability in Q (adjusted R2 = 61%; P<0.001) (Fig. 3.3). 

3.4.2 Comparison of vegetation configuration 

We correlated % shrub, % grass, and % bare soil against resistance distance 

modeled from the neutral landscapes resulting in the revelation that % shrub (slope = 

-32.15; offset =168.39), % bare soil (slope = -0.05; offset = 5.69, and % grass (slope 

= 0.07; offset = 1.96) of neutral landscapes are almost perfectly correlated with 

resistance distance (adjusted R2 =98%; P<.001) (Fig. 3.5). When we plotted the 

resistance distance from our actual landscapes (Fig. 3.6), we found that while our 

landscapes generally followed the same pattern as the NLMs there was scatter, with 

some landscapes plotting above and some below that expected from a neutral 

landscape.  The mean DTW during the drought of 1987-1992 of plots above and 

below the NLMs regression line was significantly different (P=0.04), with 

groundwater during the California drought being deeper in plots below the NLMS 

regression line than above (i.e., less resistance). The mean Q in landscapes plotting 

above and below the NLMs regression line was also significantly different (P=0.002). 

Therefore, at any given level of bare soil, landscapes plotting below the regression 

line were those that experienced deeper groundwater during the drought and exhibited 

greater total horizontal flux than landscapes plotting above the NLMs regression line. 
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3.5 Discussion 

Many of our plots have declining alkali meadow grasses with shrub 

replacement and exposed bare soil (Elmore et al. 2006b). Given previous work that 

showed as grasslands degrade forming long connected pathways, fetch size increases 

for wind erosion to promote saltation and increase Q (Okin et al. 2009), we interpret 

the relationship between Q measured in the field and resistance distance modeled in 

Circuitscape. Q increased as resistance distance decreased (i.e., more connected) (Fig. 

3.3) supporting the idea that connected pathways form in the landscape promoting 

dust emission.  Plots with intact grass cover and low bare soil area reported the 

highest resistance distances and smallest Q (Fig. 3.3). Although vegetation cover is 

important, vegetation structure arrangement controls the development of connected 

pathways in the landscape (Peters et al. 2006; Turnbull et al. 2008; Okin et al. 2009). 

 Our plots with higher Q were more connected than plots with the same 

percent vegetation and bare soil cover indicating that functional connectivity is 

responsible for higher Q values (Fig. 3.6). Our plots below the NLMs regression line 

contain more connected pathways than NLM plots with similar percent cover (Fig. 

3.4A and Fig. 3.4C). This indicates that long connected pathways form in our plots 

producing higher amounts of Q from wind erosion. This is supported by the work of 

Okin et al (2009), which argues that functional connectivity (e.g., the way wind 

moves through the vegetation structure) is the underlying and unifying concept for 

understanding desertification.  

 Our plots that were more connected than a corresponding NLM had higher 

groundwater declines during the California drought in the 1980s than plots above the 
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neutral model regression line (Fig. 3.6C). This indicates that increased groundwater 

decline does not just change the structure of vegetation (Elmore et al. 2003; Elmore et 

al. 2006b), but it also changes the functional connectivity by creating longer 

connected pathways allowing more wind erosion. Groundwater decline, even for only 

a few years, kills off grass giving shrub establishment (i.e., when soil moisture was 

high enough for shrub recruitment) a competitive advantage as long as soil is stable; 

however, within “streets” of bare soil (i.e., easily erodible soil), shrubs cannot 

establish. The vegetation structure following the drought reflects the formation of 

these “streets”. 

  When analyzing groundwater decline above and below the NLMs regression 

line, two plots did not match the relationship. The first plot had increased 

groundwater decline due to pumping during the drought, but grass and shrubs 

recolonized bare soil areas after pumping was halted. Therefore, this vegetation 

structure would not be indicative of a heavily pumped meadow. However, when we 

examine this plot based on percent grass cover, we see that it is more connected than 

the same percent grass cover would indicate (Fig. 3.6A). This plot may still contain a 

remnant of degradedness indicating a permanent functional change (i.e., plot is below 

the NLM regression line for percent grass) although the structure recovered. This is 

supported by Turnbull et al (2008) that indicates once a structural and functional 

change have occurred the landscape contains hysteresis when trying to move back to 

the original state (i.e., alkali meadow). The second plot was not pumped heavily in 

the drought, but the vegetation structure is indicative of a heavily pumped meadow 

with increased groundwater decline. Based on field observations, this plot had a road 
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previously through it that was eventually abandoned, but we believe the legacy of the 

road’s affect on vegetation structure lingers making it more degraded than 

groundwater pumping would indicate. 

There are many remaining uncertainties to be investigated. Although, we used 

wind erosion theory to develop our resistance grids at each plot, we used only one 

value for each land cover class: shrubs, grasses, and bare soil. Yet, field observations 

of crustal differences in bare soil and differences in sheltering distances of different 

shrubs and grasses indicate that there is likely a range of values for different types of 

bare soil crusts, grasses, and shrubs. Unfortunately, air photos make these differences 

hard to quantify. In 2010, resistance distances explained more variability in Q 

(R2=0.61) than in 2008 and 2009 (R2=0.59). This could be due to air photos in 2010 

containing an infrared band providing better classification than air photos without the 

infrared band in 2008 and 2009. This difference could also be explained by dryer and 

gustier conditions in 2010 in Owens Valley compared to 2008 and 2009 (Vest et al., 

2013). Also, some of our plots showed more connectivity than expected by their Q 

value (Fig. 3.3), which may be due to our classification comprising an area of 200m x 

200m while our Q measurements comprised an area of 100m x 100m. By expanding 

the classification area, we sometimes included dirt roads (e.g., plot 22) and other bare 

soil areas, which creates more connected areas (i.e., lower resistance distance) outside 

the Q measurements and predicted by NLMs (Fig. 3.4B & D).  

 For future research, a refinement of the resistance grid through fieldwork to 

determine average roughness values for bare soil at different locations and determine 

the differing sheer stresses of bare soil, shrubs and grass at certain distances 



 

 
69 

 

downwind could be used to reduce uncertainty in our model results. An expansion of 

the analysis to the entirety of Owens Valley using Circuitscape coupled with Qrule 

could also be useful, potentially highlighting currently unknown areas of 

desertification. We could also expand this analysis outside of Owens Valley into 

other groundwater-dependent systems such as in Minquin, China. Further research 

into the history of “memory” in vegetation structure change in groundwater-

dependent meadows is needed. 

 

3.6 Conclusions 

We show here, that vegetation changes associated with increased groundwater 

decline are also associated with an increase in connectivity above and beyond that 

expected by a neutral model with the same bare soil area. In this study, plots that were 

below the NLM regression line (i.e., more connected than predicted by vegetation 

cover alone) (Fig. 3.6C) had significantly higher groundwater pumping during the 

1980s California drought (P=0.04). Also, these same plots had higher Q values 

(P=0.002) indicating that the vegetation configuration for these plots formed a more 

connected landscape, and that this configuration is related to heavy groundwater 

pumping during the 1980s California drought. These plots spanned a large range in 

bare soil cover (from 11% to 50%), and therefore, based on casual inspection might 

not be categorized as degraded. This agrees with our working conceptual model and 

with previous research that as vegetation degrades in an alkali meadow, shrub 

invasion increases (Elmore et al. 2003; Elmore et al. 2006b) redistributing soil 

resources, opening up bare soil areas, and increasing wind erosion resulting in high 
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spatial variation in resources (Okin and Gillette 2001; Peters et al. 2006) generating 

feedbacks fueling sustained connectivity (Peters et al. 2006). We show that using 

NLMs in desertification research is useful because they provide a way to tests 

hypothesis concerning connectivity in different landscape structures, thus accounting 

for wide variability in structure due to external forces other than wind.  

 California is currently experiencing another drought that is persistent (Brewer 

2014) with an estimated 50% less annual precipitation with 30% less snowpack 

derived runoff (LADWP 2014a); however, LA is demanding an increase in 

groundwater pumping for water year 2014-2015 (LADWP 2014a). Under these 

conditions of reduced climatic inputs but sustained or increased demand, it is 

important for natural resource managers to identify areas that may experience or are 

experiencing desertification. In these areas, sustainable management would dictate 

that groundwater tables be maintained within vegetation root zone. Use of the 

methods described here might be used to identify such areas and help natural resource 

managers target areas susceptible to desertification.  
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Figure 3.1 The plots where BSNEs stems were installed across the Owens Valley in 

alkali meadow identified using the vegetation survey of 1986 [James et al., 1990]. 

There are two meterologial towers located in the southern half of the valley and one 

located in the north (squares). The background is a Landsat TM image from 

September 8, 1992. 



 

 
72 

 

Figure 3.2 The decision tree classification was developed using the natural color 

band 2 (blue) and band 3 (green) from the NAIP imagery and field data at each plot to 

indicate where areas of bare soil, shrub, and grass were located.   
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Figure 3.3  Resistance distance vs. total horizontal flux (Q) for 2008 and 2009. 

Resistance distance in 2008 and 2009 explained 59% of the variability in Q 

(P<0.0001). The resistance distance in 2010 explained 61% of the variability in Q. 
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Figure 3.4 Images are the current maps at the same scale produced from running 

Circuitscape. The more connected an area is, the redder the area. Image A shows the 

current map for degraded plot 12. Image B shows the current map for intact plot 22.  

Plot 12 has more connected pathways than plot 22. In plot 22, the long straight 

connected pathway is a road. Image C shows the neutral landscape model for plot 12 

at the same scale and percent vegetation cover. Image D shows the neutral landscape 

model for plot 22 with the same scale and vegetation cover. The neutral landscape 

models for both plots do not contain the long connected pathways that are in Images 

A and B, but NLM C has more connection than NLM D. 
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Figure 3.5 Percent grass vs. resistance distance for our neutral landscapes (adjusted 

R2 = .98; P<0.0001)(A). Percent shrub vs. resistance distance for our neutral 

landscapes (adjusted R2 = .98; P<0.0001) (B). Percent bare soil vs. resistance distance 

for our neutral landscapes (adjusted R2 = .98; P<0.0001) (C).  
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Figure 3.6 Percent grass vs. resistance distance for 2008, 2009, and 2010 plotted on 

the regression line for our neutral landscapes (adjusted R2 = .98; P<0.0001)(A). 

Percent shrub vs. resistance distance for 2008, 2009, and 2010 plotted on the 

regression line for our neutral landscapes (adjusted R2 = .98; P<0.0001) (B). Percent 

bare soil vs. resistance distance for 2008, 2009, and 2010 plotted on the regression 

line for our neutral landscapes (adjusted R2 = .98; P<0.0001) (C).  
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Chapter 4: Dust suppression as an ecosystem service of 
groundwater-dependent meadow: a case study from Owens 
Valley, California 
 
Prepared for submission to the Journal of Arid Environments 

4.1 Abstract 

Water transfers for agricultural and urban uses may alter the source regions’ 

ecology leading to ecosystem service degradation. This is evident in Owens Valley, 

California where water withdrawals from groundwater pumping and surface water 

diversion to Los Angeles has led to the drying of Owens Lake and increases in 

particulate matter < 10 µm (PM10) to levels that exceed National Ambient Air Quality 

Standards (NAAQS).  Attempts to mitigate increased PM10 emissions in Owens Lake 

has been partially successful through the planting of alkali meadow, but this, in turn, 

has required groundwater pumping and water transfers within the Owens Valley. 

Vegetation structure and monitored aeolian sediment transport was analyzed to 

evaluate the relationship between meadow degradation and air quality.  Also, air 

quality data was analyzed to evaluate the evidence that alkali meadows contribute to 

PM10 emissions in Owens Valley. Results show that (1) management practices have 

generated a new mid-valley alkali meadow source of PM10 pollution that was 

previously unrecognized in Owens Valley; (2) there is a need for more 

comprehensive ecosystem and groundwater management to mitigate the air quality 

issues within Owens Valley; and (3) Los Angeles must reduce their current demand 

for water from Owens Valley through mandatory water restrictions in both drought 

and non-drought periods. 
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4.2 Introduction 

Human activities strongly influence dust generation and its subsequent 

transport and deposition (Schlesinger et al. 1990; Schlesinger et al. 1996a; Lal 2003). 

Grazing, off-road vehicle use, and water extraction have contributed to dust 

generation, leading to serious human health issues and negatively impacted land use 

sustainability (Prospero 1999; Wiggs et al. 2003; Fubini and Fenogolio 2007; Hervàs 

et al. 2009; Zhang et al. 2013). Of particular concern are hydrologically closed 

(endorheic) basins where sediment and evaporite minerals collect in valleys creating 

saline lakes of temporally varying size and variable, shallow groundwater tables 

(Elmore et al. 2008; Dorsaz et al. 2013; Seeboonruang 2014). Examples of these 

conditions include Lake Chad in sahelian Africa and the Aral Sea in central Asia 

where water diversions combined with recent climate change, produce large, 

globally-relevant dust emissions (Wiggs et al. 2003; Elmore et al. 2008).  

The Great Basin is the largest endorheic basin in the United States and 

contains many playas, the dustiest of which exhibit shallow groundwater (Reynolds et 

al. 2007b). Historically, one of the largest remaining saline lakes of the Great Basin 

was the Owens Lake (Fig. 4.1), which received recharge from the extensive 

snowpack of the eastern Sierra Nevada Range. Through the late 19th and early 20th 

century, water diversions caused the Owens Lake to begin to desiccate, leaving 

behind an alkali playa with shallow groundwater. In 1913, the city of Los Angeles 

built the Los Angeles Aqueduct and diverted the Owens River, causing the complete 

desiccation of Owens Lake hereafter referred to as Owens Dry Lake. In 1973, Los 



 

 
80 

 

Angeles built a second aqueduct and increased groundwater pumping in the northern 

sections of the valley.  The subsequent increasing pressure on groundwater resources 

led to changes in regional vegetation, including increases in shrub and exotic annual 

plant cover, especially during the California drought from 1987 to 1992 (Elmore et al. 

2006b; Elmore et al. 2008).  

During August 1987, the USEPA designated the southern Owens Valley as an 

area in violation of the National Ambient Air Quality Standards (NAAQS) for the 

generation of particulate matter < 10 µm (PM10). In January 1993, southern Owens 

Valley was classified as “serious non-attainment” by the USEPA. The Los Angeles 

Department of Water and Power (LADWP) was required to meet the 24-hour 

NAAQS for PM10 by December 21, 2006, as mandated by the Clean Air Act 

Amendments (1990), by successive 5% reduction in PM10 emissions per year. The 

goal was to meet NAAQS by March 23, 2012, which was not met (GBUAPCD 2012) 

and was extended to March 23, 2017(USEPA 2007). Owens Dry Lake is now the 

largest source of PM10 emission in North America (GBUAPCD 2008). To achieve the 

ultimate attainment goal, Los Angeles is implementing gravel distribution and 

“within valley” uses of water such as shallow flooding and managed vegetation areas 

(i.e., alkali meadows). In addition, moat and row enhancements along with other 

control measures are used on the playa surface (GBUAPCD 2013). This dust 

mitigation project on the Owens Dry Lake bed will be the largest dust mitigation 

project worldwide. Nearly all of the water for shallow flooding and alkali meadow 

planting comes from surface and groundwater extracted from alkali meadow in the 

northern valley that is extensive and supported by a shallow groundwater aquifer.  



 

 
81 

 

Groundwater fluctuation (decline and recovery) is a common feature of 

northern Owens Valley due to groundwater pumping regulations. During the 

California drought from 1987 to 1996, groundwater was pumped below the alkali 

meadow vegetation root zones causing vegetation desiccation and opening up bare 

soil areas (Elmore et al. 2003; Elmore et al. 2006b). Groundwater pumping affects the 

spatial distribution of vegetation types and cover with overall cover declines and 

vegetation community changes from grass to shrubs and exotics (Muñoz-Reinoso 

2001; Elmore et al. 2003; Barron et al. 2014).  Alkali meadows are likely susceptible 

to degradation in the form of vegetation and soil structure changes that are connected 

with increases in dust emission resulting from groundwater withdrawals (Vest et al. 

2013). 

Implicit to the assumptions of the Owens Dry Lake mitigation effort, is the 

notion that transferring water from one area of the valley to another will reduce the 

overall magnitude of dust emissions. Vest et al. (2013) found that total horizontal flux 

(Q), which is related to vertical flux that produces PM10 (Gillette et al. 1997) was 

occurring in alkali meadows in the northern valley. Therefore, PM10 production may 

be occurring in the northern valley that was previously unknown.  To test this 

assumption, we evaluated the effect of groundwater pumping on Q, PM10 generation, 

and air quality in Owens Valley. Atmospheric PM10 concentrations at 10-m elevation 

were measured throughout the valley to quantify spatial patterns in PM10 

concentrations (i.e., northern valley, middle valley, and Owens Dry Lake). Further, 

we estimated PM10 emissions from mass transport measurements from alkali meadow 

plots and discuss the consequences for air quality. 
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4.3 Study sites 

 During the drought of the late 1980s and early 1990s in California, 

groundwater resources represented a large portion of water exported (Elmore et al. 

2003) with water table depths between 2 and 10.9m (Fig 4.2). Before the drought in 

the mid-1980s, average water table depths beneath alkali meadows were between 2 to 

2.4 m.  Elmore et al. (2003) explored vegetation changes resulting from climate and 

hydrology by classifying vegetation response patterns using spectral mixture analysis 

and isodata clustering analysis that resulted in 13 distinct vegetation change classes. 

The effect of precipitation and/or declining water tables on these vegetation change 

classes were compared to precipitation for years 1990-1996 and water table data for 

the difference in years 1986 and 1992 (Elmore et al. 2003). These distinct vegetation 

change classes were grouped under three broad categories: depth to water (DTW) 

dependent changes, precipitation dependent changes, and static vegetation conditions 

(NoChg) (Elmore et al. 2003). Plots from Vest et al. (2013) were categorized based 

on these vegetation change classes to better understand the relationship between 

groundwater, vegetation, and Q. The plots were located within five change classes: 

static vegetation conditions (NoChg2) and DTW dependent vegetation changes 

(DTW3, DTW4, DTW5, and DTW6).   NoChg2 contains 4 study plots and comprises 

the largest area (27,464 ha) in the valley (Elmore et al. 2003). This change class has 

both phreatophytic and nonphreatophytic species that were not correlated with 

precipitation (Elmore et al. 2003). It contains the most stable low cover vegetation 

parcels in the valley between 1986 and 1998 (Fig. 4.3) and has salt encrusted friable 

soil within large bare soil areas that are easily eroded. The next four DTW dependent 
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change classes (DTW3, DTW4, DTW5, and DTW6) occur in areas of groundwater 

extraction that have experienced a linear decrease in % live cover from 1986 to 1990 

during the drought (Fig. 4.3).  DTW3 contains 1 plot that is dominated by meadow 

communities that experienced increased cover following the drought due lower DTW 

allowing for reestablishment of native species (Fig. 4.2 & 4.3). The DTW4 change 

class contains 1 plot and is common in areas where water spreading occurred before 

the drought to augment the water table (Elmore et al. 2003). These areas, located in 

the mid-valley (Fig. 4.2), were pumped during the drought with subsequent declines 

in % live cover from meadow to alkali scrub (Fig. 4.3). This area’s DTW is still 

higher than before the drought and continues to have high % live cover change (Fig. 

4.2 & 4.3). DTW5 contains 5 plots that occur adjacent to DTW4 and is associated 

with changing pasture irrigation practices dominated by tamrisk, scrub parcels, and 

exotic species (Elmore et al. 2003). Alkali meadow vegetation was reestablished in 

some plots due to water table recovery, while other plots contain alkali scrub and 

exotics with higher DTW than pre-drought levels (Fig 4.2). The DTW6 change class 

contains 2 plots and is the largest DTW change class (7764 ha) (Elmore et al. 2003). 

It is characterized by meadow and phraetophytic scrub communities that had low 

cover prior to the drought and even lower cover since the drought (Elmore et al. 

2003).  The declining vegetation effects due to groundwater decline through pumping 

are similar to other areas around the world (Stromberg et al. 1996; Shafroth et al. 

2000; O’Grady et al. 2006; Overton et al. 2006). This declining vegetation cover 

response is largest at the initiation of groundwater pumping (Elmore et al. 2006b). 
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4.4 Methods 

We made measurements at several spatial scales over a three year period: plot-

based observations of total horizontal flux (Q) (i.e., the horizontal movement of 

sediments within 1-m of the soil surface (Cahill et al. 1996)) across a gradient of 

meadow degradation; plot-based measurements of vegetation cover and structure; and 

PM10 observations at locations along a north-south transect in Owens Valley, CA. We 

identified thirteen plots across a gradient in meadow degradation based on Elmore et 

al. (2003) (Fig. 4.1).  Q was measured using four Big Spring Number Eight (BSNE) 

aeolian sediment traps mounted on a 1m pole; henceforth, referred to as a BSNE 

stem.  We placed a BSNE stem in each plot in 2008, 2009, and 2010 between May 

and September and an additional BSNE stem in two of the plots in 2009 and 2010. 

The mass of the sample collected in each trap was divided by sampler inlet area and 

the duration of the collection interval.  The results from each trap were fit to an 

exponential equation then integrated from ground level to 1m to estimate Q (Gillette 

et al. 1997).  The Q was adjusted based upon the efficiency of the BSNE stem, 90% ± 

5% (Shao et al. 1993). 

Vegetation structure was measured annually at each plot using four 50m line 

intercept transects run in cardinal directions from the BSNE stem.  For each transect, 

along-transect plant width (greater than 3cm) species, height (greater than 8cm), and 

along-transect width of bare soil patches (greater than 3cm) were recorded. Next, we 

divided our thirteen sites into five change classes (DTW3, DTW4, DTW5, DTW6 

and No Change 2) as determined by Elmore et al. (2003). We compared Q from each 
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of these change classes and Q from Owens Dry Lake using ANOVA of log-

normalized data with a post hoc Tukey Honest Significant Difference (HSD).    

Elmore et al. (2003 and 2006) found that, depth to water (DTW) causes 

desiccation of groundwater-dependent vegetation and an increase in bare soil area, 

which might lead to greater wind erosion and larger dust emission. Therefore, to 

determine whether DTW is related to Q, we acquired DTW measurements in April of 

each year when snowmelt causes low DTW values (Danskin 1998). The number of 

times DTW was higher than 2.5m (the average maximum affecting rooting depth of 

alkali meadow vegetation (Elmore et al. 2006b)) between 1986 and 2010 was 

regressed on Q to determine if the number of times water was below the root zone 

could influence the amount of Q.  Next, we regressed the difference in DTW and 

average DTW between 1986 and 1997 (years affected by high groundwater pumping) 

on Q to determine if water levels during the drought affected current Q. Finally, DTW 

levels in 2008, 2009, and 2010 were regressed on Q to determine whether current 

DTW levels affected Q. 

PM10 concentrations, wind velocity, and wind direction were acquired from 

five Great Basin Unified Air Pollution Control District (GBUAPCD) monitors that 

spanned the length of the Owens Valley (Fig. 4.1). We compared the average PM10 

concentrations, peak PM10 concentrations, and 24-hour PM10 concentrations greater 

than 50 µg m-3 (i.e., out of compliance with California Ambient Air Quality 

Standards) at the five locations in 2008, 2009, and 2010 during our sampling period 

(Fig. 4.1). We received data from GBUAPCD for the number of National Ambient 

Air Quality Standards (NAAQS) exceedances at the two locations near Owens Dry 



 

 
86 

 

Lake (0 and 9 km). For the other three locations in the valley, we compared 24-hour 

PM10 concentrations greater than 150 µg m-3 (i.e., out of compliance with NAAQS). 

To examine whether the PM10 concentrations at these sites were influenced by 

meadow or dry lake sources, we divided our PM10 concentrations into two groups (1) 

northerly winds (270° to 90°; winds originating north of Bishop, CA and presumed 

not to be influenced by the lake) and (2) southerly (90° to 270°; winds originating 

from the lake) based upon wind velocity data acquired concurrently and performed an 

ANOVA.  Because variation in wind velocities may affect PM10 concentrations, we 

compared wind velocities at the five PM10 stations using ANOVA.  A segmented 

regression of wind velocity on measured PM10 concentrations was used to test 

whether an increase in wind velocity increased PM10 concentration.  Because we 

sampled during a limited time frame each year (May to September), an ANOVA on 

PM10 concentrations in each season (Fall, Winter, Spring, and Summer) was used to 

test whether the PM10 concentrations during the study period were higher than usual. 

Gillette et al. (1997) determined the ratio of Fa (vertical flux of particles, 

PM10) to Q to be 2.75x10-4 m-1 at Owens Dry Lake using a network of BSNE stems, 

anemometers and PM10 samplers directly aligned with the wind direction.  We 

applied this relationship to Q measurements at our plots to estimate PM10 production 

from horizontal sediment transport.  This calculation assumes a similarity between the 

playa soils and wind regime and conditions within alkali meadows, which is 

supported by the prevalence of groundwater effects on surface soil texture and 

composition throughout the Owens Valley and the relative proximity and geological 

setting of the two areas.  
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4.4.1 Case Study 

 Two sample plots were compared to assess the effect of DTW on levels of 

vegetation and Q (Fig. 4.4). One plot (plot 6) was not pumped and had a stable 

groundwater supply while the second plot (plot 12) was pumped during and after the 

drought with resulting variability in groundwater depth (Fig. 4.5). Measurements of 

DTW at each plot (i.e., highest DTW and lowest DTW) during the years of heavy 

groundwater pumping (1987-1996) were compared to understand how groundwater 

pumping affects both % live cover change during the drought and current Q 

measurements. Current measurements of DTW levels were compared to understand 

how DTW levels affect vegetation cover and Q. Vegetation measurements at the plots 

of scaled gap size (average bare soil area divided by average plant height) and 

average gap size (average bare soil area) during the sampling period were used to 

explore the role of vegetation on Q in each plot. 

4.5 Results 

The Q between cover change classes were not significantly different 

(P=0.131) (Fig. 4.6; Table 4.1). The Q between the plots in the change classes 

compared to Q in Owens Dry Lake were significantly different (P<0.001) (Fig. 4.6; 

Table 4.1). Owens Dry Lake had the largest Q followed by cover change class 

categories, DTW4, NoChg2, DTW5, DTW6, DTW3 (Fig. 4.6). The mean vertical 

flux followed the same trend in both the cover change classes and Owens Dry Lake 

(Table 4.1).  

Regression analysis shows that DTW currently and during the drought did not 

explain the variance in Q. The difference between the highest and lowest DTW 
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during 1987 and 1996 did not explain the variance in Q (R2=0.03; P=0.15) nor did the 

average DTW during the drought (R2=-0.03; P=0.75).  Also, the number of times 

DTW was higher than 2.5 m did not explain the variance in Q (R2=0.08; P=0.16) nor 

did DTW during 2008, 2009, and 2010 sampling seasons (R2=0.01; P=0.24). 

The PM10 concentrations for northerly and southerly wind events, initially 

assumed to differ by direction due to the southerly position of Owens Dry Lake, were 

averaged because no significant effects of wind direction were found (P=0.456). 

Wind velocities did not differ between PM10 stations (P=0.171). Higher wind 

velocities did not explain the spatial variance in PM10 concentrations (R2 = 0.18,). 

However, further examination of this relationship shows that above 12.17 m s-1 where 

the variability of PM10 concentration is minimal, concentrations rise with increasing 

wind velocities (R2 = 0.18; P <0.001). Springtime exhibited significantly higher PM10 

concentrations (P<0.001) than winter, fall, and summer (sampling season). 

Comparisons between PM10 concentrations in the winter, fall, and summer were not 

significantly different (summer and fall: P=0.10; winter and fall: P=0.99; winter and 

summer: P=0.06).  

Peak concentrations for PM10 were the highest at Owens Dry Lake for all 

years and sample sites and decreased at farther distances from the lake (Fig. 4.7). The 

highest average annual PM10 exceedance also occurred at Owens Dry Lake during the 

2010 sampling period (Fig. 4.7). Air quality exceeded PM10 CAAQS concentrations 

at all PM10 monitoring locations (Fig. 4.8). Air quality exceeded PM10 NAAQS 

concentrations at two PM10 monitoring locations for 2008 and three PM10 monitoring 

locations for 2009 and 2010 (Fig. 4.8). 
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4.5.1 Case Study 

Plot 6 is within the NoChg2 cover class and is located in the northern valley 

above the aqueduct intake (Table 4.1). DTW has remained stable near the surface 

(Fig. 4.2; Table 4.1) and supports characteristic grass species of alkali meadow (i.e., 

saltgrass (Distichlis spicata (L.) Greene) and alkali sacaton (Sporobulus airoides 

Torr.) that form dense grasslands in areas where the water table is shallow (Sorenson 

et al., 1991) (Fig. 4.4). This vegetation cover did not change during the drought (1987 

to 1992) and heavy groundwater pumping (1987 to 1996) (Fig 4.2). Plot 12 is within 

the DTW4 cover class (Table 4.2) and is located in the mid-valley below the aqueduct 

intake and near a pumping well.  Plot 12 was heavily pumped during the drought 

between 1987 and 1996 (Fig. 4.2; Table 4.2) and again in 2005, and it still has not 

recovered to previous levels before the drought (Fig. 4.2). Plot 12 is dominated by 

alkali meadow shrub species (i.e., Nevada saltbush (Atriplex lentiformis ssp. torreyi) 

and rubber rabbitbrush (Ericameria nauseosa) that occur in areas with deeper 

groundwater (Sorenson et al. 1991) (Fig. 4.5). Plot 12 has Q similar to plot 6 for years 

2008 and 2009; however, plot 12 in 2010 had significantly higher average Q that plot 

6 (Table 4.2). Plot 12 also had higher scaled gap size and higher % live cover change 

than plot 6 but lower average gap size and resistance distance (i.e., bare soil areas are 

more connected in Plot 12) (Table 4.2). Plot 6 and 12 produce vertical flux that 

contributes to PM10 concentration, but plot 12’s vertical and horizontal flux in 2010 

are one to two orders of magnitude higher (Table 4.2).  Not all plots within the study 

site behaved the same way as plot 6 and 12. 
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4.6 Discussion 

Alkali meadows in Owens Valley are a source of PM10 air pollution (Fig. 4.6 

and 4.7). Surface water diversions and groundwater pumping during the past several 

decades have caused declining grass cover and increasing cover of perennial shrubs 

and annual weeds (Elmore et al. 2003; Elmore et al. 2006b), increasing the 

susceptibility of puffy (sensu Reynolds et al., 2007) salt-affected soils to wind 

erosion. In alkali meadows affected by DTW changes in vegetation cover during the 

drought (DTW3, DTW4, DTW5, and DTW6) hereafter referred to as degraded alkali 

meadows, Q is similar to Q measured in degraded environments elsewhere, including 

Minquin, China (Dong et al. 2010) and Chichuahuan Desert mesquite dunelands 

(Bergametti and Gillette 2010). The Q from Owens Dry Lake is 3 orders of 

magnitude larger than Q from degraded alkali meadows (Fig. 4.6). Higher Q from 

Owens Dry Lake are most likely due to unhindered wind gusts across the lake (Gill 

1996) that are able to remove more PM10 than in the more protected northern valley. 

The within plot variability of Q is large in every change class (Fig 4.6; Table 4.1) and 

can be explained by these plots having sufficient vegetation cover to stabilize the soil 

suggesting that remobilization of the soil can occur episodically instead of regularly 

possibly due to high winds, low humidity, and colder temperatures (e.g., 2010 

measurements of Q). All the DTW trajectories demonstrate a partial recovery of 

groundwater and total vegetation cover (Fig 4.2), which have not resulted in a 

statistically significant increase in Q measured today (Fig 4.6). This is possibly due to 

densely growing shrubs in our DTW plots not allowing for a large enough scaled gap 

size conducive to regular wind erosion even though threshold shear velocity is 
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exceeded 60% - 75% of the time during the sampling period (Vest et al. 2013). Also, 

there could be other factors that may make this comparison complicated such as grain 

size (i.e., soil with a high clay fraction can stabilize soil (Singer and Shainberg 2004; 

Su et al. 2007), while soil with a high sand fraction can easily be destabilized by wind 

erosion (Singer and Shainberg 2004)), organic matter (i.e., stable soils have higher 

organic matter than disturbed soils (Day et al. 2015)), and only three years of 

measurements that may have missed a large wind erosion event. However, the 

northern valley contains a large area (606 km2) of groundwater-dependent vegetation 

bigger than Owens Dry Lake (280 km2) that is sensitive to groundwater decline 

potentially threatening future air quality in Owens Valley.  

High PM10 concentration levels occur mostly in the spring and are episodic 

and not directly related to wind velocity. Wind dynamics in Owens Valley are 

complex due to the steep mountain ridgelines surrounding the valley and the high 

albedo of the valley floor.  Most surface winds are thermally driven (i.e., blowing 

from the southeast during the day and northwest at night) (Cahill et al. 1996; Zhong et 

al. 2008). These winds usually do not displace high levels of surface soil, but high 

wind speeds due to trough location and surface low pressure systems displace high 

levels of surface soil (Zhong et al. 2008). This leads to large fluxes of PM10 emitted 

into the Sierra Nevada and White Mountain ranges and southeast and northwest of 

Owens Dry Lake following topography (Reid et al. 1994). This is supported by large 

PM10 concentrations occurring at wind velocities over 12.17 m s-1, which is higher 

than the average wind velocity of 4.7 m s-1. Most large PM10 and high wind events 

occur in the spring due to shallow groundwater from snowmelt that causes elevated 



 

 
92 

 

salt concentrations in surface sediments and lead to puffier soils that are easily eroded 

(Li et al. 2007; Reynolds et al. 2007b). Because most data collection occurred from 

the last weeks of spring to late summer, some large aeolian sediment and PM10 

displacement events occurring in early spring were likely missed. 

Evidence shows that before over-pumping of groundwater caused alkali 

meadow degradation, the particulate concentration, which is proportional to sulfur 

concentration, decreases from south to north from the Owens Dry Lake (Barone et al. 

1981; Gill and Cahill 1992).  Also, most moderate dust storms generated PM10 

plumes that dissipated within 30 km north of the playa (i.e., before the mid-valley 

PM10 location) (Cahill et al. 1996), while the peak PM10 concentrations associated 

with high intensity dust storms dissipated before the PM10 samples were obtained at 

the monitoring station within the mid-valley (Figure 4.7). Further, PM10 

concentrations that exceeded CAAQS did not always occur on the same day at Owens 

Dry Lake (0 km) and mid-valley (42 km) monitoring stations. Therefore, the source 

of higher average concentrations in the mid-valley region (Fig. 4.7) are likely from 

additional PM10 emissions from the degraded alkali meadow areas – patterns 

confirmed by data measurements of elevated Q in the mid-valley region with 

degraded alkali meadows.  Also, CAAQS were exceeded more frequently in the mid-

valley (42 km from Owens Dry Lake) than at PM10 stations near Owens Dry Lake (0 

km and 9 km), providing further supporting evidence that new sources of PM10 are 

coming from mid-valley degraded alkali meadows. In 2010, CAAQS were exceeded 

more frequently at the lake monitoring station (0 km, Fig. 4.8) due to drier, colder, 

and gustier conditions conducive to greater PM10 emission. Between 2008 and 2010, 
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NAAQS was exceeded 63 times. These exceedances occurred mostly at Owens Dry 

Lake; however in 2009 and 2010, there were exceedances in the mid-valley possibly 

indicating a mid-valley contribution to degraded air quality (2009: 2 exceedances; 

2010: 1 exceedance, Fig. 4.8). While we argue that the data supports a new source of 

PM10 from alkali meadows, we cannot discount a possibility that Owens Dry Lake 

PM10 is being remobilized at various distances down the valley exacerbating PM10 in 

the mid-valley. The degradation of alkali meadow to the north of the Owens Dry 

Lake has changed the regional pattern of PM10 concentrations, expanding the area of 

concern to include vegetated areas and human population centers located along the 

Owens Valley north of the lake. These areas include portions of the Native American 

Piute Tribal lands, and the towns of Bishop, Big Pine, Independence, and Lone Pine, 

and are not part of the current air quality litigation against LA (GBUAPCD 2012). 

Ecosystem restoration will be expensive with estimates of $500 million to $1 

billion dollars for Owens Dry Lake dust mitigation (LADWP 2010; LADWP 2011). 

Thresholds of change and significant feedback processes can dominate the dynamics 

of desert ecosystems leading to changes in ecosystem state that are difficult to reverse 

(Schlesinger et al. 1990; D’Odorico et al. 2012).  In the case of Owens Dry Lake, 

mitigation was intended to form an irrigated alkali meadow (GBUAPCD 2008). The 

total annual water usage of this engineered system (69,597 acre feet (LADWP 2014b) 

along with other restoration activities (GBUAPCD 2008) is similar to the volume of 

water pumped from the northern alkali meadow to the Owens Valley aqueduct 

(62,380 acre feet; Year 2014-2015) (LADWP 2014b; LADWP 2014a) that has 

contributed to degradation of alkali meadow area. The actual degraded alkali meadow 
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area (155 km2) in the northern valley due to groundwater pumping during the drought 

is greater than the managed vegetation (9 km2) (GBUAPCD 2011) established for 

dust mitigation. Although Owens Dry Lake is still out of compliance with the 

NAAQS and CAAQS (Fig. 4.8) (Nichols 2011), the managed vegetation area has 

remained in compliance since implementation (GBUAPCD 2008). Therefore, alkali 

meadow is an excellent dust suppressor; however, alkali meadow requires a shallow 

water table, which in the northern meadows is being depleted through groundwater 

extraction to mitigate PM10 on Owens Dry Lake with serious long-term consequences 

for air pollution. The degradation of alkali meadow to the north of Owens Dry Lake 

has already added to PM10 pollution in the valley (Fig. 4.6, 4.7 & 4.8).  If alkali 

meadow degradation increases, a “back of the envelope” estimate of vertical flux (i.e., 

flux that contributes to PM10) from groundwater-dependent alkali meadows (i.e., 

NoChg2, DTW3, DTW4, DTW5, and DTW6) (410.9 km2) is 3.04x103 g m-2 d-1, 

which is two orders of magnitude smaller than the vertical flux estimate from Owens 

Dry Lake (8.14x105 g m-2 d-1 (estimated from Gillette et al. 1997)) at its dustiest (i.e., 

before mitigation on 125.9 km2 (GBUAPCD 2015) ). Dust mitigation is decreasing 

the vertical flux from Owens Dry Lake; however, the vertical flux from the alkali 

meadow areas may continue to increase due to groundwater pumping below the root-

zone causing vegetation structure to change to a more conducive vegetation 

arrangement for wind erosion of sediment. This would exacerbate the PM10 

concentration possibly beyond the ability to mitigate the PM10 levels to attainment 

standards.  
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4.6.1 Case Study 

 When analyzing the effect of groundwater decline on Q and vegetation, the Q 

produced from the plots were more affected by vegetation spatial patterns caused by 

depth to water (DTW) levels during the drought and heavy groundwater pumping 

(1987-1996) than by current DTW levels. Plot 12 was pumped heavily during the 

drought (Fig. 4.5) with vegetation structure changing from an alkali meadow to 

groundwater-dependent alkali scrub with increasing bare soil areas (Fig. 4.4). 

Although current DTW has recovered to almost pre-drought levels, plot 12 still 

produces high Q and vertical flux (Table 4.2). This is most likely due to spatial 

patterns of vegetation in plot 12 being more open and conducive to wind erosion of 

aeolian sediment (Table 4.2). This is supported by current DTW being unrelated to 

the variability in Q with scaled gap size of vegetation explaining higher variability in 

Q than other vegetation parameters (Vest et al. 2013). Plot 6 had stable groundwater 

with alkali meadow vegetation that mitigates wind erosion (Fig. 4.5).  Although Plot 

6’s vegetation structure has not changed since pre-drought (Fig. 4.3), it has naturally 

low vegetation cover (Elmore et al. 2003) with large salt encrusted gaps providing a 

long fetch for removal of sediment (Table 4.2). Although current DTW levels do not 

seem to directly explain Q, they may play an indirect role. Plot 6 and plot 12 during 

2008 and 2009 have similar Q most likely due to similar scaled gap sizes, average gap 

sizes (Table 4.2), and plot 6’s highly erodible salt encrusted surface due to a low 

DTW (Reynolds et al. 2007b). However, during the high Q event in 2010, the Q in 

plot 6 did not increase as significantly compared to plot 12 (2 orders of magnitude), 

which might be due to the alkali meadow vegetation arrangement mitigating wind 
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erosion (i.e., the higher the resistance distance, the lower the connectivity of bare soil 

conducive to wind erosion (Table 4.2)).  Therefore, low DTW may support a 

vegetation arrangement that mitigates large episodic wind erosion events. 

4.7 Conclusions 

Our analysis shows three preliminary outcomes of the restoration and 

mitigation effort: (1) alkali meadow is a novel source of PM10 pollution in Owens 

Valley possibly contributing to violation of CAAQS and NAAQS; (2) there is a need 

for ecosystem and groundwater management to mitigate the degraded air quality of 

Owens Valley; and (3) Los Angeles needs to find ways to decrease their water 

demand from the Owens Valley. 

Alkali meadow is a novel source of PM10 pollution in Owens Valley; 

therefore, the transfer of pumped water from northern alkali meadow areas of Owens 

Valley for use in Owens Dry Lake PM10 mitigation has contributed to the detrimental 

effects on air quality in mid-valley alkali meadow.  Horizontal and vertical flux is 

highest at mid-valley areas with high groundwater decline that are dominated by 

widely spaced shrubs. This vertical flux contributes to increasing PM10 concentrations 

in the mid-valley.  Previous research shows that PM10 emissions dissipated before 

reaching mid-valley (Barone et al. 1981; Gill and Cahill 1992; Cahill et al. 1996); 

therefore, alkali meadow is a novel source of PM10 as indicated by an increase in 

average PM10 concentration in mid-valley (Fig 4.7), more frequent exceedances of 

CAAQS, and exceedances of NAAQS in the mid-valley (Fig 4.8). Although most 

violations of NAAQS and CAAQS occur near Owens Dry Lake, these violations are 

also occurring in the mid-valley indicating a need to manage water withdrawals from 
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alkali meadow. However, LADWP does not consider PM10 emissions from degraded 

northern meadows as part of the dust mitigation area (GBUAPCD 2008). 

Using ecosystem management to mitigate the degraded air quality of Owens 

Valley is complex due to the link between shallow groundwater, groundwater 

pumping, and air pollution. Remote sensing measurements of vegetation cover do not 

correlate well with dust generation; instead, dust generation correlates with field 

measured vegetation structure (Vest et al., 2013) and soil properties (Reynolds et al., 

2007). Therefore, ecosystem management solutions should place a priority on 

managing surface conditions such as alkali meadow vegetation by sustaining 

groundwater levels within their root-zone because we lack the ability to manage wind 

directly to reduce dust emission. Alkali meadow supported by shallow groundwater in 

the northern valley and irrigated on the Owens Dry Lake provides 95-100% control of 

PM10 emission when wind speeds are less than 48mph (GBUAPCD 2008). This 

ecosystem service of dust suppression provided by native vegetation has significant 

value to society by maintaining clean air and human health.  Attempts to restore this 

lost ecosystem service (i.e., dust suppression by alkali meadow vegetation) have 

proven very costly as evidenced by the over $500 million investment LADWP has 

made towards restoring alkali meadow on the dry lake playa (LADWP 2011). PM10 

mitigation activities at the Owens Dry Lake that result in a tradeoff between 

ecosystem services from elsewhere in the valley are unlikely to reduce the overall 

threat of fugitive dust throughout the region.  

Los Angeles’ export of water from Owens Valley has been reduced over the 

last several years (Fig. 4.9) mainly due to decreased snowpack in the Sierra Nevada 
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(LADWP 2014a) and mitigation/restoration projects in Owens Valley (Fig 4.9).  In 

2015, LA is extracting the same amount of water from Owens Valley that is being 

used on Owens Dry Lake dust mitigation (Fig 4.9). On April 1, 2015, Governor 

Brown announced that snowpack levels in the Sierra Nevada are 5% of average 

(Megerian et al. 2015) impacting all water in California but especially the amount of 

water Los Angeles exports from Owens Valley.  Currently, Los Angeles is in a 

drought emergency with water use restrictions (LACWD 2015). On April 1, 

Governor Brown restricted Los Angeles’ water usage further by requesting residents 

to reduce their water usage by 25% compared to 2013 water use (State of California 

2015).  These current restrictions call for replacement of 50 million square feet of 

lawns and ornamental turf with xeriscaping, a reduction in commercial, industrial, 

and institutional property water use by 25%, the prohibition of irrigation for 

ornamental turf and public street medians, and the prohibition of irrigation outside of 

new homes and buildings unless it is delivered by microspray or drip systems (State 

of California 2015). Further, the Governor offered monetary incentives such as an 

appliance rebate program to replace inefficient household appliances, and the 

Californian water board is tasked with directing water suppliers to develop rate 

structures and pricing mechanisms to conserve water (State of California 2015). 

Mandatory use restrictions are affective in reducing water usage (Megerian et al. 

2015); however, once mandatory restrictions are lifted, residents may go back to 

using a similar level of water as before the drought. Unfortunately, water will remain 

scarce due to climate change decreasing snowpack and precipitation (Seager et al. 

2013; Goulden and Bales 2014), which may continue to decrease Los Angeles’ share 
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of Owens Valley water. Therefore, even during non-drought periods, the public needs 

to voluntarily conserve water. Unfortunately, voluntary restrictions are less effective 

in reducing water use than mandatory use restrictions implemented by LADWP (Mini 

et al. 2015). Los Angeles not only needs to implement water saving strategies by 

using reclamation, rebate programs, and cash for grass (LACWD 2015), but they also 

need to set mandatory use restrictions and/or implement water use education 

programs (especially in elementary to high schools). These water saving strategies 

may help to reduce their dependence on this scarce commodity even in non-drought 

periods. 
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Figure 4.1. The Owens Valley, showing the location of instrumentation used, 

including the 13 BSNE-equipped sites and 5 PM10 monitor equipped meteorological 

stations.   The background is a 2010 Landsat image. 
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Figure 4.2. The comparison of the DTW trend in our plots classified into No change 

2, DTW3, DTW4, DTW5, and DTW6 cover class from 1986 to 2010. 
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Figure 4.3 The change in percent live cover in Owens Valley from 1986 to 2008 in 

the five change cover classes comprising our plots based on information from Elmore 

et al. (2003). 
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Figure 4.4. The picture on the left is of a plot in the NoChg2 cover class (plot 6), and 

the picture on the right is of a plot in the DTW4 cover class (plot 12). 
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Figure 4.5. The comparison of the DTW trend between plot 6 (NoChg2 cover class) 

and plot 12 (DTW4 cover class) from 1986 to 2010 
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Figure 4.6. The differences between the Q from the five cover change classes as 

compared to the Q from Owens Dry Lake. Gray diamonds on the boxplot represent 

standard deviation from the mean. Owens Lake data is estimated from Gillette et al. 

(2001) figure 7. 
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Figure 4.7 (Top) The effect of distance from Owens Lake on the average PM10 

concentration, and (Bottom) the peak PM10 concentration by distance from Owens 

Lake. 
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Figure 4.8. The effect of distance from Owens Lake on the number of times PM10 

concentration exceeded the California Ambient Air Quality standards (50 µg m-3) 

(Top) and the National Ambient Air Quality standards (150 µg m-3) for 24 hour PM10 

concentration.  
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Figure 4.9. The uses of Owens Valley water compared between water years 1981-

1982, 2005-2006, and 2014-2015. 1982 exports to LA (diagonal within black) were 

estimated based on 2006 data and the inclusion of water in the E/M category that was 

not present in 1981-82 (E/M – Enhancement/Mitigation; LORP – Lower Owens 

River Project; Rec/Wildlife – Recreation and Wildlife; 1600 Project – 1600 Acre Foot 

Project Mitigation of Hines Spring (Based on data from (LADWP 2005; LADWP 

2014b). 
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Table 4.1: Mean and Range of Q and Vertical Flux Measurements from alkali 
meadow plots 
 
Table	  4.1:	  Mean	  and	  Range	  of	  Q	  and	  Vertical	  Flux	  Measurements	  from	  
alkali	  meadow	  plots	  
Cover	  
Change	  Class	  

Mean	  Q	  (g	  
cm-‐1	  d-‐1)	  

Range	  of	  Q	  (g	  
m-‐1	  d-‐1)	  

Mean	  
Vertical	  Flux	  
(g	  m-‐2	  d-‐1)	  

Range	  of	  
Vertical	  Flux	  
(g	  m-‐2	  d-‐1)	  

DTW3*	   0.0098	   0.0022	  –	  
0.025	  

5.4x10-‐4	   1.2x10-‐4	  –	  
1.3x10-‐3	  

DTW4*	   0.57	   0.016	  –	  1.67	   3.1x10-‐2	   8.9x10-‐4	  –	  
9.0x10-‐2	  

DTW5*	   0.066	   0.0042	  –	  0.33	   3.6x10-‐3	   2.3x10-‐4	  –	  
1.8x10-‐2	  

DTW6*	   0.056	   0.0081	  –	  0.16	   3.0x10-‐3	   4.4x10-‐4	  –	  
8.7x10-‐3	  

NoChg2*	   0.086	   0.016	  –	  0.33	   4.6x10-‐3	   8.7x10-‐4	  –	  
2.0x10-‐2	  

Owens	  Dry	  
Lake	  

943’	   121	  –	  5712’	   50.9	   6.53	  –	  308	  
	  

*2008,	  2009,	  and	  2010	  measurements	  combined;	  ‘	  Q	  estimated	  from	  Gillette	  et	  
al.	  (2001)	  Figure	  7	  	  
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Table 4.2: Description of Parameters used in Paper 
 
Table 4.2: Comparison between Plot 6 and Plot 12 
Characteristics	   Plot	  6	   Plot	  12	  
	   2008	   2009	   2010	   2008	   2009	   2010	  
Q	  (g	  cm-‐1	  d-‐1)	   0.02	   0.02	   0.04	   0.03	   0.02	   1.67	  
Vertical	  Flux	  
(g	  m-‐2	  d-‐1)	  

1.3x10-‐3	   1.12x10-‐
3	  

2.3x10-‐3	  
	  

1.4x10-‐3	   8.9x10-‐4	   9.0x10-‐2	  

Scaled	  Gap	  Size	   3.6	   3.6	   4.7	   5	   4.1	   4.5	  
Average	  Gap	  
Size	  (cm)	  

58	   59	   32	   49	   35	   25	  

Resistance	  
Distance~	  

4.1	   2.4	  

Cover	  Change	  
Class	  

NoChg2	   DTW4	  

Lowest	  DTW*,’	   2.2m	   2.07m	  
Highest	  DTW*	   2.7m	   10.9m	  
*	  During	  drought	  1987-‐1996;	  ‘	  First	  year	  of	  drought;	  ~	  Calculated	  in	  Chapter	  III	  
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Chapter 5:  Conclusion 
 

Aquifers in semi-arid grasslands provide water to groundwater-dependent 

vegetation, which prevents the removal of soil from the surface by wind erosion (i.e., 

soil stability as an ecosystem service).  As groundwater is continuously allocated for 

other uses (e.g., urban population growth (Ragab and Prudhomme 2002)), the 

groundwater table may drop below the vegetation root zone affecting its ecosystem 

service leading to desertification. Therefore, management of these groundwater 

resources is important to avoid desertification. Natural resource managers need 

scientific techniques such as modeling and fieldwork to identify, prevent, and 

mitigate these areas. Modeling and fieldwork should focus on the processes that 

create positive feedback mechanisms for desertification such as: 1) loose soil removal 

by wind erosion; 2) affects of vegetation structure change; and 3) increasing 

connected pathways in the landscape.  If groundwater withdrawals are continuously 

managed incorrectly (i.e., groundwater decline below vegetation root zone), the semi-

arid grasslands could undergo desertification leading to a loss of ecosystem services 

(i.e., aeolian flux suppression), creating higher PM10 concentrations causing public 

health problems such as aggravated asthma, chronic bronchitis, and respiratory illness 

(Prospero 1999; Fubini and Fenogolio 2007; Zhang et al. 2013). The results of this 

study will be used to inform the management of these groundwater resources with the 

goal of avoiding desertification. This dissertation 1) developed and compared 

empirical, process-based, and mechanistic models that predict mass transport from 

field measurements of vegetation and soil structure within groundwater-dependent 

plant communities (Chapter II), 2) explored the role of landscape connectivity of bare 
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soil in enhancing aeolian transport and quantifying the magnitude of desertification 

across the landscape (Chapter III), and 3) measured the magnitude of wind erosion 

between groundwater-dependent alkali meadow with depth to water dependent 

vegetation changes and groundwater-dependent alkali meadow with static vegetation 

conditions and compared these values with wind erosion rates in other parts of the 

world and with projected consequences for air quality (Chapter IV), 

5.1 Combined Results from PM10, Wind Erosion, and Connectivity Modeling 

 As degradation of semi-arid grasslands continues, wind erosion destabilizes 

soil leading to conditions that are unfavorable to alkali meadow reestablishment 

(Belnap and Gillette 1998; Li et al. 2007; Elmore et al. 2008). I found that field-

measured aeolian sediment transportation can be estimated through a simple 

empirical model using two vegetation parameters, scaled gap size and gap size, with 

scaled gap size explaining the majority (56%) of model variance.  As scaled gap size 

and gap size increase, higher amounts of aeolian sediments are mobilized. These 

sediments can bury neighboring plants and increase gap size by destabilizing soils 

and inhibiting the reestablishment of vegetation (Okin et al. 2001; McGlynn and Okin 

2006). These sediments can also be emitted in the form of PM10 pollution creating 

health problems and adding to NAAQS noncompliance for PM10. 

 To analyze the role of connected pathways as a driver of desertification, I 

developed a resistance grid based on the knowledge of sheer stress recovery (Okin 

2008).   I found that as alkali meadow areas produce more Q, they become more 

connected supporting the evidence that as bare soil increases, it creates “streets” of 

bare soil where wind can remove sediment (i.e., produce more Q) and degrade 
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vegetation on the edges of the gap.  I also found that a majority of my plots were 

more connected than if there was no wind, or vegetation cover was sufficient enough 

to increase the threshold shear velocity at the soil surface. Further, higher 

groundwater decline makes the landscape more connected with increased aeolian 

flux. Areas that were degraded by groundwater decline previously but recovered are 

still more connected than the neutral model indicates by total grass cover. Many of 

these highly connected areas are in central Owens Valley resulting in higher observed 

amounts of PM10 concentration than previously shown.  

Through these results, I provide information for natural resource managers, 

and tools to identify areas that are degraded by wind erosion, producing horizontal 

flux and PM10, and prone to desertification.  Managers can use the simple empirical 

model to target management actions in alkali meadow vegetation or heterogeneous 

vegetation (e.g., coastal dunes). By measuring scaled gap size and gap size in desired 

plots, which are easily measured in the field and do not require a wind tunnel or an 

estimate of multiple parameters such as required in the Okin and Raupach models, I 

can predict the amount of Q produced from an area. If plots are producing Q, they are 

also producing PM10, calculated using a simple relationship (Gillette et al. 1997). This 

occurs mainly in mid-valley degraded plots, which contribute to PM10 concentrations 

in Owens Valley. Using relationships between resistance distance, Q and scaled gap 

size, I can target areas that are forming connected pathways. Further, managers can 

use the understanding behind the behavior of a neutral model to compare that 

behavior to an actual managed landscape. Managers in Owens Valley can use these 

tools to help identify areas that are becoming more connected and try to mitigate 
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these effects. These tools also encompass more of an understanding of the 

interactions between physical and biological processes, which provides a better gauge 

of a well field’s health rather than vegetation transects and soil moisture.   

5.2 Field Identification of Vegetation Degradation and Wind Erosion 

Scaled gap size is an important vegetation parameter in measuring wind 

erosion. Scaled gap size can easily be measured through line intercept vegetation 

transects at each plot, and it explains Q better than other vegetation parameters (56% 

of the variability in Q) including lateral cover (i.e., the most commonly used 

vegetation parameter in wind erosion modeling). Scaled gap size is easily measured 

in the field and offers natural resource managers a useful tool when assessing the 

wind erosion potential at a site with heterogeneous vegetation.   

Alkali meadow vegetation provides 95-100% PM10 suppression performing a 

significant ecosystem service (GBUAPCD 2008). Wind erosion through degraded 

alkali meadows (i.e., DTW induced vegetation change cover during the drought 

(1987-1996)) produced larger amounts of Q and PM10 than intact meadows. Although 

Q and PM10 values produced from wind erosion on Owens Dry Lake are higher than 

alkali meadow areas, the alkali meadow areas susceptible to degradation is larger than 

the area of Owens Dry Lake and may eventually serve as a high source of PM10 in the 

future if groundwater levels are not managed correctly. 

5.3 Integrating Field and Modeling Results 

Wind erosion models that use scaled gap size (e.g., Okin model) predict Q better 

in heterogeneous areas than the commonly used Raupach model that uses lateral 
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cover. This is due to its ability to describe the heterogeneous distribution of 

vegetation and the amount of sheltered bare soil behind the vegetation (Okin 2008). 

Another important wind erosion parameter in the predictive capability of the Okin 

model is threshold shear velocity. When a single average threshold shear velocity was 

used for all plots, (0.56 m s-1), Q was overestimated demonstrating the importance of 

knowing threshold shear velocity at each plot. Natural resource managers can use the 

Okin model to target management actions in alkali meadows. 

The results from using a simple ratio of Q values to predict PM10 concentrations 

from our alkali meadow plots (Gillette et al. 1997) supports the idea that degradation 

of alkali meadow to the north of Owens Dry Lake has changed the regional pattern of 

PM10 concentrations. These degraded alkali meadow areas include portions of Native 

American Piute Tribal lands, and the towns of Bishop, Big Pine, Independence, and 

Lone Pine, which are not part of the current dust mitigation area (GBUAPCD 2008). 

However, Los Angeles is pumping groundwater from these alkali meadow areas 

supported by shallow groundwater in the northern valley to provide water to the dust 

mitigation projects on Owens Dry Lake (e.g., planting alkali meadow). This sole 

focus of dust mitigation in Owens Valley on Owens Dry Lake has resulted in a 

tradeoff between ecosystem services (i.e., dust suppression by alkali meadow 

vegetation) from the northern valley that is unlikely to reduce the overall threat of 

dust throughout the region.  

Finally, I determined that areas of high groundwater decline during the California 

drought (1986-1992) were more connected than if there was no wind, or vegetation 

cover was sufficient enough to increase the threshold shear velocity at the soil 
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surface. This agrees with previous investigations that link groundwater decline below 

the vegetation root zone to vegetation structure change (Muñoz-Reinoso 2001; 

Elmore et al. 2006a; Barron et al. 2014) that increases wind erosion in degraded 

vegetation causing the formation of “streets” (Okin et al. 2001; McGlynn and Okin 

2006), increasing threshold shear velocity, which allows for a longer fetch for 

saltation and dust emission (Okin et al. 2009). At the edge of these pathways, nearby 

vegetation is buried (Okin et al. 2009) creating longer connected pathways possibly 

leading to a positive feedback mechanism initiating desertification.  

Field-based investigations allowed for the identification of vegetation structure 

and the determination of horizontal flux. Through the integration of field 

investigations with models, I was able to link landscape connectivity caused by 

vegetation structure change to groundwater decline during the California drought 

leading to a better understanding of the processes causing desertification in semi-arid 

groundwater-dependent vegetation.   

5.4 Determining Thresholds for State Changes from Grassland to Shrubland 

Okin et al (2009) and Turnbull et al (2008) both hypothesized that increased 

functional connectivity of a landscape leads to desertification. This occurs when a 

semi-arid landscape becomes more heterogeneous (i.e., grass to shrub dominated) 

with increased bare soil area between shrubs forming connected pathways for wind 

removal of sediment (Okin et al. 2009). A catalyst in Owens Valley for this change 

(i.e., alkali meadow to shrub domination) was groundwater decline during the 

California drought between (1987-1996). Past work shows that vegetation structure is 

impacted by groundwater decline due to pumping (Elmore et al. 2003; Elmore et al. 
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2006b), but this analysis does not address changes in vegetation configuration 

resulting in functional connectivity. From my results, areas that were pumped heavily 

during this period have higher functional connectivity, which was indicative of larger 

aeolian sediment movement. As functional connectivity increased with longer 

connected pathways of bare soil compared to vegetation height, wind erosion through 

these connected pathways produced larger amounts of aeolian flux removing soil 

nutrients required for plant growth and burying vegetation on the edge of the 

connected pathways producing longer connected pathways through the landscape 

(Okin et al. 2009). These connected pathways created a more functionally connected 

landscape than our neutral landscape model would suggest based on total cover (i.e., 

% grass; % shrub; %bare soil) possibly indicating a permanent state change from 

grassland to shrubland. Also, plots where vegetation structure recovered after 

pumping ceased were more connected than % grass cover would predict possibly 

indicating a hysteresis effect in the landscape and making it more susceptible to 

future desertification if pumping is resumed. Overall, Circuitscape was a good 

method to test the hypothesis of connectivity as a driver of state change in a 

landscape leading to desertification. It can also easily be used by managers to identify 

areas that have high functional connectivity and aid in the information gathering of 

whether to pump a well field or not.  

5.5 Implications for Continued Pumping of Groundwater and Drought 

In Owens Valley, Inyo County Water Department and Los Angeles 

Department of Water and Power (LADWP) on August 1, 1989 developed a joint 

long-term management plan with an overall goal of managing the water resources 
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within Inyo County to avoid decreases and changes in vegetation (James et al. 1990).  

The green book regulates the amount and location of groundwater to pump through 

vegetation monitoring and available soil water (James et al. 1990). However, the 

vegetation monitoring does not account for the subtle changes occurring that could be 

of concern such as larger connected pathways and changing soil chemistry. Also, the 

vegetation transects are roped off, and from field observations, these areas seem to 

have a more intact structure than the surrounding vegetation. The primary source of 

water for LADWP is from the Los Angeles Aqueduct (37%), local groundwater 

(11%), recycled water (1%), and supplemental purchase from the Metropolitan Water 

District of Southern California (MWD) (51%) (LADWP 2014c). LADWP this year is 

pumping less water than usual due to the persistent drought in California (LADWP 

2014a). If the current drought continues and California is able to purchase less water 

from MWD, they will have no choice but to petition for more water from Inyo 

County. Currently, LA is already petitioning for more groundwater pumping to cover 

the mitigation projects in Owens Valley. A higher amount of groundwater pumping 

could cause increased vegetation structure change.  If groundwater were pumped 

below the root-zone, alkali meadow degradation would elongate connected pathways 

leading to more aeolian flux in the valley.  This would cause an increase in PM10 

emission leading to non-compliance in national air quality standards. 

5.6 Implications of Climate Change on Vegetation and Groundwater 

 Global climate models predict that aridity will increase in dryland systems 

(Seager et al. 2007). The year 2012 was one of the 10 warmest years on record, and 

the United States was 1.4°C above average (Blunden and Arndt 2013). Future 
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projections for California have a 4.1°C warming by the end of the 21st century 

(Goulden and Bales 2014) with a profound influence on California snow 

accumulations with losses increasing with warming (Cayan et al. 2008). Snowmelt 

from the Sierra Nevada results in 5.8x108m3 – 6.3x108m3 annual runoff that recharges 

groundwater and surface water in the Owens River drainage basin (Hollett et al. 1991; 

Danskin 1998). Precipitation in the Sierra Nevada is projected to decrease with 

increasing evapotranspiration over the next century that could possibly reduce surface 

water and groundwater availability in the Owens Valley (Seager et al. 2013; Goulden 

and Bales 2014). For the 2014 water year in Owens Valley, the Eastern Sierra 

snowpack is at 30% of normal (LADWP 2014a) and snowpack nationally is 

decreasing too (Marshall et al. 2008). Aeolian flux from wind erosion on Owens Dry 

Lake and degraded vegetation structure has the possibility of reaching snowpacks 

high in the Eastern Sierra. When atmospheric dust falls on snowpacks, it darkens the 

surface leading to rapid melting and more water in streams (Marshall et al. 2008). 

Warming combined with the darkening of surface snow, could cause the acceleration 

of snowpack melting. Groundwater is replenished each year by snowpack melt; 

therefore, climate change combined with increased dust-on-snow might lower water 

availability during the dry season and increase the rate of desertification.  

In Owens Valley, groundwater-dependent vegetation increases the threshold 

shear velocity required to mobilize sediments and initiate wind erosion and aeolian 

sediment emission (e.g., PM10 emission). These emitted aerosols can act as cloud 

condensation nuclei (CCN) increasing aerosols resulting in a larger cloud surface area 

that scatters solar radiation (Ravi et al. 2011). However, this high CCN in clouds can 
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suppress rainfall and cause persistent droughts regionally (Ravi et al. 2011). 

Precipitation is 50% of average precipitation in Owens Valley for 2014 (LADWP 

2014a). Precipitation decreases coupled with aeolian flux could possibly cause 

vegetation structure to change rapidly accelerating desertification. As more dust is 

being released due to vegetation structure change, bare soil patches are increasing. As 

these bare soil patches increase, albedo increases (Charney 1975) inducing surface 

cooling and reducing convection resulting in decreased rainfall and promotion and 

expansion of desert areas (Taylor et al. 2002; Zeng and Yoon 2009). 

5.7 Future directions and recommendations 

Although this study examines comprehensively the physical, biological and 

chemical process that cause desertification in groundwater-dependent grasslands, 

there is still more research that can be done to expand and fill in gaps. 

• To further refine the models using a more detailed representation of spatial 

and temporal variability in model parameters (e.g., threshold shear velocity, 

vegetation structure, and roughness height). The strongest empirical model 

developed only explained 58% of the variation in Q, which leaves 

considerable variability for measurements and approaches for estimating Q. 

This work will allow natural resource managers a more complete model for 

estimating Q at their field site. 

• To continue using the Circuitscape model coupled with Qrule for the entirety 

of Owens Valley and apply it to other areas with groundwater-dependent 

vegetation (e.g., Minquin, China). Circuitscape and Okin models explain 

similar variability in Q and are processed-based models. However, the Okin 
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model uses a full probability distribution of scaled gap size to calculate Q 

(Okin 2008), while Circuitscape uses current theory and a user-determined 

landscape resistance grid mimicking wind to develop a current map and a 

resistance distance. This would include an improvement of the resistance 

values for the resistance grids through fieldwork to measure an average 

roughness value for bare soil at specific locations and determine the differing 

sheer stresses of bare soil, shrubs, and grass at certain distances downwind.  

This would help managers to better utilize the model for evaluating 

degradedness of an area. 

• To develop groundwater management models that are coupled with aeolian 

flux and PM10 emission to represent new links that this work has drawn 

between groundwater depth, vegetation, and dust. 

• To improve upon the simple empirical model to predict threshold shear 

velocity which can also be used to predict PM10 emissions in the area: I would 

need to investigate some uncertainties such as quantifying the impacts of 

grazing and other disturbances and understanding the source and 

consequences of spatial and temporal variability in model parameters 

influencing Q.  Although it would be hard to measure these uncertainties, it is 

possible that they lead to temporal or spatial variability in the success of the 

empirical model. 

• To develop a study evaluating the “memory” of vegetation structure change in 

groundwater-dependent meadows. I would need to identify if these areas have 



 

 
122 

 

“memory” through analyzing functional connectivity and other parameters.  

This research could inform pumping and mitigation decisions for managers.  

 

To maintain a balance between LA’s and vegetation’s water demands, 

management and policy decisions will become increasingly important especially with 

the affects of drought and climate change. Management of groundwater pumping 

focuses on vegetation transects and soil moisture not accounting for their links to 

aeolian sediment flux. However, a better management strategy might be to identify 

areas that have connected pathways to manage groundwater decline because wind 

erosion in connected pathways increase saltation and dust emission creating a positive 

feedback that promotes desertification leading to increased aeolian sediment flux, 

reducing air quality and causing human health problems. As the demand for 

groundwater in these areas increases (i.e., due to climate change, continued drought, 

and population growth), natural resource managers in groundwater-dependent semi-

arid grasslands will need to develop management plans that are coupled with aeolian 

flux and PM10 emissions that represent new links to prevent withdrawals that might 

lead to desertification.  
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Appendices 
 

A.1 Soil chemistry data 

The purpose of this appendix is to present data that was collected but 

ultimately not used in the dissertation chapters. By including this data, I am 

preserving the data for future scientific investigations.  The purpose of this data was 

to determine the compositional and spatial distribution of soil crust properties that 

influence surface strength. The main question was how does soil chemistry and soil 

stability change in concert with vegetation structural changes associated with 

groundwater decline? I intended the results of this work to lend insight into 

interactions between vegetation structure, groundwater hydrology, and surface 

composition that influences soil stability.  However, the results posed some problems 

in interpretation of these relationships; therefore, I present a write-up of the methods 

and tables of variables and data.    

A.1.1 Plot and sampling design 

Sampling was designed to study relationships both between and within plot 

vegetation, groundwater, and soil characteristics. Within each plot, we further 

characterized the variability in soil surface types and made detailed measurements of 

soil chemistry and physical structure in each type.  We also averaged these values for 

each plot to assess between-plot variability. 
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Our analysis focused on thirteen plots (10,000 m2 each) that were monitored 

for three years: 2008, 2009, and 2010.  Plot selection focused on covering a range in 

vegetation structure, from shrubs separated by bare soil, through shrubs separated by 

meadow, to continuous meadow.  Based on research linking vegetation structure and 

groundwater (Elmore et al. 2003; Elmore et al. 2006b), we found it possible to use 

spatial and recent temporal variation in groundwater depth to capture the needed 

variability in vegetation structure. However, we also required that groundwater be 

sufficiently close to the surface to justify a characterization of “groundwater- 

dependent” and the soil characteristics associated with shallow groundwater 

dominated systems (generally thought of as requiring groundwater within 5 m of the 

surface (Reynolds et al. 2007b)).   To enable the establishment of plots along the 

required gradient in vegetation structure, plots were identified that were (1) within 

100 m of a long-term monitoring well with recorded groundwater depths since 1986 

(measured in April of each year); (2) located within alkali meadow, as identified by a 

1986 vegetation survey (City of Los Angeles and County of Inyo 1990); and (3) 

within soil identified as mollisol or aridisol in Soil Survey Geographic Database 

(SSURGO) (Soil Survey Staff).  Sixteen plots were initially selected in these areas.  

However, in 2008, destruction of three plots by cattle that had not been removed at 

the time of sediment trap installation reduced the number of study plots to thirteen 

(Fig. 3.1).  We did not re-deploy at these three sites in 2009 or 2010. At eight of the 

thirteen plots, (Aubault 2009) performed soil texture analyses.    

A.1.2 Total horizontal flux measurements 
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Total horizontal flux (Q) was measured using four Big Spring Number Eight 

(BSNE) aeolian sediment traps mounted on a 1m pole; henceforth, referred to as a 

BSNE stem.  We placed a BSNE stem in each plot in 2008, 2009, and 2010 and an 

additional BSNE stem in two of the plots in 2009 and 2010. The mass of the sample 

collected in each trap was divided by sampler inlet area and the duration of the 

collection interval.  The results from each trap were fit to an exponential equation 

then integrated to 1m to estimate Q (Gillette et al. 1997).  The Q was adjusted based 

upon the efficiency of the BSNE stem, 90% ± 5% (Shao et al. 1993). 

A.1.2 Vegetation Distribution 

Vegetation cover, gap distribution, and vegetation height for each plot was 

determined using four 50 m line intercept transects run in cardinal directions from the 

BSNE stem (USDA and NRCS 2004). For each transect, along-transect width 

(greater than 0.03 m), species, height of vegetation (greater than 0.08 m), and along-

transect width of bare soil patches (greater than 0.03 m) were measured. Despite the 

imposed detection limit in vegetation height, we found that even the shortest 

vegetation elements were taller than 0.08 m. The vegetation height was measured 

using a regulation Frisbee® with a hole carved into the center through which a 

wooden meter stick could be threaded. The meter stick was placed in each individual 

plant along the transect, and the Frisbee® was dropped vertically with the meter stick 

penetrating the hole in the disk. The top of the plastic disk at its stopping location was 

recorded as the vegetation height. Vegetation transects were conducted in May of 

2008, 2009, and 2010 during BSNE stem deployment. Vest et al (2013) determined 

that scaled gap size (mean gap size between vegetation elements scaled by vegetation 
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height) explained a high level of variation in the total horizontal flux in meadows by 

wind erosion.  Therefore, we calculated scaled gap size for each of our plots. Next, 

we divided our thirteen sites into degraded and intact alkali meadow by using a 15% 

grass cutoff (i.e., <15% grass cover = degraded and >15% grass cover = intact) based 

on the results of Elmore et al (2006, 2008), who show that grass cover generally 

declines to less than 15% when subjected to groundwater decline below the root zone.  

A.1.3 Soil Chemistry 

Site soil characteristics were derived from two 2-cm profiles one near 

vegetation and one in bare soil collected at each cm depth in February 2008 and three 

2-cm profiles (i.e., one near vegetation and two in bare soil) collected at each cm 

depth in May 2008, September 2008, May 2009, and September 2009 at the sixteen 

sites described above.  From these 1-cm profiles collected, organic carbon 

concentration and anion concentration in the soil was measured. Anion concentration 

was measured using an inductively coupled plasma elemental analyzer to measure Cl-

1, NO3
-1, NO2

-1, SO4
2-, and PO4

3-. Soil organic carbon concentration was analyzed in 

the laboratory using loss on ignition protocols.  From loss of ignition we calculated 

soil organic carbon concentration to be 40% of loss on ignition concentration 

(Berglund 2003).  

Salt crusts are an important component of soil stability in arid and semi-arid 

areas (Mees and Stoops 1991).  Salt crusted soils occur in over 100 countries in arid 

and semi-arid environments; the sources of these salts are groundwater and surface 

water (Dehaan and Taylor 2002; Guler and Thyne 2004; Kampf et al. 2005; 

Rengasamy 2006).  Salt crusts usually form when the groundwater level is less than 
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3m below the surface (Saint-Amand et al. 1987).   The yearly salt flux is controlled 

by evaporation and underlying groundwater salinity (Tyler et al. 1997).  Crusting is a 

key factor in the reduction of particle entrainment by wind (Langston and McKenna 

Neuman 2005).  Small amounts of soluble salts increase TSV because they cement 

bonds between grains (Nickling and Ecclestone 1981).  Hard crusts (i.e., containing 

Cl- and usually formed in summer) and rough crusts (i.e., containing Cl-) provide 

protection against wind erosion (i.e., increasing threshold shear velocity) (Nickling 

and Ecclestone 1981; Gillette et al. 2001) whereas soft, friable crusts (i.e., containing 

carbonate and sulfate and usually formed in winter) are easily destroyed by saltation 

(Tyler et al. 1997; Gillette et al. 2001).  These friable/soft crusts are quickly replaced 

by a shallow groundwater table; however, if DTW increases below 3m, these 

friable/soft crusts will not be annually-replaced, increasing the susceptibility of soil to 

erosion (Reynolds et al. 2007b).  Further, the destruction of surface crusts can cause 

aeolian transport that decreases vegetation and increases the nutrient loss eventually 

initiating the destruction of remaining islands of fertility (Okin et al. 2001).   

Electrical conductivity might be an important factor in accessing the 

resistance to erosion of an area.  Soils with salt crust formations are more stable and 

have higher electrical conductivity than soils devoid of salt crusts.  Further, 

groundwater-dependent halophytic grass species that provide stability to the soil that 

also transport salts from groundwater to the surface, resulting in higher electrical 

conductivity in areas with a higher cover of grass (Wiebe and Walter 1972).  When 

groundwater pumping occurs below the rootzone of GDV, grasslands die (Elmore et 

al. 2003; Elmore et al. 2006b) exposing salt crusts to wind erosion.  This exposure 
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allows salt crusts to be broken up by saltation without reformation due to the 

groundwater table being disconnected from the soil surface (Reynolds et al. 2007b).  

This process leads to bare soil areas devoid of grasses and salt crusts resulting in 

lower soil electrical conductivity and stability (Dehaan and Taylor 2002; Rajan et al. 

2010).  High electric conductivity in bare soil areas might indicate an area protected 

by vegetation that has a low potential of erosion, while a bare soil area with low 

electrical conductivity might indicate an area where loose soil particles have been 

recently removed by erosion. We ran correlation analysis between a set of electrical 

conductivity measurements and anion measurements in our plots and found the Cl-1 

was highly correlated to electrical conductivity; therefore, we will use Cl-1 as a proxy 

for electrical conductivity. 

A.1.4 Depth to Water Measurements 

 We used depth to water (DTW) measurements taken in April from 1987 – 

1996 from monitoring wells within 100m of our plots. These were the years that 

groundwater pumping increased below the root zone due to drought.  We believe that 

this groundwater decline might still have a legacy effect on the vegetation structure in 

the valley.  April DTW measurements are used because piezometers are read at this 

time, and April contains the highest water levels. The water levels decrease after 

April due to evapotranspiration or extraction, so the April readings provide maximum 

groundwater readings. 

A.1.5 Remote Sensing of Vegetation Cover 

 We acquired Landsat ETM+ images in September 2008, 2009, and 2010 to 

estimate the fraction of photosynthetic vegetation at each site using linear spectral 
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mixture analysis (Elmore et al. 2000). These data were previously validated against 

field measurements of leaf area along 33 permanent transects and found to be 

accurate to within ±4.0% photosynthetic vegetation and are therefore useful for a 

variety of land use and land cover change investigations (Elmore et al. 2003; Elmore 

et al. 2006b). We sampled % photosynthetic vegetation cover at each plot from these 

raster data sets and calculated two different % photosynthetic vegetation statistics: 

single pixel and nine pixel mean at and around each plot.  

A.1.6 Threshold Shear Velocity 

The threshold shear velocity (TSV) is the wind shear velocity required to 

mobilize surface sediments.  Although it is a direct measure of surface stability 

(Belnap and Gillette 1998), and required for any type of calculation of erosion 

potential, the TSV can be very spatially variable.  Knowledge of spatial variability in 

TSV might provide insight into the process of desertification. Each time a soil profile 

was sampled, a photograph of the profile and location were recorded.  The photos 

from these previous field sampling seasons (February 2008, May 2008, May 2009, 

and September 2009) were divided into six different classifications (cracked loose 

soil, loose soil, grass, shrub, litter near shrub, and light loose soil).  In 2010, we 

matched the photo at each location with a similar location at each plot.  Next, we 

measured TSV at each location.  To measure TSV we used the simple method to 

estimate threshold friction velocity of wind erosion in the field developed by Li et al. 

(2010). A 760 pumpmaster airgun using 4.5mm spherical copper pellets (Li et al. 

2010) was positioned at 15cm and pointed at a 45° angle above the soil surface (Li et 

al. 2010).  The airgun was pumped three times to obtain a pellet velocity of about 156 
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cm/s (i.e., taking into account that over time the velocity will diminish due to wear 

and tear on the air gun) (Li et al. 2010).  The pellet hole area was calculated by using 

the maximum diameter and a line perpendicular to the maximum diameter (Li et al. 

2010).  FT011 and FT444 penetrometers were used at 45° near each pellet hole to 

measure the resistance of the soil surface to compressional force (kg) (Li et al. 2010). 

This method was repeated five times for each profile area at each site.  Threshold 

shear velocity (TSVfield) was calculated using linear regression for two different 

measurements (i.e., pellet hole area (BBarea) and penetrometer pressure 

(Penetrometer)) (Li et al. 2010). 

 

𝑇𝑆𝑉!"!!" = 4.095− (0.078 ∗ 𝐵𝐵!"#!)+ (0.191 ∗ 𝑃𝑒𝑛𝑒𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟)   (1) 

 

𝑇𝑆𝑉 = 𝑒!"# + 10         (2) 

 

To measure the spatial variability of TSV in a bare soil area, we randomly selected a 

compass orientation (0º-360 º) and distance (0-50m) ten times per site. Next, we ran a 

transect in the nearest bare soil area to this point.  TSV was measured starting at 0cm 

and sampled every 10 cm until termination of the bare soil area using the method 

described above. 

A.1.7 Soil Aggregate Stability 

There are many factors contributing to soil stability such as soil aggregate 

stability, crustal composition, and threshold shear velocity.  Soil aggregate stability 

might be an important factor in accessing the soils surface’s resistance to erosion. Soil 
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aggregates are soil particles that are bound more closely to each other than other soil 

particles (USDA 1996).  These aggregates can be formed through the breakdown of 

roots and litter and through fungal strands that bind soil particles (USDA 1996).  Soil 

aggregates are important to erosion resistance, water availability, and root growth 

(USDA 1996).  Large, stable aggregates can resist degradation and removal by wind 

(USDA 1996).  Soil aggregate stability is usually measured to assess relative 

differences in soil quality and is an accepted indicator of soil health (Herrick et al. 

2001; Seybold and Herrick 2001; Bestelmeyer et al. 2006). It is also related to 

ecosystem processes, properties, and functions including the quantity and 

composition of soil organic matter, soil biotic activity, and infiltration capacity 

(Herrick et al. 2001; Bestelmeyer et al. 2006).  When other factors (vegetation cover 

and wind velocity) are held constant, low soil aggregate stability indicates an easily 

erodible area (Herrick et al. 2001; Seybold and Herrick 2001)We measured soil 

aggregate stability near each TSV measurement in the similar profile areas following 

the methods in Chapter 14: Soil Stability Test from the 2004 NRI Handbook of 

Instructions for Rangeland Field Study Data Collection.  Soil aggregate stability 

measurements were taken in the profile areas every time a TSV measurement was 

obtained.  Also, soil aggregate stability was measured at each TSV measurement in 

the bare soil transects.    
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Table A.1: Results of anion chemical analysis for Chloride, Nitrite, Phosphate, and 
Sulfate 
 

Table A.1: Results of anion chemical analysis for Chloride, Nitrite, Phosphate, and Sulfate 

Plot Profile Month Year CL   
(mg kg-1) 

Nitrite 
(mg kg-1) 

Nitrate 
(mg kg-1) 

Phosphate
(mg kg-1) 

Sulfate 
(mg kg-1)	  

1 3 Sep 2008 4,326.48 0.00 7.58 107.54 16,2078.2	  

10 1 May 2009 2,299.16 0.00 2.06 62.04 18,0467.0	  

10 1 Sep 2008 799.74 0.00 20.29 52.08 11,3739.2	  

10 2 Feb 2008 3.77 0.28 1.68 4.94 127.18	  

10 2 May 2009 1,588.83 0.19 7.10 0.00 14,0095.2	  

10 2 Sep 2008 MD MD MD MD MD	  

10 3 Sep 2008 741.59 0.22 7.35 56.84 10,2431.9	  

11 1 May 2008 2.11 0.12 11.19 4.03 14.41	  

11 1 May 2009 16.08 0.93 9.86 5.99 57.85	  

11 1 Sep 2008 20.89 1.65 6.77 4.57 80.15	  

11 2 May 2008 4.27 0.68 16.08 7.36 91.54	  

11 2 May 2009 45.48 0.32 8.58 11.60 108.99	  

11 2 Sep 2008 537.05 2.57 25.68 6.56 3,671.05	  

11 3 May 2008 6.58 14.71 13.25 4.71 18.65	  

11 3 May 2009 14.43 2.71 7.63 12.69 115.56	  

11 3 Sep 2008 5.27 1.42 7.37 8.76 20.60	  

12 1 May 2008 107.36 0.21 25.96 14.58 109.94	  

12 1 Sep 2008 30.06 5.77 19.19 17.66 66.26	  

12 2 May 2008 10.92 0.18 23.55 11.22 56.15	  

12 2 Sep 2008 244.02 2.19 3.98 35.63 143.51	  
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Table A.1: Results of anion chemical analysis for Chloride, Nitrite, Phosphate, and Sulfate 

Plot Profile Month Year CL   
(mg kg-1) 

Nitrite 
(mg kg-1) 

Nitrate 
(mg kg-1) 

Phosphate
(mg kg-1) 

Sulfate 
(mg kg-1)	  

12 3 May 2008 1,190.46 0.75 5.16 38.82 891.99	  

12 3 Sep 2008 36.26 1.67 5.69 23.25 90.89	  

17 1 Feb 2008 34.48 0.00 14.38 6.96 137.23	  

17 1 May 2009 15.57 1.22 2.39 4.02 95.16	  

17 1 Sep 2008 383.03 0.41 14.42 0.00 5,0831.10	  

17 2 Feb 2008 150.75 0.00 59.30 9.59 2,035.68	  

17 2 May 2009 226.32 4.43 22.79 26.66 336.13	  

17 2 Sep 2008 MD MD MD MD MD	  

17 3 Sep 2008 817.88 0.00 15.25 0.00 60,908.70	  

20 1 Feb 2008 69.11 1.79 23.92 16.10 163.43	  

20 1 May 2009 269.82 2.75 5.59 17.12 1,220.88	  

20 1 Sep 2008 216.22 3.07 40.84 22.21 1,803.11	  

20 2 Feb 2008 8.29 0.34 41.04 53.60 8,115.02	  

20 2 May 2009 535.44 0.00 41.93 1.31 7,138.95	  

20 2 Sep 2008 59.37 1.01 12.16 16.89 413.12	  

20 3 Sep 2008 7,349.09 0.00 47.37 317.00 21,765.32	  

21 1 Feb 2008 39.85 0.52 1.96 19.20 140.73	  

21 1 May 2009 69.38 3.29 7.83 15.45 98.17	  

21 1 Sep 2008 44.97 2.34 27.70 15.73 147.82	  

21 2 May 2009 244.55 5.99 8.78 32.65 198.21	  

21 3 Feb 2008 55.00 0.00 30.20 33.07 165.73	  
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Table A.1: Results of anion chemical analysis for Chloride, Nitrite, Phosphate, and Sulfate 

Plot Profile Month Year CL   
(mg kg-1) 

Nitrite 
(mg kg-1) 

Nitrate 
(mg kg-1) 

Phosphate
(mg kg-1) 

Sulfate 
(mg kg-1)	  

22 1 May 2008 1,875.07 0.00 72.22 23.22 9,494.87	  

22 1 May 2009 541.81 0.00 3.87 55.75 3,8769.92	  

22 1 Sep 2008 431.31 0.00 194.98 66.76 3,406.87	  

22 2 May 2008 2,443.57 1.22 116.85 0.00 0.00	  

22 2 May 2009 30.37 0.26 8.13 8.92 282.20	  

22 3 May 2008 1,720.60 2.07 53.18 0.00 0.00	  

22 3 May 2009 1,291.05 1.96 5.52 20.88 9,378.93	  

25 1 May 2009 30.05 2.74 5.24 12.72 48.18	  

25 1 Sep 2008 24.75 1.13 4.49 9.45 49.72	  

25 2 May 2009 60.55 2.91 6.97 5.85 143.69	  

25 2 Sep 2008 35.27 2.43 9.04 8.50 85.14	  

25 3 Sep 2008 26.90 0.20 9.45 10.31 57.63	  

4 1 May 2008 993.11 1.32 0.65 46.12 7,239.83	  

4 1 Sep 2008 480.41 2.41 20.95 12.90 8,469.90	  

4 2 May 2008 17.10 0.00 34.89 0.00 44,048.93	  

4 2 May 2009 279.52 2.92 17.72 0.00 41,834.68	  

4 2 Sep 2008 524.65 1.83 13.71 0.00 46,578.04	  

4 3 May 2008 4.73 0.96 14.87 0.00 41,922.92	  

4 3 May 2009 304.14 2.72 10.73 2.72 10,771.83	  

4 3 Sep 2008 150.02 3.92 13.67 0.00 44,602.08	  

6 1 Feb 2008 128.66 0.00 6.83 5.25 294.64	  
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Table A.1: Results of anion chemical analysis for Chloride, Nitrite, Phosphate, and Sulfate 

Plot Profile Month Year CL   
(mg kg-1) 

Nitrite 
(mg kg-1) 

Nitrate 
(mg kg-1) 

Phosphate
(mg kg-1) 

Sulfate 
(mg kg-1)	  

6 1 May 2009 686.10 0.00 7.03 5.28 1,239.26	  

6 1 Sep 2008 19,247.1 2,736.71 3.34 2.97 12,237.49	  

6 2 Feb 2008 MD MD MD MD MD	  

6 2 May 2009 2,452.23 0.00 17.89 32.03 29,763.99	  

6 2 Sep 2008 1,279.58 0.00 6.50 0.00 25,872.61	  

6 3 May 2009 48.28 0.00 2.50 1.21 59.33	  

6 3 Sep 2008 365.81 0.00 9.02 0.00 0.00	  

7 1 Feb 2008 31.38 3.00 11.20 7.06 98.80	  

7 1 May 2009 208.24 0.00 8.84 7.55 1,954.87	  

7 1 Sep 2008 32.59 1.73 2.61 4.83 54.68	  

7 2 Feb 2008 167.24 0.00 2.52 2.99 548.27	  

7 2 May 2009 43.52 1.51 3.16 7.62 138.89	  

7 2 Sep 2008 2.65 0.16 0.50 3.57 32.33	  

7 3 Sep 2008 74.41 1.91 6.55 5.78 88.70	  

9 1 Feb 2008 29.32 0.00 7.93 5.91 93.30	  

9 1 May 2009 9.40 0.64 12.59 7.60 143.08	  

9 1 Sep 2008 92.58 0.29 9.98 11.39 86.68	  

9 2 May 2009 20.36 0.84 10.05 13.98 304.49	  

9 2 Sep 2008 5.67 0.23 2.08 6.25 17.56	  

9 3 Sep 2008 6.73 0.35 1.49 3.64 27.63	  

Average 744.52 35.98 17.77 19.21 15,701.68	  
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Table A.1: Results of anion chemical analysis for Chloride, Nitrite, Phosphate, and Sulfate 

Plot Profile Month Year CL   
(mg kg-1) 

Nitrite 
(mg kg-1) 

Nitrate 
(mg kg-1) 

Phosphate
(mg kg-1) 

Sulfate 
(mg kg-1)	  

Standard Deviation 2,364.81 307.76 27.15 38.98 36,263.86	  

Medium 74.41 0.68 9.04 8.50 165.73	  

Coefficient of Variation 3.18 8.55 1.53 2.03 2.31	  

Missing	  Data	  (MD)	  means	  that	  those	  samples	  were	  not	  analyzed.	  
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Table A.2: Results from soil organic carbon analysis and TSV measurements in the 
field, vegetation characteristics of each profile, and groundwater depth for each plot. 
 

Table A.2: Results from soil organic carbon analysis and TSV measurements in 
the field, vegetation characteristics of each profile, and groundwater depth for 
each plot 

Plot Profile Month Year 

Soil 
Organic 
Carbon 
40% 
(g kg-1) 

Soil 
Organic 
Carbon 
60% 
(g kg-1) Veg 

TSV 
(cm s-1)	  

DTW 
(m)	  

1 3 Sep 2008 0.10 0.15 Veg 83.00	   2.65	  

10 1 May 2009 0.02 0.03 Veg 91.47	   2.87	  

10 1 Sep 2008 0.01 0.02 No Veg 91.47	   2.71	  

10 2 Feb 2008 0.01 0.01 Veg 91.47	   2.71	  

10 2 May 2009 0.01 0.02 No Veg 91.47	   2.87	  

10 2 Sep 2008 0.01 0.02 No Veg 91.47	   2.71	  

10 3 Sep 2008 0.01 0.02 Veg 91.47	   2.71	  

11 1 May 2008 0.02 0.02 No Veg 40.33	   3.54	  

11 1 May 2009 0.02 0.02 No Veg 40.33	   3.87	  

11 1 Sep 2008 0.02 0.03 No Veg 40.33	   3.54	  

11 2 May 2008 0.02 0.03 Veg 40.33	   3.54	  

11 2 May 2009 0.01 0.02 No Veg 40.33	   3.87	  

11 2 Sep 2008 0.02 0.03 No Veg 40.33	   3.54	  

11 3 May 2008 0.02 0.02 Veg 40.33	   3.54	  

11 3 May 2009 0.02 0.03 Veg 40.33	   3.87	  

11 3 Sep 2008 0.01 0.02 Veg 40.33	   3.54	  

12 1 May 2008 0.02 0.04 No Veg 50.65	   5.06	  
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Table A.2: Results from soil organic carbon analysis and TSV measurements in 
the field, vegetation characteristics of each profile, and groundwater depth for 
each plot 

Plot Profile Month Year 

Soil 
Organic 
Carbon 
40% 
(g kg-1) 

Soil 
Organic 
Carbon 
60% 
(g kg-1) Veg 

TSV 
(cm s-1)	  

DTW 
(m)	  

12 1 Sep 2008 0.02 0.03 No Veg 50.65	   5.06	  

12 2 May 2008 0.03 0.04 Veg 50.65	   5.06	  

12 2 Sep 2008 0.04 0.06 Veg 50.65	   5.06	  

12 3 May 2008 0.05 0.08 Veg 50.65	   5.06	  

12 3 Sep 2008 0.03 0.04 No Veg 50.65	   5.06	  

17 1 Feb 2008 0.02 0.03 No Veg 50.65	   2.23	  

17 1 May 2009 0.02 0.02 No Veg 50.65	   2.19	  

17 1 Sep 2008 0.02 0.03 No Veg 50.65	   2.23	  

17 2 Feb 2008 0.02 0.03 Veg 50.65	   2.23	  

17 2 May 2009 0.02 0.03 Veg 50.65	   2.19	  

17 2 Sep 2008 0.02 0.03 Veg 50.65	   2.23	  

17 3 Sep 2008 0.02 0.04 Veg 50.65	   2.23	  

20 1 Feb 2008 0.02 0.04 Veg 58.20	   1.98	  

20 1 May 2009 0.02 0.03 Veg 58.20	   2.26	  

20 1 Sep 2008 0.03 0.04 Veg 58.20	   1.98	  

20 2 Feb 2008 0.02 0.03 No Veg 58.20	   1.98	  

20 2 May 2009 0.01 0.02 No Veg 58.20	   2.26	  

20 2 Sep 2008 0.02 0.03 No Veg 58.20	   1.98	  

20 3 Sep 2008 0.03 0.04 No Veg 58.20	   1.98	  
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Table A.2: Results from soil organic carbon analysis and TSV measurements in 
the field, vegetation characteristics of each profile, and groundwater depth for 
each plot 

Plot Profile Month Year 

Soil 
Organic 
Carbon 
40% 
(g kg-1) 

Soil 
Organic 
Carbon 
60% 
(g kg-1) Veg 

TSV 
(cm s-1)	  

DTW 
(m)	  

21 1 Feb 2008 0.03 0.05 Veg 50.65	   2.44	  

21 1 May 2009 0.02 0.04 No Veg 50.65	   2.59	  

21 1 Sep 2008 0.02 0.03 No Veg 50.65	   2.44	  

21 2 May 2009 0.03 0.05 Veg 50.65	   2.59	  

21 3 Feb 2008 0.02 0.04 No Veg 50.65	   2.43	  

22 1 May 2008 0.03 0.04 No Veg 43.44	   2.53	  

22 1 May 2009 0.03 0.04 No Veg 43.44	   2.62	  

22 1 Sep 2008 0.02 0.03 No Veg 43.44	   2.53	  

22 2 May 2008 0.02 0.04 No Veg 43.44	   2.53	  

22 2 May 2009 0.02 0.03 No Veg 43.44	   2.62	  

22 3 May 2008 0.03 0.05 Veg 43.44	   2.53	  

22 3 May 2009 0.03 0.05 Veg 43.44	   2.62	  

25 1 May 2009 0.02 0.03 No Veg 55.50	   2.07	  

25 1 Sep 2008 0.02 0.04 No Veg 55.50	   2.10	  

25 2 May 2009 0.03 0.05 Veg 55.50	   2.07	  

25 2 Sep 2008 0.03 0.04 No Veg 55.50	   2.10	  

25 3 Sep 2008 0.03 0.04 Veg 55.50	   2.10	  

4 1 May 2008 0.03 0.05 Veg 68.36	   1.92	  

4 1 Sep 2008 0.02 0.02 Veg 68.36	   1.92	  
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Table A.2: Results from soil organic carbon analysis and TSV measurements in 
the field, vegetation characteristics of each profile, and groundwater depth for 
each plot 

Plot Profile Month Year 

Soil 
Organic 
Carbon 
40% 
(g kg-1) 

Soil 
Organic 
Carbon 
60% 
(g kg-1) Veg 

TSV 
(cm s-1)	  

DTW 
(m)	  

4 2 May 2008 0.01 0.02 No Veg 68.36	   1.92	  

4 2 May 2009 0.02 0.02 No Veg 68.36	   2.10	  

4 2 Sep 2008 0.01 0.02 No Veg 68.36	   1.92	  

4 3 May 2008 0.02 0.03 No Veg 68.36	   1.92	  

4 3 May 2009 0.02 0.02 No Veg 68.36	   2.10	  

4 3 Sep 2008 0.01 0.02 No Veg 68.36	   1.92	  

6 1 Feb 2008 0.01 0.02 No Veg 57.94	   2.29	  

6 1 May 2009 0.01 0.01 Veg 57.94	   2.50	  

6 1 Sep 2008 0.02 0.02 No Veg 57.94	   2.29	  

6 2 Feb 2008 0.01 0.02 Veg 57.94	   2.29	  

6 2 May 2009 0.01 0.02 Veg 57.94	   2.50	  

6 2 Sep 2008 0.01 0.02 Veg 57.94	   2.29	  

6 3 May 2009 0.01 0.01 No Veg 57.94	   2.50	  

6 3 Sep 2008 0.01 0.02 No Veg 57.94	   2.29	  

7 1 Feb 2008 0.01 0.01 Veg 36.45	   2.19	  

7 1 May 2009 0.01 0.01 Veg 36.45	   2.35	  

7 1 Sep 2008 0.01 0.01 No Veg 36.45	   2.19	  

7 2 Feb 2008 0.01 0.01 No Veg 36.45	   2.19	  

7 2 May 2009 0.01 0.01 No Veg 36.45	   2.35	  
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Table A.2: Results from soil organic carbon analysis and TSV measurements in 
the field, vegetation characteristics of each profile, and groundwater depth for 
each plot 

Plot Profile Month Year 

Soil 
Organic 
Carbon 
40% 
(g kg-1) 

Soil 
Organic 
Carbon 
60% 
(g kg-1) Veg 

TSV 
(cm s-1)	  

DTW 
(m)	  

7 2 Sep 2008 0.01 0.01 No Veg 36.45	   2.19	  

7 3 Sep 2008 0.01 0.01 Veg 36.45	   2.19	  
9 1 Feb 2008 0.01 0.02 No Veg 39.74	   2.70	  

9 1 May 2009 0.01 0.02 No Veg 39.74	   2.97	  

9 1 Sep 2008 0.01 0.02 No Veg 39.74	   2.70	  

9 2 May 2009 0.01 0.02 Veg 39.74	   2.97	  

9 2 Sep 2008 0.01 0.02 Veg 39.74	   2.70	  

9 3 Sep 2008 0.01 0.02 No Veg 39.74	   2.70	  

Average 0.02 0.03 NA 53.65	   2.69	  

Standard Deviation 0.01 0.02 NA 14.57	   0.83	  

Medium 0.02 0.03 NA 50.65	   2.44	  

Coefficient of Variation 0.63 0.63 NA 0.27	   0.31	  

Not Applicable (NA) means the analysis was not applicable for the parameter. 
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Table A.3: Results from field measured Q, Average TSV of the profiles at each plot, 
stability, TSV at each profile and soil type at profiles within the plots. 
 

Table A.3: Results from field measured Q, Average TSV of the profiles at each plot, 
stability, TSV at each profile, and soil type at profiles within the plots. 

Plot Profile Month Year Q 

(g cm-1d-1) 

TSVbbavg 

(cm s-1) 

Soil 

Type	  

Stability	   TSVbb 

(cm s-1)	  

1 3 Sep 2008 0.00 1,487.10 grass	   4.67	   367.57	  

10 1 May 2009 0.02 32.12 grass	   3.00	   86.37	  

10 1 Sep 2008 0.02 32.12 light 
loose 
salt	  

1.40	   1,903.77	  

10 2 Feb 2008 0.02 32.12 litter 
near 

shrub	  

6.00	   24.55	  

10 2 May 2009 0.02 32.12 light 
loose 
salt	  

1.40	   1,903.77	  

10 2 Sep 2008 0.02 32.12 cracked 
loose	  

4.00	   96.50	  

10 3 Sep 2008 0.02 32.12 cracked 
loose	  

4.00	   96.50	  

11 1 May 2008 0.02 22.16 hard 
cracked 

pan	  

3.00	   56.71	  

11 1 May 2009 0.03 22.16 cracked 
loose	  

3.60	   64.15	  

11 1 Sep 2008 0.02 22.16 hard 
cracked 

pan	  

3.00	   56.71	  

11 2 May 2008 0.02 22.16 shrub	   3.20	   58.00	  

11 2 May 2009 0.03 22.16 hard 
cracked 

pan	  

3.00	   56.71	  

11 2 Sep 2008 0.02 22.16 hard 
cracked 

pan	  

3.00	   56.71	  

11 3 May 2008 0.02 22.16 hard 
cracked 

pan	  

3.00	   56.71	  
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Table A.3: Results from field measured Q, Average TSV of the profiles at each plot, 
stability, TSV at each profile, and soil type at profiles within the plots. 

Plot Profile Month Year Q 

(g cm-1d-1) 

TSVbbavg 

(cm s-1) 

Soil 

Type	  

Stability	   TSVbb 

(cm s-1)	  

11 3 May 2009 0.03 22.16 shrub	   3.20	   58.00	  

11 3 Sep 2008 0.02 22.16 shrub	   3.20	   58.00	  

12 1 May 2008 0.03 10.76 shrub	   2.60	   53.11	  

12 1 Sep 2008 0.02 10.76 cracked 
loose	  

2.60	   63.01	  

12 2 May 2008 0.03 10.76 cracked 
loose	  

2.60	   63.01	  

12 2 Sep 2008 0.02 10.76 litter 
near 

shrub	  

2.60	   56.70	  

12 3 May 2008 0.03 10.76 litter 
near 

shrub	  

2.60	   56.70	  

12 3 Sep 2008 0.03 10.76 cracked 
loose	  

2.60	   63.01	  

17 1 Feb 2008 0.01 361.72 hard 
cracked 

pan	  

2.20	   291.73	  

17 1 May 2009 0.01 361.72 hard 
cracked 

pan	  

2.20	   291.73	  

17 1 Sep 2008 0.01 361.72 cracked 
loose	  

2.78	   91.38	  

17 2 Feb 2008 0.01 361.72 shrub	   2.25	   61.86	  

17 2 May 2009 0.01 361.72 litter 
near 

shrub	  

3.00	   24.55	  

17 2 Sep 2008 0.01 361.72 cracked 
loose	  

2.78	   12,826.6	  

17 3 Sep 2008 0.01 361.72 litter 
near 

shrub	  

3.00	   24.55	  

20 1 Feb 2008 0.01 62.90 shrub	   2.40	   78.17	  

20 1 May 2009 0.00 62.90 grass	   2.20	   103.95	  
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Table A.3: Results from field measured Q, Average TSV of the profiles at each plot, 
stability, TSV at each profile, and soil type at profiles within the plots. 

Plot Profile Month Year Q 

(g cm-1d-1) 

TSVbbavg 

(cm s-1) 

Soil 

Type	  

Stability	   TSVbb 

(cm s-1)	  

20 1 Sep 2008 0.01 62.90 cracked 
loose	  

2.40	   801.80	  

20 2 Feb 2008 0.01 62.90 cracked 
loose	  

2.40	   801.80	  

20 2 May 2009 0.00 62.90 cracked 
loose	  

2.40	   801.80	  

20 2 Sep 2008 0.01 62.90 cracked 
loose	  

2.40	   801.80	  

20 3 Sep 2008 0.01 62.90 cracked 
loose	  

2.40	   801.80	  

21 1 Feb 2008 0.02 77.55 shrub	   3.00	   78.17	  

21 1 May 2009 0.01 77.55 cracked 
loose	  

2.78	   91.38	  

21 1 Sep 2008 0.02 77.55 cracked 
loose	  

2.78	   91.38	  

21 2 May 2009 0.01 77.55 shrub	   2.78	   78.17	  

21 3 Feb 2008 0.02 77.55 cracked 
loose	  

2.78	   91.38	  

22 1 May 2008 0.01 62.90 grass	   2.00	   318.04	  

22 1 May 2009 0.01 62.90 shrub	   2.60	   62.66	  

22 1 Sep 2008 0.01 62.90 loose 
crust	  

2.60	   465.03	  

22 2 May 2008 0.01 62.90 loose 
crust	  

2.60	   465.03	  

22 2 May 2009 0.01 62.90 loose 
crust	  

2.60	   465.03	  

22 3 May 2008 0.01 62.90 grass	   2.00	   318.04	  

22 3 May 2009 0.01 62.90 grass	   2.00	   318.04	  

25 1 May 2009 0.03 6.12 hard 
cracked 

pan	  

1.60	   64.58	  

25 1 Sep 2008 0.02 6.12 loose 
crust	  

1.00	   57.52	  

25 2 May 2009 0.03 6.12 shrub	   2.25	   42.33	  
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Table A.3: Results from field measured Q, Average TSV of the profiles at each plot, 
stability, TSV at each profile, and soil type at profiles within the plots. 

Plot Profile Month Year Q 

(g cm-1d-1) 

TSVbbavg 

(cm s-1) 

Soil 

Type	  

Stability	   TSVbb 

(cm s-1)	  

25 2 Sep 2008 0.02 6.12 shrub	   2.25	   42.33	  
25 3 Sep 2008 0.02 6.12 shrub	   2.25	   42.33	  
4 1 May 2008 0.03 1,047.28 litter 

near 
shrub	  

3.17	   78.12	  

4 1 Sep 2008 0.03 1,047.28 litter 
near 

shrub	  

3.17	   78.12	  

4 2 May 2008 0.03 1,047.28 hard 
cracked 

pan	  

2.14	   130.96	  

4 2 May 2009 0.02 1,047.28 hard 
cracked 

pan	  

2.14	   130.96	  

4 2 Sep 2008 0.03 1,047.28 cracked 
loose	  

1.80	   74.73	  

4 3 May 2008 0.03 1,047.28 hard 
cracked 

pan	  

2.14	   130.96	  

4 3 May 2009 0.02 1,047.28 cracked 
loose	  

1.80	   74.73	  

4 3 Sep 2008 0.03 1,047.28 cracked 
loose	  

1.80	   74.73	  

6 1 Feb 2008 0.02 174.52 light 
loose 
salt	  

1.70	   66.75	  

6 1 May 2009 0.02 174.52 litter 
near 

shrub	  

2.00	   50.75	  

6 1 Sep 2008 0.02 174.52 loose 
crust	  

1.00	   32.06	  

6 2 Feb 2008 0.02 174.52 light 
loose 
salt	  

2.00	   66.75	  

6 2 May 2009 0.02 174.52 loose 
crust	  

1.00	   32.06	  

6 2 Sep 2008 0.02 174.52 light 
loose 
salt	  

2.00	   66.75	  

6 3 May 2009 0.02 174.52 loose 1.00	   32.06	  
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Table A.3: Results from field measured Q, Average TSV of the profiles at each plot, 
stability, TSV at each profile, and soil type at profiles within the plots. 

Plot Profile Month Year Q 

(g cm-1d-1) 

TSVbbavg 

(cm s-1) 

Soil 

Type	  

Stability	   TSVbb 

(cm s-1)	  

crust	  
6 3 Sep 2008 0.02 174.52 light 

loose 
salt	  

2.00	   66.75	  

7 1 Feb 2008 0.02 317.39 grass	   1.67	   47.26	  
7 1 May 2009 0.02 317.39 grass	   2.80	   47.26	  
7 1 Sep 2008 0.02 317.39 loose 

crust	  
1.00	   31.32	  

7 2 Feb 2008 0.02 317.39 loose 
crust	  

1.93	   31.32	  

7 2 May 2009 0.02 317.39 loose 
crust	  

1.00	   31.32	  

7 2 Sep 2008 0.02 317.39 hard 
cracked 

pan	  

2.60	   130.96	  

7 3 Sep 2008 0.02 317.39 loose 
crust	  

1.00	   31.32	  

9 1 Feb 2008 0.02 317.39 cracked 
loose	  

1.20	   64.35	  

9 1 May 2009 0.02 317.39 loose 
crust	  

1.00	   32.07	  

9 1 Sep 2008 0.02 317.39 loose 
crust	  

1.00	   32.07	  

9 2 May 2009 0.02 317.39 shrub	   1.00	   78.12	  
9 2 Sep 2008 0.02 317.39 shrub	   1.00	   78.12	  
9 3 Sep 2008 0.02 317.39 loose 

crust	  
1.00	   32.07	  

Average 0.02 239.94 NA	   2.34	   342.76	  
Standard Deviation 0.01 330.19 NA	   0.89	   1,435.5	  

Medium 0.02 77.55 NA	   2.4	   66.75	  
Coefficient of Variation 0.43 1.38 NA	   0.38	   4.19	  

Not Applicable (NA) means the analysis was not applicable for the parameter. 
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Table A.4: Results from field measured Penetrometer readings and elliptical area of 
BB impression, average DTW, number of times DTW was higher than 2.5, and intact 
vs. degraded alkali meadow at each plot. 
 

Table A.4: Results from field measured Penetrometer readings and elliptical area of BB 
impression, average DTW, number of times DTW was higher than 2.5, and intact vs. degraded 
alkali meadow at each plot. 

Plot Profile Month Year 45Pen BBEllipse 

Average 
DTW 
(1987-
1996) 

# of times 
higher than 
2.5m 

Alkali 
Meadow 	  

1 3 Sep 2008 9.07 1.81 4.64 0.9 Intact	  

10 1 May 2009 1.96 0.93 4.57 1 Intact	  

10 1 Sep 2008 0.00 13.84 4.57 1 Intact	  

10 2 Feb 2008 0.00 20.12 4.57 1 Intact	  

10 2 May 2009 0.00 13.84 4.57 1 Intact	  

10 2 Sep 2008 4.37 3.81 4.57 1 Intact	  

10 3 Sep 2008 8.42 2.57 4.57 1 Intact	  

11 1 May 2008 0.52 4.62 5.76 1 Degraded	  

11 1 May 2009 3.38 3.38 5.76 1 Degraded	  

11 1 Sep 2008 0.52 4.62 5.76 1 Degraded	  

11 2 May 2008 0.00 2.92 5.76 1 Degraded	  

11 2 May 2009 0.52 4.62 5.76 1 Degraded	  

11 2 Sep 2008 0.52 4.62 5.76 1 Degraded	  

11 3 May 2008 0.52 4.62 5.76 1 Degraded	  

11 3 May 2009 0.00 2.92 5.76 1 Degraded	  

11 3 Sep 2008 0.00 2.92 5.76 1 Degraded	  



 

 
148 

 

Table A.4: Results from field measured Penetrometer readings and elliptical area of BB 
impression, average DTW, number of times DTW was higher than 2.5, and intact vs. degraded 
alkali meadow at each plot. 

Plot Profile Month Year 45Pen BBEllipse 

Average 
DTW 
(1987-
1996) 

# of times 
higher than 
2.5m 

Alkali 
Meadow 	  

12 1 May 2008 0.10 4.63 7.79 0.9 Degraded	  

12 1 Sep 2008 0.34 2.48 7.79 0.9 Degraded	  

12 2 May 2008 0.34 2.48 7.79 0.9 Degraded	  

12 2 Sep 2008 0.10 3.33 7.79 0.9 Degraded	  

12 3 May 2008 0.10 3.33 7.79 0.9 Degraded	  

12 3 Sep 2008 0.34 2.48 7.79 0.9 Degraded	  

17 1 Feb 2008 7.84 1.79 2.43 0.7 Degraded	  

17 1 May 2009 7.84 1.79 2.43 0.7 Intact	  

17 1 Sep 2008 2.74 4.03 2.43 0.7 Degraded	  

17 2 Feb 2008 0.10 2.20 2.43 0.7 Degraded	  

17 2 May 2009 0.10 2.20 2.43 0.7 Intact	  

17 2 Sep 2008 2.74 4.03 2.43 0.7 Degraded	  

17 3 Sep 2008 0.10 2.20 2.43 0.7 Degraded	  

20 1 Feb 2008 1.63 2.13 2.90 0.7 Intact	  

20 1 May 2009 2.97 1.86 2.90 0.7 Intact	  

20 1 Sep 2008 13.72 2.91 2.90 0.7 Intact	  

20 2 Feb 2008 13.72 2.91 2.90 0.7 Intact	  

20 2 May 2009 13.72 2.91 2.90 0.7 Intact	  

20 2 Sep 2008 13.72 2.91 2.90 0.7 Intact	  
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Table A.4: Results from field measured Penetrometer readings and elliptical area of BB 
impression, average DTW, number of times DTW was higher than 2.5, and intact vs. degraded 
alkali meadow at each plot. 

Plot Profile Month Year 45Pen BBEllipse 

Average 
DTW 
(1987-
1996) 

# of times 
higher than 
2.5m 

Alkali 
Meadow 	  

20 3 Sep 2008 13.72 2.91 2.90 0.7 Intact	  

21 1 Feb 2008 0.10 2.20 2.43 0.3 Intact	  

21 1 May 2009 2.74 4.03 2.43 0.3 Intact	  

21 1 Sep 2008 2.74 4.03 2.43 0.3 Intact	  

21 2 May 2009 0.10 2.20 2.43 0.3 Intact	  

21 3 Feb 2008 2.74 4.03 2.43 0.3 Intact	  

22 1 May 2008 9.96 2.08 2.53 0.7 Intact	  

22 1 May 2009 0.65 3.39 2.53 0.7 Intact	  

22 1 Sep 2008 9.70 1.16 2.53 0.7 Intact	  

22 2 May 2008 9.70 1.16 2.53 0.7 Intact	  

22 2 May 2009 9.70 1.16 2.53 0.7 Intact	  

22 3 May 2008 9.96 2.08 2.53 0.7 Intact	  

22 3 May 2009 9.96 2.08 2.53 0.7 Intact	  

25 1 May 2009 0.72 5.21 3.94 1 Degraded	  

25 1 Sep 2008 0.14 1.63 3.94 1 Degraded	  

25 2 May 2009 0.00 7.98 3.94 1 Degraded	  

25 2 Sep 2008 0.00 7.98 3.94 1 Degraded	  

25 3 Sep 2008 0.00 7.98 3.94 1 Degraded	  

4 1 May 2008 1.52 1.73 1.80 0 Degraded	  
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Table A.4: Results from field measured Penetrometer readings and elliptical area of BB 
impression, average DTW, number of times DTW was higher than 2.5, and intact vs. degraded 
alkali meadow at each plot. 

Plot Profile Month Year 45Pen BBEllipse 

Average 
DTW 
(1987-
1996) 

# of times 
higher than 
2.5m 

Alkali 
Meadow 	  

4 1 Sep 2008 1.78 1.73 1.80 0 Degraded	  

4 2 May 2008 4.66 1.17 1.80 0 Degraded	  

4 2 May 2009 4.66 1.17 1.80 0 Intact	  

4 2 Sep 2008 1.14 1.59 1.80 0 Degraded	  

4 3 May 2008 4.66 1.17 1.80 0 Degraded	  

4 3 May 2009 1.14 1.59 1.80 0 Intact	  

4 3 Sep 2008 1.14 1.59 1.80 0 Degraded	  

6 1 Feb 2008 0.56 1.68 2.44 0.4 Intact	  

6 1 May 2009 0.13 5.35 2.44 0.4 Intact	  

6 1 Sep 2008 0.00 13.51 2.44 0.4 Intact	  

6 2 Feb 2008 0.56 1.68 2.44 0.4 Intact	  

6 2 May 2009 0.00 13.51 2.44 0.4 Intact	  

6 2 Sep 2008 0.56 1.68 2.44 0.4 Intact	  

6 3 May 2009 0.00 13.51 2.44 0.4 Intact	  

6 3 Sep 2008 0.56 1.68 2.44 0.4 Intact	  

7 1 Feb 2008 0.00 6.39 2.00 0 Intact	  

7 1 May 2009 0.00 6.39 2.00 0 Intact	  

7 1 Sep 2008 0.10 13.96 2.00 0 
Intact	  

7 2 Feb 2008 0.10 13.96 2.00 0 
Intact	  
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Table A.4: Results from field measured Penetrometer readings and elliptical area of BB 
impression, average DTW, number of times DTW was higher than 2.5, and intact vs. degraded 
alkali meadow at each plot. 

Plot Profile Month Year 45Pen BBEllipse 

Average 
DTW 
(1987-
1996) 

# of times 
higher than 
2.5m 

Alkali 
Meadow 	  

7 2 May 2009 0.10 13.96 2.00 0 
Intact	  

7 2 Sep 2008 4.66 1.17 2.00 0 
Intact	  

7 3 Sep 2008 0.10 13.96 2.00 0 

Intact	  

9 1 Feb 2008 0.87 3.25 5.84 0.95 Intact	  

9 1 May 2009 0.00 13.73 5.84 0.95 Intact	  

9 1 Sep 2008 0.00 13.73 5.84 0.95 Intact	  

9 2 May 2009 0.00 13.84 5.84 0.95 Intact	  

9 2 Sep 2008 0.00 13.84 5.84 0.95 Intact	  

9 3 Sep 2008 0.00 13.73 5.84 0.95 Intact	  

Average 2.73 5.05 3.66 0.63 NA	  

Standard Deviation 4.11 4.67 1.81 0.37 NA	  

Medium 0.54 2.92 2.53 0.70 NA	  

Coefficient of Variation 1.51 0.92 0.50 0.58 NA	  

Not Applicable (NA) means the analysis was not applicable for the parameter. 
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Table A.5: Results from Remote Sensing of Vegetation Cover 
 

Table A.5: Results from Remote Sensing of Vegetation 
Cover 

Plot Profile Month Year 
Single 
Pixel Pixel_AVG 

1 3 Sep 2008 166 165.78 

10 1 May 2009 86 83.33 

10 1 Sep 2008 84 80.56 

10 2 Feb 2008 84 80.56 

10 2 May 2009 86 83.33 

10 2 Sep 2008 84 80.56 

10 3 Sep 2008 84 80.56 

11 1 May 2008 79 75.67 

11 1 May 2009 77 73.89 

11 1 Sep 2008 79 75.67 

11 2 May 2008 79 75.67 

11 2 May 2009 77 73.89 

11 2 Sep 2008 79 75.67 

11 3 May 2008 79 75.67 

11 3 May 2009 77 73.89 

11 3 Sep 2008 79 75.67 

12 1 May 2008 85 85.56 

12 1 Sep 2008 85 85.56 

12 2 May 2008 85 85.56 
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Table A.5: Results from Remote Sensing of Vegetation 
Cover 

Plot Profile Month Year 
Single 
Pixel Pixel_AVG 

12 2 Sep 2008 85 85.56 

12 3 May 2008 85 85.56 

12 3 Sep 2008 85 85.56 

17 1 Feb 2008 88 84.22 

17 1 May 2009 90 86.78 

17 1 Sep 2008 88 84.22 

17 2 Feb 2008 88 84.22 

17 2 May 2009 90 86.78 

17 2 Sep 2008 88 84.22 

17 3 Sep 2008 88 84.22 

20 1 Feb 2008 105 109.11 

20 1 May 2009 108 112.89 

20 1 Sep 2008 105 109.11 

20 2 Feb 2008 105 109.11 

20 2 May 2009 108 112.89 

20 2 Sep 2008 105 109.11 

20 3 Sep 2008 105 109.11 

21 1 Feb 2008 88 90.44 

21 1 May 2009 91 94.33 

21 1 Sep 2008 88 90.44 

21 2 May 2009 91 94.33 
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Table A.5: Results from Remote Sensing of Vegetation 
Cover 

Plot Profile Month Year 
Single 
Pixel Pixel_AVG 

21 3 Feb 2008 88 90.44 

22 1 May 2008 108 112.78 

22 1 May 2009 101 106.67 

22 1 Sep 2008 108 112.78 

22 2 May 2008 108 112.78 

22 2 May 2009 101 106.67 

22 3 May 2008 108 112.78 

22 3 May 2009 101 106.67 

25 1 May 2009 101 100.11 

25 1 Sep 2008 110 106.56 

25 2 May 2009 101 100.11 

25 2 Sep 2008 110 106.56 

25 3 Sep 2008 110 106.56 

4 1 May 2008 86 89.78 

4 1 Sep 2008 86 89.78 

4 2 May 2008 86 89.78 

4 2 May 2009 80 82 

4 2 Sep 2008 86 89.78 

4 3 May 2008 86 89.78 

4 3 May 2009 80 82 

4 3 Sep 2008 86 89.78 
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Table A.5: Results from Remote Sensing of Vegetation 
Cover 

Plot Profile Month Year 
Single 
Pixel Pixel_AVG 

6 1 Feb 2008 83 83.89 

6 1 May 2009 85 84.6 

6 1 Sep 2008 83 83.89 

6 2 Feb 2008 83 83.89 

6 2 May 2009 85 84.6 

6 2 Sep 2008 83 83.89 

6 3 May 2009 85 84.6 

6 3 Sep 2008 83 83.89 

7 1 Feb 2008 83 82.67 

7 1 May 2009 83 81.56 

7 1 Sep 2008 82 82.67 

7 2 Feb 2008 82 82.67 

7 2 May 2009 83 81.56 

7 2 Sep 2008 82 82.67 

7 3 Sep 2008 82 82.67 
9 1 Feb 2008 85 87.56 

9 1 May 2009 86 87.11 

9 1 Sep 2008 85 87.56 

9 2 May 2009 86 87.11 

9 2 Sep 2008 85 87.56 



 

 
156 

 

Table A.5: Results from Remote Sensing of Vegetation 
Cover 

Plot Profile Month Year 
Single 
Pixel Pixel_AVG 

9 3 Sep 2008 85 87.56 

Average 90.22 90.70 

Standard Deviation 12.86 14.13 

Medium 86.00 85.56 

Coefficient of Variation 0.14 0.16 
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Table A.6: Description of Parameters 
 
 
Table A.6: Description of Parameters  

Description Parameters 
Chloride Concentration CL  (mg kg-1) 

Nitrite Concentration Nitrite (mg kg-1) 

Nitrate Concentration Nitrate (mg kg-1) 

Phosphate Concentration Phosphate (mg kg-1) 

Sulfate Concentration Sulfate (mg kg-1) 

Soil Organic Carbon 40% Soil Organic Carbon 40% (g kg-1) 

Soil Organic Carbon 60% Soil Organic Carbon 60% (g kg-1) 

Vegetation or No Vegetation Veg 

Threshold Sheer Velocity TSV (cm s-1) 

Depth to Water DTW (m) 

Total Horizontal Flux Qtot (g cm-1d-1) 

Threshold Sheer Velocity BB Method 
Average Threshold Shear Velocity 

determined by the BB method 
TSVbbavg (cm s-1) 

Soil Type Soil Type 

Stability Stability 

Threshold Sheer Velocity BB Method TSVbb (cm s-1) 

Intact or Degraded Alkali Meadow Alkali Meadow 

Penetrometer at 45 degrees 45Pen 

BB impact area as an ellipse BBEllipse 

Average DTW 1987 to 1996 AverageDTW (m) 
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Table A.6: Description of Parameters  
Description Parameters 

Number of times DTW is higher than 
2.5m 

# of times lower than 2.5m 

Single Pixel Value Single Pixel 

Average Pixel Value from Nine Pixels Pixel_AVG 
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Table A.7: Dates and number of times field and other data was collected 
 
Table A.7: Dates and number of times field and other data was collected 
Variables 
measured 

F
e
b 

M
a
y 

S
e
p 

A
p
r 

M
a
y 

S
e
p 

A
p
r 

M
a
y 

S
e
p 

A
p
r 

Number of times measured per plot per 
year 

 2008 2009 2010  

CL  
(mg kg-1) 

x x x  x x     Feb 2008: 2 times; May and Sep 2008: 3 
times; 2009: 3 times 

Nitrite 
(mg kg-1) 

x x x  x x     Feb 2008: 2 times; May and Sep 2008: 3 
times; 2009: 3 times 

Nitrate 
(mg kg-1) 

x x x  x x     Feb 2008: 2 times; May and Sep 2008: 3 
times; 2009: 3 times 

Phosphate
(mg kg-1) 

x x x  x x     Feb 2008: 2 times; May and Sep 2008: 3 
times; May and Sep 2009: 3 times 

Sulfate 
(mg kg-1) 

x x x  x x     Feb 2008: 2 times; May and Sep 2008: 3 
times; May and Sep 2009: 3 times 

Soil 
Organic 
Carbon 
40% 
(g kg-1) 

x x x  x x     Feb 2008: 2 times; May and Sep 2008: 3 
times; May and Sep 2009: 3 times 

Soil 
Organic 
Carbon 
60% 
(g kg-1) 

x x x  x x     Feb 2008: 2 times; May and Sep 2008: 3 
times; May and Sep 2009: 3 times 

Veg  x   x   x   2008: 1 time; 2009: 1 time 
DTW    x   x   x 12008: 1 time; 2009: 1 time 
Q 
(g cm-1d-1) 

  x   x   x  2008: 1 time; 2009: 1 time 

TSVbbavg 
(cm s-1) 

        x  2 2010: Average of 5 times 

Stability         x  2 2010: 1 time 
TSVbb 
(cm s-1) 

        x  3 2010: 10 times 

45Pen         x  3 2010: 10 times 
BBEllipse         x  3 2010: 10 times 
Average 
DTW 
(m) 

          1,4 1987 - 1996: 1 time 

# of times 
higher 
than 2.5m 

          1,4 1987 - 1996: 1 time 

Single 
Pixel 

  x   x     2008: 1 time; 2009: 1 time 

Pixel_AV
G 

  x   x     2008: 1 time; 2009: 1 time 

1 Measured by ICWD and LADWP 
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Table A.7: Dates and number of times field and other data was collected 
Variables 
measured 

F
e
b 

M
a
y 

S
e
p 

A
p
r 

M
a
y 

S
e
p 

A
p
r 

M
a
y 

S
e
p 

A
p
r 

Number of times measured per plot per 
year 

 2008 2009 2010  

2 Measured in 2010 and matched to 2008 and 2009 data 
3 Measured in bare soil from BSNE stem 
4 Used data from 1987 to 1996 to coincide with the drought 
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