
Soil Modulation of Ecosystem Response to Climate
Forcing and Change Across the US Desert Southwest

Item Type text; Electronic Thesis

Authors Shepard, Christopher

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:11:09

Link to Item http://hdl.handle.net/10150/323416

http://hdl.handle.net/10150/323416


 

 

 

 

 

SOIL MODULATION OF ECOSYSTEM RESPONSE TO CLIMATE FORCING AND 

CHANGE ACROSS THE US DESERT SOUTHWEST 

By 

Christopher Shepard 

________________ 

A thesis submitted to the Faculty of the 

DEPARTMENT OF SOIL, WATER, AND ENVIRONMENTAL SCIENCE 

In partial Fulfillment of the Requirements 

For the Degree of  

MASTER OF SCIENCE  

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2014 

 

 

 

 

 



 2 

 
STATEMENT BY AUTHOR 

 
 

This thesis has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 

to be made available to borrowers under rules of the Library. 
 

Brief quotations from this thesis are allowable without special permission, provided 
that an accurate acknowledgement of the source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when 
in his or her judgment the proposed use of the material is in the interests of scholarship.  

In all other instances, however, permission must be obtained from the author. 
 

 

SIGNED: Christopher Shepard 

 

 

 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

 

 

 
 
 
 
___________________________                                                      ________________ 
Craig Rasmussen       4/24/2014 
Professor of Soil, Water, and Environmental Science  Date 

 

 

 



 3 

DEDICATION 

for Chuck 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 4 

ACKNOWLEDGEMENTS 

 

I would like to thank members of the Environmental Pedology Lab Group, both past and 
present, for the guidance in all matters of Rebecca Lybrand, for the friendship and 
camaraderie of Molly Holleran, and for the amusement and guidance of Mercer Meding. 
 
I would like to thank Joan Curry for her guidance and support over the last two years, as 
well as the Department of Soil, Water, and Environmental Science for continuous support 
and funding over the last two years.   
 
I would like to thank Williem van Leeuwen for his suggestions in preparing this thesis 
and manuscripts, and I would like to thank my committee members Marcel Schaap and 
Mike Crimmins for their constant guidance and suggestions. 
 
I would like to thank Craig Rasmussen for his constant support, academic, research, or 
otherwise over the last two years. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 5 

TABLE OF CONTENTS 

LIST OF FIGURES……………………………………………………………………….7 

ABSTRACT……………………………………………………………………………....8 

CHAPTER 1. INTRODUCTION………………………………………………………....9 

 1.1 RESEARCH CONTEXT……………………………………………………...9 

 1.2 LITERATURE REVIEW……………………………………………………10 

  1.2.1 ECOHYRDOLOGICAL FUNCTIONING OF DRYLANDS…….10 

1.2.2 ROLE OF SOIL PHYSICAL PROPERTIES ON SOIL MOISTURE 

AND VEGETATION DYNAMICS……………………………….11 

1.2.3 SOILS AND VEGETATION MODELING……………………….14 

 1.3 THESIS FORMAT…………………………………………………………..15 

CHAPTER 2. PRESENT STUDY…………………………………………………….....17 

2.1 LINKING THE SUBSURFACE TO THE SURFACE……………………...17 

2.2. SOUTHWESTERN PHYSIOGRAPHY…………...……………………….19 

 2.3 SUMMARY OF RESULTS………………………………………………....22 

  2.3.1 SUBSURFACE EFFECTS ON NDVI RESPONSES……………..23 

2.3.2 REGIONAL LONG-TERM AVERAGE NDVI DIFFERENCES...24 

  2.3.3 SEASONAL VARIATION IN NDVI RESPONSES……………...25 

2.3.4 MULTIPLE REGRESSION MODELING OF AVERAGE NDVI 

RESPONSES……………………………………………………....25 

2.4 SUMMARY OF CONCLUSIONS…………………………………………..26 

2.4.1 SUBSURFACE TEXTURE CONTROL OF ANPP……………....26 

 



 6 

TABLE OF CONTENTS - continued 

2.4.2 REGIONAL PATTERNS OF SOIL TEXTURE MODULATION 

OF ANPP…………………………………………………………..27 

2.4.3 CLIMATE CHANGE AND FUTURE IMPLICATIONS FOR THE 

SW……………………………………………………………….....27 

SUMMARY……………………………………………………………………...28 

REFERENCES…………………………………………………………………………..30 

APPENDIX A: SUBSURFACE SOIL MODULATION OF ABOVEGROUND 

PRODUCTIVITY IN THE US DESERT SOUTHWEST……………...35 

APPENDIX B: REGIONAL TRENDS IN SOIL MODULATION OF SEASONAL 

ABOVEGROUND PRODUCTIVITY DYNAMICS IN THE US 

DESERT SOUTHWEST……………………………………………….71 

 

 

 

 

 

 

 

 

 

 

 



 7 

LIST OF FIGURES 

Figure 1. Conceptual model of subsurface soil texture control and precipitation 

seasonality on subsurface soil moisture recharge and storage.  Adapted from Sanchez-

Mejia & Papuga (2014)…………………………………………………………………..19 

 

Figure 2. Map of the US Desert Southwest (source: Ecoregions, WWF, Olson et al., 

2001), the Mojave, Sonoran, and Chihuahuan Deserts have been delineated and 

identified.  The NCSS study sites have been identified with the blue 

markers…………………………………………………………………………………...22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 8 

ABSTRACT 

 The dryland ecosystems of the US Desert Southwest (SW) are dependent on soil 

moisture for aboveground productivity; the generation of soil moisture in the SW is 

dependent on both soil physical properties and climate forcing.  This study is one of the 

first regional point-scale analyses that explores the role of soil physical properties in 

modulating aboveground vegetation dynamics in response to climate forcing in the SW.  

Soil texture accounted for significant differences in average aboveground primary 

productivity across the SW.  However, soil texture could not account for differences in 

inter-annual aboveground productivity variation across the SW.  Subsurface soil texture 

was tightly coupled with precipitation seasonality in accounting for differences in long-

term average seasonal aboveground productivity in the Mojave and Sonoran Deserts.  

The results of this study indicate that the subsurface is a significant factor in modulating 

aboveground primary productivity, and needs to be included in future modeling exercises 

of dryland ecosystem response to climate forcing and change.  
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1. INTRODUCTION 

 

1.1 Research Context 

 The drylands of the US Desert Southwest (SW) are expected to see transformative 

change in ecohydrological functioning in the 21st Century (Wilcox 2010).  As of 2010, 56 

million people reside in the SW, and depend on the Southwestern dryland ecosystems for 

natural resources, agriculture, and revenue (Garfin et al. 2013). Human stress on dryland 

ecosystems can induce dramatic consequences such as desertification, wide spread land 

degradation, and overall reductions in productivity (Millennium Ecosystem Assessment 

2005).   With the current population, and millions more people expected to move to the 

SW over the next 20 years, there is an ever growing need to accurately understand how 

dryland ecosystems function.   

 Soil moisture is key to facilitating ecosystem functioning and aboveground 

primary productivity in dryland ecosystems (Reynolds et al. 2004).  However, measuring 

soil moisture in the field is time intensive, and lacks a high degree of spatial resolution, 

and remote sensing techniques lack the ability to measure subsurface soil moisture 

(Jackson 1993; Schmugge 1998).  Generation of soil moisture in water-limited 

ecosystems is a function of climate, soil physical properties, and vegetation (Rodriguez-

Iturbe 2000).  Subsequently, soil physical properties can be used as a proxy for soil 

moisture (Saxton et al. 1986), representing a way to indirectly determine the influence of 

soil moisture on ecosystem functioning without the need for costly, spatially coarse 

techniques.  
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 This thesis presents a regional point-scale study that investigated how differences 

in soil physical properties influence aboveground primary productivity responses to 

climate forcing across the US Desert Southwest.  This study examines the role of soil 

texture in aboveground vegetation dynamics, seasonality of soil textural influence on 

vegetation responses, and the development of simple predictive functions for vegetation 

responses.   

 

1.2 Literature Review 

 

1.2.1 Ecohydrological Functioning of Drylands 

 The ecohydrological functioning of dryland ecosystems is the result of a complex 

interaction of climate, vegetation, and soil physical properties (Rodriguez-Iturbe 2000; 

Newman et al. 2006; D'Odorico et al. 2010).  Dryland ecosystems behave as pulse-

reserve systems, where a trigger has to be applied to the system before a response will be 

produced (Noy-Meir 1973; Ogle & Reynolds 2004; Reynolds et al. 2004). Dryland 

productivity is triggered by moisture pulses, which induces respiration of vegetation and 

soil microorganisms (Noy-Meir 1973; Huxman et al. 2004; Cable et al. 2008).  

Precipitation is the primary source of moisture in dryland ecosystems (Jenerette et al. 

2010; Williamson et al. 2012); however, precipitation must pass through the soil matrix 

before vegetation can utilize it for production and growth (Cavanaugh et al. 2011).  

Dryland vegetation extract moisture for transpiration from subsurface soil layers (Kurc & 

Benton 2010; Cavanaugh et al. 2011), where moisture levels are more constant with time, 

and can facilitate growth even during periods of drought (Yaseef et al. 2010).  The 
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climate of the SW is highly seasonal (MacMahon & Wagner 1985), temporally and 

spatially variable (Sheppard et al. 2002), and is characterized by intense, infrequent 

precipitation events, with significant dry periods between events (Lauenroth & Bradford 

2009).  Precipitation seasonality leads to soil moisture seasonality, and can have a major 

impact on evapotranspiration, with periods of significant water movement following 

precipitation events. 

 

1.2.2 Role of Soil Physical Properties in Soil Moisture and Vegetation Dynamics  

 Soil physical properties exert a large influence on soil moisture availability.  Soil 

physical properties such as soil texture, or the relative proportions of sand-, silt-, and 

clay-sized particles, control the amount of available moisture due to changes in pore 

volume between coarse and fine textured soils (Cosby et al. 1984; Saxton et al. 1986; 

Fernandez-Illescas et al. 2001; English et al. 2005).  Soils that are dominated by clay 

sized particles (<0.002 mm) (Soil Survery Staff 2010) have the largest surface area 

(Petersen et al. 1996) and pore volume (Archer & Smith 1972), and can subsequently 

hold the most soil moisture (van Genuchten 1980).  Conversely, soils dominated by sand 

(0.05 mm to 2 mm) (Soil Survery Staff 2010), hold significantly less water (van 

Genuchten 1980) due to lower pore volumes, but have higher rates of infiltration (Ben-

Hur et al. 1985), potentially enabling deeper storage of soil moisture .  Bulk density 

influences porosity, which influences the capacity of the soil to store moisture (Rawls et 

al., 1983).  Bulk density, or the mass of soil in a given volume, controls available pore 

space; soils with high bulk densities have lower porosity, and have reduced soil moisture 

capacity (Archer & Smith 1972).  
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Soil structural organization and horizon development can have a major impact on 

soil moisture resources and vegetation growth by influencing soil moisture storage 

potential and the volume of root exploitable soil (Hamerlynck et al. 2000, 2002).  In the 

SW, Pleistocene-aged soils commonly contain argillic and petrocalcic horizons that have 

strong impacts on soil moisture dynamics; petrocalcic horizons can limit soil moisture 

storage and infiltration depth (McAuliffe 1994).  Whereas, argillic horizons dominated by 

clay-sized particles can greatly enhance soil moisture storage; however, in dryland 

ecosystems, adequate precipitation rarely falls in the amount needed to saturate these 

subsurface horizons (McAuliffe 1994).  Differences in soil structure development related 

to geomorphic location, e.g., dune or wash vs. bajada or alluvial terrace creates spatial 

patterning of differences in soil moisture storage throughout the year (McAuliffe 1994; 

Smith et al. 1995; Hamerlynck et al. 2000). 

 Soil texture exerts a large influence on the ability of plants to extract moisture 

from the soil due to its control on the strength of soil moisture is held in the mineral 

matrix.  Increases in the percentage of fines (% silt + % clay) decreased predawn water 

potential for shrub species located in the Mojave Desert (Smith et al. 1995; Hamerlynck 

et al. 2000, 2002, 2004).  Fine soil texture enhances both soil moisture storage, but also 

enhances bare soil evaporation (Alizai & Hulbert 1970; Wythers et al. 1999; Kool et al. 

2014).  Fine soil particles can hold significantly more soil moisture, but prevent the 

movement of soil moisture deep in soil profiles.  This reduction in infiltration allows the 

moisture to be lost to evaporation, and leads to higher rates of plant stress, and more 

negative predawn water potentials.   
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Precipitation seasonality throughout the SW introduces large seasonal dynamics 

in soil moisture availability.  Winter precipitation predominately arrives in the form of 

relatively slow moving Pacific frontal systems that provide low intensity steady rainfall; 

during winter, potential evapotranspirative demand is low, facilitating deep soil moisture 

regeneration throughout the SW (Scott et al. 2000; Sheppard et al. 2002; Scanlon et al. 

2005).  During the dry season plants are forced to extract water from the soil profile, 

leading to greater influence of soil physical properties on plant water uptake (Yoder & 

Nowak 1999).  Additionally, precipitation from very wet winters can be stored in 

subsurface soil layers for several years before being utilized by vegetation (Yaseef et al. 

2010).  Conversely, during the summer monsoon season, precipitation arrives in the form 

of brief, high intensity convective rainfall events when potential evapotranspirative 

demand is high, such that available soil moisture is typically limited to surficial soil 

layers, and rapidly accessed by desert plants (Sheppard et al. 2002; Jenerette et al. 2010).  

This distinct difference in soil moisture uptake by vegetation leads to shifts in the relative 

control of soil physical properties on vegetation responses to climate.  

 Aboveground vegetation productivity reflects the relationship between soil 

moisture availability and soil physical properties.  Transpiration in creosotebush (Larrea 

tridentata) has been linked to subsurface soil moisture using sap flow sensors in the 

Sonoran and Chihuahuan Deserts of southern Arizona (Cavanaugh et al. 2011).  Remote 

sensing measures of vegetation responses offer a regional view of aboveground 

vegetation responses, and has also been linked with root-zone soil moisture (Wang et al. 

2007; Schnur et al. 2010).  Normalized difference vegetation index (NDVI) reflect 

regional differences in rainfall use efficiency on five different soil types in a semiarid 
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savanna (Farrar et al. 1994); however, these differences were miniscule, and could not be 

linked to differences in soil physical properties.  Locally, aboveground greenness has 

been strongly linked to subsurface soil moisture using eddy covariance towers and 

phenology cameras (Kurc & Benton 2010; Sanchez-Mejia & Papuga 2014).  

Aboveground vegetation responses are strongly linked to subsurface soil moisture, and 

subsequently to soil physical properties, especially in water-limited ecosystems.   

 

1.2.3 Soil and Vegetation Modeling 

 Modeling vegetation responses to a given stimulus is very useful for predicting 

vegetation responses when experimentation is not possible (Shugart 2000).  Predictive 

models are particularly useful where ground measurements are limited, or the size of the 

region of interest limits effective field studies.  Bioclimatic envelope modeling of 

vegetation ranges has been used extensively to predict the extant of certain species 

ranges.  Neilson et al. (1992) developed a rule-based model of biome extent based on 

precipitation amount and seasonality.  Predictive models have been used to model the 

extent of vegetation species in a wide range of ecosystems, as diverse as tropical 

rainforest, savannas, and grasslands (Good & Caylor 2011; Hirota et al. 2011; Kulmatiski 

& Beard 2013).  In the SW, predictive models have been used to predict the extant of 

Californian chaparral species, and specific species such as honey mesquite (Prosopis 

glandulosa) (Franklin 1998; Notaro et al. 2012).  Recently, very complex dynamic 

vegetation models have been developed, and have been used to predict biome ranges 

across the terrestrial surface of the Earth (Haxeltine & Prentice 1996; Sitch et al. 2003).  
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Conversely, the role of soil physical properties in modeling of vegetation 

dynamics is often ignored, or included indirectly and oversimplified.  The exclusion of 

soil physical properties has often been cited as a major factor of uncertainty in dynamic 

vegetation models (Heikkinen et al. 2006).  Direct soil physical properties have been 

incorporated into few previous predictive vegetation models (Franklin 1995).  However, 

when soil physical, hydraulic, and chemical properties are incorporated into vegetation 

models they can greatly enhance the predictive capabilities of the models (Iverson & 

Prasad 1998; Sormunen et al. 2011).   

As suggested by Heikkinen et al. (2006), the exclusion of soil physical properties 

and other environmental variables can lead to uncertainty in model predictions, 

particularly under predicted climate change.  Dryland ecosystems will experience novel 

climatic regimes not represented in historical climate records, models based on past 

climate records will become inadequate and no longer applicable for effect management 

(Williams & Jackson 2007; Seastedt et al. 2008).  However, soil physical properties are 

relatively static, and represent an environmental variable that is unlikely to be 

significantly altered due to climate change.  Including soil physical properties in 

predictive models reduces model uncertainty, and could increase model resilience to 

novel climatic regimes induced by climate change.    

 

1.3 Thesis Format 

 This thesis presents a conceptual figure of how subsurface soil texture and 

precipitation seasonality modulates soil moisture dynamics in the SW.  This thesis will 

present a summary of the results and main conclusions of the present study.  Detailed 
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descriptions of the methods used, results and discussions can be found in Appendix A: 

Subsurface soil modulation of aboveground productivity in the US Desert Southwest, and 

Appendix B: Regional trends in soil modulation of seasonal aboveground productivity 

dynamics in the US Desert Southwest.  Appendices A and B are manuscripts in 

preparation for publication to the scientific journals Ecology Letters and Ecohydrology, 

respectively, and are written in the styles of the respective journals.  All coauthors 

contributed to data collection, analysis, and interpretation, and contributed significantly 

to thesis and manuscript drafting.  All maps presented within this thesis and appendices 

were created using ArcMap software by ESRI; ArcMap was used under license (see 

www.esri.com, ESRI, Redlands, CA for redistribution permissions). 
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2. PRESENT STUDY 

 

 This thesis presents a conceptual model of subsurface soil textural control on 

aboveground vegetation dynamics, under which the work of this study was completed.  A 

brief description of Southwestern physical physiognomy, results, and main conclusions 

are presented in this thesis.  A more detailed description of the methods, results, and 

discussion can be found in Appendices A and B.  Both Appendices A and B are prepared 

scientific manuscripts written for publication, in the styles of the respective journals.  

 

2.1 Linking the subsurface to the surface 

 Soil physical properties exert a large influence on the availability of soil moisture.  

The subsurface soil texture exerts a large degree of control on soil moisture dynamics 

(Cosby et al. 1984), and subsequently aboveground vegetation responses (Kurc & Benton 

2010; Cavanaugh et al. 2011).  Subsurface soil moisture is highly correlated with 

aboveground greenness (Wang et al. 2007; Kurc & Benton 2010; Schnur et al. 2010).  

Sanchez-Mejia & Papuga (2014) proposed a two-layer model of soil moisture dynamics 

that reflects the influence subsurface soil moisture has on aboveground vegetation 

dynamics.  Sanchez-Mejia & Papuga identified four soil moisture situations: (i) dry 

throughout, (ii) wet surface, (iii) wet throughout, and (iv) wet subsurface.  These four 

specific cases were then tied to aboveground measures of vegetation greenness.  The 

conceptual model proposed by Sanchez-Mejia & Papuga is very useful in understanding 

how soil moisture in differing zones of the soil column influences aboveground measures 

of greenness, however, their model did not include specific soil properties in the either 
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the surface or subsurface that could influence soil moisture dynamics.  We have modified 

this model (Fig. 1) to include the effect of differing subsurface soil textures, and have tied 

specific cases to precipitation seasonality (Yoder & Nowak 1999; Scott et al. 2000).  

During the winter months, locations with a coarse textured subsurface will have increased 

soil moisture recharge, whereas locations with a fine textured subsurface will have 

reduced soil moisture recharge, as fine textured soils limit infiltration.  Conversely, 

during the summer months, due to high rates of evapotranspiration, regardless of 

subsurface soil texture, subsurface soil moisture recharge is limited or negligible.  Under 

this framework, the work of this thesis was completed.  The results presented in this 

thesis support the conceptual model, and provide evidence for subsurface soil texture 

modulation of aboveground primary productivity response to climate forcing in the US 

Desert Southwest. 
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Figure 1 Conceptual model of subsurface soil texture control and precipitation 
seasonality on subsurface soil moisture recharge and storage.  Adapted from Sanchez-
Mejia & Papuga (2014). 
 

2.2 Southwestern Physiography 

 The US Desert Southwest spans a region that is approximately 1 813 000 km2, 

and stretches from the US states of western Texas through New Mexico and Arizona to 

California, and northward to Colorado, Utah, and Nevada (Garfin et al. 2013).  The SW 

can be divided into three distinct desert ecoregions: the Mojave, Sonoran, and 

Chihuahuan Deserts.  Overall, the climate of the SW is highly spatially and temporally 

diverse, with intense, infrequent precipitation events, and long dry periods between 

events (Sheppard et al. 2002; Lauenroth & Bradford 2009).  Across the SW, a west-east 

gradient of the percentage of mean annual precipitation (MAP) that occurs in the winter 
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months exists (See Fig. 2a, Appendix A or Fig 1b, Appendix B) (MacMahon & Wagner 

1985).  The Mojave Desert receives the majority of MAP during the winter months, with 

some locations receiving upwards of 90% of MAP between the months of November and 

March.  The Sonoran Desert is dominated by a bimodal precipitation regime; ~50% of 

MAP falls during the months of November and March, and the remaining 50% occurs 

during the summer monsoon season.  The Chihuahuan Desert receives very little winter 

precipitation, some locations see only ~10% MAP during the months of November and 

March, receiving the majority of MAP between the months of April and October.   

Average winter temperatures vary between the ecoregions as well (See Fig. 2b, 

Appendix A, or Fig. 1c, Appendix B).  The Sonoran Desert is markedly warmer during 

the winter months, with some locations having average winters temperatures of 24°C.  

Both the Mojave and Chihuahuan Deserts are much colder, with average winter 

temperatures below 0°C in some locations.  This difference in average winter temperature 

is primarily a function of elevation.  The average elevation across the three ecoregions is 

800 m a.s.l., but the average elevation in each ecoregion varies.  The Sonoran Desert is 

the lowest in elevation, with an average elevation of ~ 430 m a.s.l, with some locations at 

or near sea level.   The Mojave and Chihuahuan Deserts are significantly higher in 

elevation, with average elevations above sea level of ~ 710 m and ~ 1260 m, respectively, 

however, extreme variations exist (e.g., Death Valley, CA, Mojave Desert).   

Precipitation, temperature, and elevational changes across the SW have 

significant consequences on the dominant vegetation communities of each ecoregion.  

Historically, the three ecoregions were divided upon the basis of prevalent vegetation 

types (Ehleringer 1985).  The Mojave Desert is dominated by a variety of shrub species.  
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The Sonoran Desert has a more complex vegetation community, and is dominated by a 

mixture of shrubs, succulents, and grasses.  The Chihuahuan Desert is dominated by a 

mixture of shrubs and grasses, with a higher percentage of grass cover than the other two 

deserts.  The precipitation gradient has a major influence on the vegetation communities 

of each ecoregion; the Mojave and Sonoran Deserts with greater winter precipitation are 

dominated by shrubs that are better adapted at utilizing subsurface soil moisture (Soriano 

& Sala 1983).  Grasses are more opportunistic species, better adapted to utilize surficial 

soil moisture, and respond to summer precipitation (Ehleringer 1985). 

For this study, 373 study sites were selected from the National Cooperative Soil 

Characterization Database (NCSS) (http://ncsslabdatamart.sc.egov.usda.gov/). The initial 

list of sites was filtered and only sites with complete soil texture characterization data, 

and located on natural or minimally developed surfaces determined using the National 

Land Cover Database 2006 (NLCD, http://www.mrlc.gov/nlcd06_data.php, accessed July 

2013) were included in the present study.  The final 234 study sites that met the previous 

criteria were located on basin floor, alluvial fan deposits and remnants, with 41 sites in 

the Mojave Desert, 103 sites in the Sonoran Desert, and 90 sites in the Chihuahuan 

Desert (Fig. 2). 
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Figure 2. Map of the US Desert Southwest (Ecoregions, WWF, Olson et al., 2001), the 
Mojave, Sonoran, and Chihuahuan Deserts have been delineated and identified.  The 
NCSS study sites have been identified with the blue markers.   
 

2.3 Summary of Results 

 Presented here is a summary of the main results of this study.   The goals of this 

study were to determine: (i) how important soil texture is in modulating aboveground 

vegetation responses to climate forcing across the SW, (ii) is there seasonality to the 

influence of soil texture, and (iii) is it possible predict vegetation responses to climate 

forcing using climate and soil alone.  Decadal-scale soil, climate, and vegetation data 

were collected for each study site.  Soils data were extracted from the NCSS database, 

climate data were extracted from the PRISM Climate dataset, and vegetation data were 

extracted from the NASA Moderate Resolution Imaging Spectroradiometer (MODIS) 
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normalized difference vegetation index (NDVI) dataset. For a thorough and detailed 

description of the data collection, preparation, reduction, and analysis processes see 

Appendices A and B.  See Appendix A for a more detailed description and 

supplementary figures of Section 2.3.1.  See Appendix B for a more detailed description 

and supplementary figures of Sections 2.3.2, 2.3.3, and 2.3.4.    

 

2.3.1 Subsurface Effects on NDVI Responses 

 Subsurface soil texture accounted for significant differences in NDVI responses 

across the three ecoregions (See Table 3, Appendix A).  The Chihuahuan Desert was not 

significantly influenced by differences in coarse subsurface soil texture in any season.  

Explained differences in Chihuahuan Desert NDVI responses were marginally attributed 

fine subsurface soil texture during the winter season (See Fig. 3a, Appendix A), but 

Chihuahuan Desert NDVI responses and fine subsurface soil texture not significantly 

correlated during the winter season.  Chihuahuan Desert NDVI responses were 

marginally positively correlated to fine subsurface soil texture during the summer 

monsoon (See Fig. 4a, Appendix A), but fine subsurface soil texture could not account 

for differences in NDVI responses within the Chihuahuan Desert during the summer 

monsoon.  The Sonoran Desert was more influenced by subsurface soil texture than the 

Chihuahuan Desert.  Coarse subsurface soil texture was negatively correlated to Sonoran 

Desert NDVI responses during all seasons (See Fig. 4b, Appendix A), and was a 

significant contributor to explained differences in Sonoran Desert NDVI responses during 

the winter and fore-summer seasons (See Table 3, Figure 3b, Appendix A).  The Mojave 

Desert was significantly influenced by subsurface soil texture.  Fine subsurface soil 
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texture accounted for significant explained differences in Mojave Desert NDVI responses 

in all seasons, and was the primary contributor to differences during the fore-summer and 

monsoon seasons (See Table 3, Fig. 3c, Appendix A); fine subsurface was negatively 

correlated to Mojave Desert NDVI responses during all seasons, increasing in correlation 

coefficient from winter to the summer monsoon (See Fig. 4c, Appendix A).  Coarse 

subsurface soil texture was a significant contributor to differences in Mojave Desert 

NDVI responses, but was much less influential compared to fine subsurface soil texture. 

In all ecoregions, climate accounted for significant differences in seasonal NDVI 

responses (See Table 3, Fig 3, Appendix A).   

 

2.3.2 Regional Long-Term Average NDVI Differences 

 Across the SW region (all desert ecoregions), entire profile and subsurface soil 

texture accounted for significant differences in average seasonal NDVI responses (See 

Table 3, Appendix B).  During the winter season, entire profile and subsurface fine 

texture accounted for significant differences in average NDVI responses (See Fig. 3a and 

Fig 3b, Appendix B).  During the fore-summer, entire profile and subsurface fine texture 

were the most significant in accounting for differences in average NDVI responses (See 

Fig 3a and Fig 3b, Appendix B).  During the summer monsoon, soil texture did not 

account for differences in average NDVI responses (See Fig. 3, Appendix B).  Eluvial 

surficial soil texture followed similar patterns as entire profile and subsurface soil texture, 

but the influence of eluvial surficial soil texture on average NDVI responses was 

diminished.  Climate accounted for significant differences in average NDVI responses in 

all seasons, and was the primary contributor to differences in average NDVI responses 
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throughout the SW (See Table 3, Fig 3, Appendix B).  Desert location accounted for 

significant differences in average seasonal NDVI during the winter and fore-summer 

seasons, but did not lead to significant differences during the summer monsoon (See 

Table 3 and Fig 3, Appendix B). 

 

2.3.3 Seasonal Variation in NDVI Responses  

 Over the 12-year study period, soil texture was not a significant factor in 

accounting for seasonal variations in NDVI responses (See Table 4, Appendix B).  

Eluvial surficial fine soil texture (p < 0.10) accounted for marginal differences in 

seasonal NDVI variation during the winter season.  Entire profile and subsurface coarse 

soil texture (p < 0.1) accounted for marginal differences in NDVI variation during the 

summer monsoon.  Seasonal variation in climate was the primary factor in season-to-

season variation in NDVI responses across the SW (See Table 4, Fig. 5, Appendix B).  

During all seasons, variation in temperature accounted for significant differences in 

seasonal NDVI variation (See Table 4, Fig 5, Appendix B).  Desert location accounted 

for significant differences in seasonal NDVI variation during the winter and monsoon 

seasons (See Table 4, Appendix B), an indication of the differing precipitation regimes 

across the SW.   

 

2.3.4 Multiple Regression Modeling of Average NDVI Responses 

 Seasonal multiple regression models of average NDVI responses were calculated 

that used climate parameters only, and models were calculated that included climate and 

subsurface soil texture parameters (See Table 5, Appendix B).  In all seasons, including 
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subsurface soil texture parameters increased the r2, and accounted for more variation in 

average NDVI responses.  R2 values increased by 7.6%, 33.9%, and 6.2% in the winter, 

fore-summer, and monsoon seasons, respectively, and AIC and RMSE decreased with the 

inclusion of subsurface soil texture parameters in all seasons (See Table 5, Fig. 5, 

Appendix B).   

 

2.4 Summary of Conclusions 

 We hypothesized that soil texture will have a significant impact on aboveground 

primary productivity responses to climate forcing.  We also hypothesized that soil texture 

will have a stronger influence on aboveground productivity during the dry season, due to 

precipitation seasonality throughout the SW.  Additionally, we hypothesized that using 

soil texture and climate in multiple regression modeling will accurately predict vegetation 

responses.   

 

2.4.1 Subsurface Control of ANPP 

 Subsurface soil texture had a significant impact on aboveground primary 

productivity throughout the SW (See Appendix A for a full discussion).  The results of 

this study confirm the modified conceptual model presented in Section 2.1.  Subsurface 

soil texture, coupled with seasonality of rainfall, accounted for significant differences in 

NDVI responses in the Sonoran and Mojave Deserts.  Subsurface soil texture could not 

account for differences in NDVI responses in the Chihuahuan Desert.  We attribute the 

differences NDVI responses between the Sonoran and Mojave Deserts and the 

Chihuahuan Desert to the differences in winter precipitation and vegetation community 
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(See Section 2.2 for a detailed description of the climate and vegetation community of 

each ecoregion).   

 

2.4.2 Regional Patterns of Soil Modulation of ANPP 

 Across the SW, soil texture, specifically entire profile and subsurface texture, 

accounted for significant differences in seasonal average NDVI responses (See Appendix 

B for a full discussion).  However, soil texture could not account for differences in inter-

annual variation in NDVI responses.  From these results, soil texture is a significant 

factor in modulating long-term average seasonal aboveground primary productivity 

responses to climate forcing, and climatic factors are important for driving inter-annual 

variation in aboveground productivity responses.  Soil texture and rainfall are coupled 

together in determining seasonal aboveground primary productivity dynamics, and are 

acting together across the US Desert Southwest to modulate ecosystem responses to 

climate forcing.  Additionally, using climate and soil parameters we were able to 

effectively model vegetation responses across the SW, and the inclusion of soil texture 

accounted for significant increases in the predictive power of the multiple regression 

models. 

 

2.4.3 Climate Change and Future Implications for the SW 

 The climate of the SW is spatially and temporally variable, with intense 

precipitation events, and significant dry periods between events (Sheppard et al. 2002; 

Lauenroth & Bradford 2009).  Future climate change predictions indicate the SW may 

receive less precipitation, with more intense precipitation events, longer dry periods 
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between events, warmer winters, and longer summers (Garfin et al. 2013).  The results of 

this study indicate that as the SW “dries out”, subsurface soil texture will begin to have 

an even larger impact on aboveground primary productivity dynamics (See Appendices A 

and B for detailed discussion).  The increase in subsurface soil texture influence during 

the fore-summer indicates that during the dry season of the year vegetation is uptaking 

required moisture for transpiration from the subsurface.  Subsurface soil moisture is 

stored winter precipitation, and drives aboveground productivity during the dry season.  

As the winter season dries, subsurface soil texture modulation of soil moisture 

availability will increase, leading to increased vegetation stress, and ecosystem-wide 

stress.  

 

Summary 

 This study examined the influence of soil texture on aboveground vegetation 

dynamics across the US Desert Southwest.  Based on the results of this study, subsurface 

soil texture exerts significant influence on aboveground vegetation responses to climate 

forcing.  Additionally, soil textural modulation is tied to precipitation seasonality, 

particular the occurrence winter precipitation.  Climate change could have a significant 

influence on the relative control of climate and soil texture on driving aboveground 

vegetation dynamics.  A drying SW will likely lead to greater soil textural modulation of 

seasonal aboveground vegetation responses, as vegetation attempts to extract more 

moisture from the subsurface to account for predicted reductions in precipitation.   

This study represents a departure from the emphasis of climate as the primary 

driver of regional-scale vegetation responses.  Often predictive vegetation models focus 
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heavily on the role of climate in driving aboveground vegetation responses, doing so 

would lead to a high degree of uncertainty in model predictions, as climate and soil act 

together to modulate ecosystem responses.  Soil and climate are coupled, and together 

modulate how vegetation responds to climate forcing and change across the SW.   
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Abstract 

The drylands of the US Desert Southwest (SW) are dependent on precipitation 

stored as soil moisture for aboveground productivity.  Availability of soil moisture in 

dryland systems is a function of climate and soil physical properties; however, we lack 

accurate understanding of how soil physical properties modulate regional patterns of 

aboveground productivity responses to climate forcing in the SW.  We used established 

decadal-scale regional soil, vegetation, and climate datasets to quantify differences in 

vegetation productivity attributable to soil texture and climate forcing.  Subsurface soil 

texture accounted for significant variation in aboveground productivity in the winter and 

fore-summer months, but not during the summer monsoon.  Subsurface soil texture 

differences were more important in the Mojave and Sonoran Deserts, which receive 

significant winter precipitation.  Subsurface soil texture is a significant determinant in 

modulating aboveground productivity, linked to winter precipitation storage as soil 

moisture; suggesting drying winters may lead to increased dryland ecosystem stress. 
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Introduction 

The aboveground productivity of the dryland ecosystems of the North American 

Desert Southwest (SW) is responsive to both climate forcing and soil physical properties.  

Relationships between soil hydraulic properties and plant moisture uptake have been 

examined in regional and global land-atmosphere-vegetation predictive models (Sitch et 

al. 2003; Notaro et al. 2012).  At local spatial scales, subsurface soil moisture has been 

linked to measures of greenness and transpiration using eddy covariance towers, 

providing evidence for local scale control of aboveground vegetation dynamics by the 

subsurface (Kurc & Benton 2010; Cavanaugh et al. 2011).  However, the control of 

subsurface soil physical properties on aboveground productivity responses to climate 

forcing has yet to be explored using a regional point-scale analysis across the SW.  This 

study aims to fill this gap, and directly examines the role of subsurface soil texture in 

aboveground productivity responses to climate forcing using decadal-scale empirical soil, 

climate, and vegetation data that span the SW region. 

The relationship between aboveground productivity, vegetation community 

composition, and precipitation is highly documented in the US Desert Southwest (SW).  

Precipitation is the primary source of moisture in desert ecosystems (Noy-Meir 1973), 

and alterations in rainfall patterns can influence aboveground primary productivity and 

vegetation community composition.  The aboveground primary productivity of the 

Sonoran and Chihuahuan Deserts of the SW are highly correlated to precipitation 

(Jenerette et al. 2010; Williamson et al. 2012).  In the semiarid Chihuahuan grasslands, 

experimentally altered rainfall patterns leads to changes in vegetation community 

composition (Báez et al. 2013), with historical rainfall records correlating with vegetation 
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type coverage change (Munson et al. 2013).  However, the aboveground productivity of 

desert ecosystems is also the result of a complex interaction of soil physical properties 

and climate (Rodriguez-Iturbe 2000; Newman et al. 2006; D'Odorico et al. 2010; 

Jenerette et al. 2012), and soil modulation of the available moisture. 

Precipitation must infiltrate through the soil matrix before becoming accessible to 

vegetation (Cavanaugh et al. 2011).  Recent work indicates that subsurface soil moisture 

largely controls aboveground greenness (Wang et al. 2007; Kurc & Benton 2010; Schnur 

et al. 2010), and serves as the dominant source of transpired water in desert systems 

(Cavanaugh et al. 2011).  These studies largely focus on soil volumetric water content as 

a measure of subsurface moisture availability and do not directly address how soil 

physical properties, such as texture, control subsurface soil moisture availability and 

storage.  Soil texture, or the relative proportions of sand-, silt-, and clay-sized particles, is 

likely the dominant factor controlling the amount of available soil moisture in the 

subsurface of desert ecosystems (Laio et al. 2001b; English et al. 2005). Soil texture has 

been shown to influence infiltration and availability of moisture to vegetation 

(Fernandez‐Illescas et al. 2001; Laio et al. 2001a), and controls variation in both 

vegetation productivity (Epstein et al. 1997) and vegetation stress (Hamerlynck et al. 

2000).  Additionally, the interaction of precipitation seasonality and subsurface soil 

texture leads to seasonality in the availability of soil moisture, which can be a significant 

factor in facilitating aboveground productivity throughout the year (Reynolds et al. 

1999).  Winter precipitation stored in the subsurface is important in driving aboveground 

productivity and growing season evapotranspiration throughout the SW (Yoder & Nowak 

1999; Scott et al. 2000). 
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Sanchez-Mejia and Papuga (2014) proposed a two-layer model of soil moisture 

with four distinct cases of soil moisture distribution: dry throughout, surface wet, wet 

throughout, and subsurface wet.  Building from this conceptual model and previous local 

scale studies (Yoder & Nowak 1999; Scott et al. 2000; Wang et al. 2007; Kurc & Benton 

2010; Schnur et al. 2010; Cavanaugh et al. 2011; Sanchez-Mejia & Papuga 2014), we 

suggest a conceptual model by linking subsurface texture and seasonality of rainfall to 

the different scenarios of soil moisture distribution discussed by Sanchez-Mejia and 

Papuga (Fig. 1).  Our conceptual model indicates that winter rainfall on coarse subsurface 

texture leads to increased subsurface storage of moisture; conversely, fine subsurface soil 

texture slows infiltration into the subsurface, allowing moisture to be lost to the 

atmosphere.  The stored winter precipitation as subsurface moisture then drives 

aboveground greenness during the dry season.  Higher potential rates of 

evapotranspiration (ET), during summer months generate little or no increase in 

subsurface soil moisture for either coarse or fine subsurface textures. 

Local scale studies are typically limited in spatial scale, and do not address 

regional influence of subsurface soil characteristics (Yoder & Nowak 1999; Hamerlynck 

et al. 2000; Huxman et al. 2004; Cavanaugh et al. 2011). Dynamic vegetation modeling 

can overcome these limitations and provide regional to global scale perspectives on 

vegetation dynamics (Shugart 2000).  However, these models are typically based on 

vegetation dynamics of temperate sub-humid to humid ecosystems with vegetation 

community dynamics are more heavily weighted towards climatic variables, and soil 

physical properties are often underrepresented and oversimplified (Franklin 1998; Sitch 

et al. 2003; Notaro et al. 2012).  Franklin (1998) heavily weighted climatic variables in 
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modeling the range of Californian chaparral vegetation, and did not directly include soil 

physical properties, surficial/subsurface distinctions, or subsurface soil heterogeneity.  

More recent vegetation models treat soils as two-layered homogenous systems, relying on 

generic hydraulic values for differing soil textures to understand soil moisture dynamics 

(Sitch et al. 2003; Notaro et al. 2012).  The lack of consideration of soils as complex-

heterogeneous systems that can exert influence on aboveground productivity introduces 

large uncertainties regarding future predictions of vegetation response to climate change, 

especially as regions such as the SW begin to experience altered and novel climatic states 

(Garfin et al. 2013). 

The objectives of this study were to address three key questions regarding 

subsurface soil control of ANPP in dryland ecosystems: (i) how important is subsurface 

soil texture in controlling seasonal aboveground primary productivity, (ii) is there a 

seasonality to the influence of subsurface soil texture, and (iii) does subsurface soil 

texture and seasonality of rainfall control seasonal aboveground productivity?  We 

predicted that subsurface soil texture would have a significant impact on desert 

aboveground primary productivity.  Additionally, we predicted the desert ecoregions of 

the SW that receive significant winter precipitation would be more influenced by 

subsurface soil texture due to the interaction between differences in rooting architecture 

amongst plant functional types and precipitation seasonality.  We answered these 

questions using three publicly available datasets, allowing us to test that subsurface soil 

texture exerts control on seasonal aboveground productivity responses, and the seasonal 

interaction of precipitation timing, soil texture and aboveground productivity.   
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Methods and Materials 

Study Sites and Physiography 

The SW may be divided into three ecoregions that include the Mojave, Sonoran, 

and Chihuahuan Deserts (Fig. 2).  Overall, the climate of the SW is highly temporally and 

spatially variable (Sheppard et al. 2002), and most precipitation occurs in low frequency 

high intensity events, with significant dry periods between events (Lauenroth & Bradford 

2009).  Each ecoregion experiences a distinct regional climatic regime along a west to 

east gradient based on the percentage of mean annual precipitation (MAP) occurring 

during the winter months (MacMahon & Wagner 1985) (Fig. 2a).  The Mojave Desert is 

dominated by winter precipitation, where the majority of MAP occurs between 

November and March (PRISM 30-year Precipitation Normals, 1971-2000, PRISM 

Group, Oregon State University, http://oldprism.nacse.org/).  The Sonoran Desert 

exhibits a bimodal precipitation regime; where ~50% of MAP occurs during the winter 

season and ~50% occurs during the summer monsoon.  The Chihuahuan Desert receives 

little winter precipitation, with the majority of MAP occurring between the months of 

April and October.  Coupled with the west-east gradient of winter precipitation, the 

dominant vegetation community within each ecoregion shifts in response to the climate 

gradient.  The Mojave Desert is dominated by shrubs, the Sonoran Desert is dominated 

by a mixture of shrubs, grasses, and succulents, and the Chihuahuan Desert has a mixture 

of shrubs and grass, with a higher percentage of grasses than the other ecoregions 

(MacMahon 1979; MacMahon & Wagner 1985).   

The average winter temperature also varies among deserts (Fig. 2b) (PRISM 30-

year Temperature Normals, 1971-2000, PRISM Group, Oregon State University, 
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http://oldprism.nacse.org/).  The Sonoran Desert is warmer throughout the winter season 

when compared to the Mojave and Chihuahuan Deserts, which both experience cold 

winters.  Differences in winter temperature are a function of average elevation of each 

ecoregion; the Mojave and Chihuahuan Deserts are higher in elevation, with average 

elevations of ~ 710 m and ~ 1260 m a.s.l., respectively, compared to the Sonoran Desert 

with an average elevation of ~ 430 m a.s.l. 

Initially, 374 candidate study sites from the National Cooperative Soil 

Characterization Database (NCSS) (http://ncsslabdatamart.sc.egov.usda.gov/) were 

identified across the SW. These locations were then filtered to exclude all sites located on 

heavily developed urban and agricultural land using the National Land Cover Database 

2006 (NLCD, http://www.mrlc.gov/nlcd06_data.php, accessed July 2013), and study sites 

with incomplete soil characterization data.  After the filtering process, 234 sites were 

retained.  All study sites were located on basin floor, alluvial fan deposits and remnants, 

with site distribution among the three ecoregions of Mojave (n = 41), Sonoran (n = 103), 

and Chihuahuan (n = 90) Deserts (Fig. 2).   

 

Datasets 

 The NCSS database was used to attain percent sand, silt, and clay content, and 

horizon designation and thickness for each study site.  The depth weighted texture 

averages for sand, silt, and clay were calculated for the subsurface horizons for each 

study site, with subsurface horizons defined as B- and C-horizons occurring below 

surface eluvial A-, E-, or C-horizons (Soil Survery Staff 2010).  The depth weighted 
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textures spanned all textural categories, except for pure silt, within the USDA soil texture 

classification system (Soil Survery Staff 2010). 

Climate data from the PRISM dataset were compiled from January 2000-

December 2011, including: monthly precipitation, maximum temperature (Tmax), 

minimum temperature (Tmin), and dewpoint temperature (Tdew) 

(http://www.prism.oregonstate.edu, accessed September 2012). The climate time series 

for each study site was extracted from the PRISM climate data using ArcGIS (ESRI, 

Redlands, CA).  Dewpoint depression (DPD) and vapor pressure deficit (VPD) were used 

in the analysis, and were calculated using Tmax and Tdew following standard equations 

(Murray 1967). 

Seasons were defined as winter, fore-summer, and monsoon and averages 

extracted from the monthly data where winter includes November to March, fore-summer 

includes April to June, and monsoon spans July to October.  Mean seasonal responses 

were calculated by averaging maximum temperature, minimum temperature, VPD, and 

DPD from each month into one seasonal value.  Seasonal precipitation was calculated by 

summing the precipitation amounts for each month corresponding to each season.   

 Productivity was determined using the normalized difference vegetation index 

(NDVI) as a proxy for aboveground primary productivity (Paruelo et al. 1997; 

Williamson et al. 2012).  Moderate Resolution Imaging Spectroradiometer (MODIS) 250 

m NDVI data were collected from February 2000 to December 2011.  NDVI time series 

were extracted using ArcGIS with a 500 m buffer for each study site.  MODIS NDVI 

data are reported on an ~16 day interval, making this data incompatible with the monthly 

PRISM climate time series; the NDVI data were smoothed to a monthly time interval 
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using a linear approximation in R (www.r-project.org, version 3.0.0, 2013-04-13).  

Average mean seasonal NDVI responses were calculated for the same time periods as the 

climate time series for each study site. 

     

Data Preparation and Reduction 

All data preparation and analysis was completed using established functions in R.  

Principal component analysis (PCA) was used to combine the subsurface depth weighted 

particle size classes into uncorrelated variables. The soil texture data did not required 

standardization as all variables were based on percentages and the PCA was based on the 

covariance matrix.  The first and second principal components (PC) were used in the 

analyses, and accounted for ~100% of the variance (Table 1).  Based on the eigenvectors 

it was determined subsurface texture PC1 was most strongly related to sand (coarse 

particle size), and subsurface texture PC2 was most strongly related to silt and clay 

contents (fine particle size). 

Seasonal climate variables were averaged into one value for each site, and were 

then standardized using z-scores.  Separate PCAs were run for each season and the PCA 

was based on the covariance matrix, and the first and second PCs were used in the 

analyses.  The PC loadings shifted among seasons, and the interpretations of the PCs 

were based on the eigenvectors (Table 2).  In winter and fore-summer, climate PC1 was 

primarily related to Tmax and VPD, and to a lesser extent Tmin and DPD.  In winter, 

climate PC2 was related almost exclusively to precipitation (0.909), and in fore-summer, 

climate PC2 was related to precipitation and DPD equally.  The PC loadings were more 

complicated during the monsoon season, where climate PC1 was related equally to all 
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climate variables, and climate PC2 was related to all climate variables, but was more 

heavily influenced by precipitation.  While, the PCA loadings shifted between the 

seasons, we interpret climate PC1 as mainly representing variation in temperature, and 

climate PC2 as mainly representing variation in moisture.   

For each study site, the seasonal NDVI observations were averaged into one mean 

seasonal value.  The seasonal NDVI values were natural log transformed to achieve 

normality.   

 

Statistical Analyses 

 Linear models were developed using the mean climate PCs and subsurface soil 

textural PCs as explanatory variables and NDVI values as the response variable. 

Analyses of variance (ANOVAs) were used to examine the effect of subsurface soil 

texture separately within each season and desert and to calculate the sums of squares for 

each explanatory variable.  The soil textural PCs were always considered after the effects 

of the climate PCs.  

The percentage of the sums of squares attributable to each explanatory variable 

was calculated as SSEvariable/SSEtotal.  The percent sums of squares highlights the relative 

contribution of each explanatory variable to differences in the response variable.  

Additionally, the percent sums of squares facilitated qualitative comparisons among the 

separate seasonal ANOVAs.  The percent sums of squares allow qualitative evaluation of 

the change in the relative contribution of each explanatory variable among seasons. 



 46 

 Linear least square regressions were calculated between NDVI responses and the 

subsurface soil texture PCs within each season and desert.  Pearson correlation was used 

to calculate the correlation coefficients. 

 

Results 

Differences in NDVI responses within desert ecoregions 

 The ANOVA results indicated that climate and subsurface soil texture accounted 

for significant variation in NDVI responses within and among the three desert 

ecoregions.  The Chihuahuan Desert (Table 3, Fig. 3a) was not significantly influenced 

by subsurface coarse soil texture during any season (p > 0.1).  Subsurface fine texture did 

lead to marginally significant differences in NDVI responses during the winter months (p 

< 0.05), but only contributed 4.6% to the sums of squares.  Differences in Chihuahuan 

NDVI responses were primarily attributable to the climate PCs, which were also the 

primary contributors to model sums of squares.  

The Sonoran Desert exhibited a relative increase in the influence of soil texture on 

NDVI responses compared to the Chihuahuan Desert (Table 3, Fig. 3b).  Subsurface 

coarse texture PC was the main contributing factor to NDVI differences in the Sonoran 

Desert.  Subsurface coarse texture had the greatest influence on NDVI responses during 

the fore-summer (p < 0.0005), accounting for 17.5% of sums of squares.  Subsurface fine 

texture was not a contributing factor to NDVI responses during any season (p > 0.1), 

accounting for < 2% of model sums of squares.  Climate PC1 was the primary climatic 

contributor to differences in NDVI responses in all seasons, and climate PC2 was a 
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significant contributor to differences in NDVI responses during the winter and fore-

summer.     

Mojave Desert NDVI responses were highly influenced by subsurface soil texture 

(Table 3, Figure 3c).  Subsurface fine soil texture was an approximately equal contributor 

relative to the climate variables to differences in NDVI responses during the winter with 

16.5% sums of squares (p < 0.005).  During the fore-summer and monsoon seasons, fine 

texture was the greatest contributor, 70.0% (p < 0.0001) and 45.0% (p < 0.0005) of sums 

of squares.  Coarse subsurface soil texture was also a contributing factor to differences in 

NDVI, but was a less significant than fine subsurface texture in all seasons. 

 

Subsurface PC correlations to NDVI responses 

 Correlations between mean seasonal NDVI responses and subsurface texture 

ranged from insignificant (r < ±0.1) to highly significant (r = -0.5) depending on the 

desert ecoregion.  Chihuahuan Desert monsoon NDVI responses were only marginally 

significantly correlated to subsurface fine texture PC (r = 0.2, p < 0.1) (Fig. 4a) and were 

not significantly correlated to either subsurface coarse or fine textures during winter or 

fore-summer seasons.  Sonoran Desert NDVI was significantly and negatively correlated 

to subsurface coarse texture during all seasons (r > -0.4, p < 0.1), with the greatest 

correlation with Sonoran Desert fore-summer NDVI responses (r = -0.45, p < 0.1) (Fig. 

4b).  Sonoran Desert NDVI responses were not significantly correlated to subsurface fine 

texture during any season.  Mojave Desert NDVI was significantly negatively correlated 

to subsurface fine texture during all seasons (r > -0.4, p < 0.1), with increasing correlation 

from winter (r = -0.4) to fore-summer (r = -0.45) to monsoon (r = -0.5) (Fig. 4c).  Mojave 
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Desert NDVI was significantly positively correlated to subsurface coarse texture during 

the winter season (r = 0.3, p < 0.1), but was uncorrelated during the fore-summer and 

monsoon seasons. 

 

Discussion 

Long-term subsurface soil texture modulation of aboveground productivity 

 Over the 12-year study period, subsurface soil texture exerted significant 

influence on aboveground productivity regionally throughout the SW.  These results 

represent a stark departure from the overwhelming focus on the role of climate as the 

primary driver of long-term levels of aboveground productivity in dryland ecosystems, 

and empirically support the conclusion that the subsurface has a significant influence on 

aboveground vegetation dynamics (Kurc & Benton 2010; Cavanaugh et al. 2011; 

Sanchez-Mejia & Papuga 2014).  Our results support the modified conceptual model 

(Fig. 1) where seasonality of rainfall exerts a high degree of control over aboveground 

primary productivity dynamics (Jenerette et al. 2010), and precipitation seasonality is 

tightly coupled with subsurface soil texture in determining ANPP response to climate 

forcing.  Subsurface soil texture modulates the availability of stored winter precipitation 

for aboveground productivity throughout the SW, accounting for observed differences in 

NDVI responses on differing subsurface soil textures and in the three SW ecoregions.       

   

Differences in desert responses to subsurface soil texture 

Differences among desert ecoregion productivity response to subsurface soil 

texture are a function of the differing regional climatic regimes and dominant vegetation 
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community in each ecoregion.  The west-east gradient of the percentage of mean annual 

precipitation (MAP) that occurs in the winter (MacMahon & Wagner 1985), leads to 

significant storage of winter precipitation in subsurface soil layers in the Mojave and 

Sonoran Deserts (Cable 1977; Caldwell 1985; Scott et al. 2000), leading to greater 

subsurface influence on aboveground productivity during dry seasons.  The Chihuahuan 

Desert receives little winter precipitation, and displays insignificant differences in NDVI 

responses attributable to subsurface soil texture.   

The interaction of precipitation seasonality and dominant plant functional type in 

each desert ecoregion dictates the degree of subsurface soil texture modulation of 

aboveground productivity.  Due to the dominance of summer precipitation, Chihuahuan 

Desert grasses are more functionally active during the summer season, and are more 

responsive to summer precipitation (Cable 1975; Munson et al. 2013).  The shallow 

rooting system of grasses are better adapted to utilize shallow soil moisture, and are 

unaffected by subsurface soil texture (Jackson et al. 1996).  Conversely, the Sonoran and 

Mojave Deserts receive approximately half or more of their annual precipitation during 

the winter months, and display significant differences in NDVI responses due to 

subsurface soil texture.  The vegetation communities in the Mojave and Sonoran Deserts, 

which are dominated by shrubs, have deep rooting systems (Jackson et al. 1996) that can 

readily access subsurface soil moisture and are thus better adapted to utilize stored winter 

precipitation.  Winter precipitation has a greater probability of being stored in the 

subsurface due to reduced evapotranspiration during the winter months (Cable 1969, 

1980).  Subsequently, growing season ET is facilitated by winter precipitation stored in 

the subsurface (Yoder & Nowak 1999).  The conclusions of Yoder and Nowak and the 



 50 

results of the present study indicate that subsurface soil texture influence is not just a 

local phenomenon, but when considered with regional patterns of winter precipitation, 

subsurface soil texture influences regional-scale long-term average levels of aboveground 

productivity.  

 The interaction of winter precipitation and subsurface soil texture varied in the 

Sonoran and Mojave Deserts.  Fine subsurface soil texture was negatively correlated to 

aboveground productivity in the Mojave Desert, and coarse subsurface soil texture was 

negatively correlated to aboveground productivity in the Sonoran Desert.  The “inverse 

texture effect” likely becomes a determinant in determining the prevailing subsurface soil 

textural type that either facilitates or hinders aboveground productivity (Noy-Meir 1973; 

Epstein et al. 1997; Laio et al. 2001a).  In the Mojave Desert, fine subsurface texture 

prevents deep drainage and storage of precipitation, enabling loss of soil moisture to the 

atmosphere through evaporation (Alizai & Hulbert 1970; Wythers et al. 1999), and 

reduced aboveground productivity.  This explanation is also supported by the marginally 

positive correlations between coarse subsurface soil texture and NDVI during the winter 

season.  Conversely, in the Sonoran Desert the presence of coarse texture in the 

subsurface limited aboveground productivity. Due to higher MAP and the bimodal 

precipitation regime, coarse subsurface soil texture drives greater variation in 

aboveground productivity responses, and can lead to loss of moisture out of the root zone 

through enhanced deep infiltration capability.  This difference in Mojave and Sonoran 

Deserts long-term aboveground productivity responses to subsurface soil textural type 

could indicate fundamentally different responses to climate change between the two 

desert ecoregions. 
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Climate change implications 

Predicted precipitation regime change could potentially lead to changes in desert 

ecosystem function and structure (Fay et al. 2003; Báez et al. 2013); however, the role of 

subsurface soil texture in how desert ecosystem productivity responds to climate change 

is currently unknown.  Alterations in global precipitation patterns have been observed 

(Marvel & Bonfils 2013) and future climate scenarios predict the SW will likely receive 

similar precipitation amounts, but in more intense, less frequent events, with warmer 

winters overall and longer summer periods (Garfin et al. 2013).  Winter precipitation is 

the primary source of subsurface soil moisture recharge in the SW (Cable 1977; Caldwell 

1985).  While, there is a high degree of uncertainty regarding future changes in winter 

precipitation (Garfin et al. 2013), if the prevailing climate change prediction occurs, 

winter season temperatures will increase leading to winter season “drying”.  These results 

suggest that locations that are dependent on significant proportions of winter MAP for 

dry season production could experience long-term reductions in aboveground 

productivity.  Subsurface soil texture modulates available moisture (from winter 

precipitation) for aboveground productivity in the fore-summer or dry season (Yoder & 

Nowak 1999; Scott et al. 2000).  With warmer winters, higher rates of ET are possible; 

the store of moisture that drives fore-summer aboveground productivity would be 

reduced.  These results indicate that aboveground productivity during the dry season 

could be limited due to increased subsurface soil texture modulation of soil moisture 

availability.  
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Conclusion 

Subsurface soil texture is empirically and explicitly linked to aboveground 

primary productivity responses across the SW.  This study represents one of the first 

regional point-scale analyses of subsurface soil modulation of aboveground productivity 

in the SW.  This study clearly indicates that subsurface soil texture is a significant factor 

in determining long-term average aboveground productivity throughout the SW and that 

climate and subsurface soil properties have to be considered together to accurately 

quantify long-term ecosystem functioning (Fig. 1). These results suggest that in the 

future, subsurface soil texture could have a major role in determining the state of future 

dryland ecosystems in the SW; there is an imminent need to better understand the role of 

the subsurface on aboveground ecosystem functioning.  
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Figures 

Figure 1 

 

Figure 1 Conceptual Figure of soil moisture dynamics related to subsurface soil texture 

content and precipitation seasonality.  According to our hypothetical model coarse 

subsurface soil texture allows winter precipitation to be stored in the subsurface, whereas 

fine subsurface soil texture slows infiltration and storage.  During the summer season, 

due to increased air temperatures and rates of ET, subsurface soil texture content does not 

influence soil moisture storage or recharge.  Adapted from Sanchez-Mejia & Papuga 

2014. 
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Figure 2a 
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Figure 2b 

 

Figure 2 (a) Map of the west-east gradient of the percentage of mean annual precipitation 

that occurs in the winter.  Study sites are identified by the blue markers on the map, and 

occur throughout the Mojave, Sonoran, and Chihuahuan Deserts. (b) Map of average 

winter temperature in the SW.  The Sonoran Desert exhibits much warmer winters, where 

average winter temperatures can be as high as 24°C, compared to the Chihuahuan and 

Mojave Deserts during the winter season, where average temperatures can be below 0°C.   

(source: Desert Ecoregions: WWF; Climate Data: PRISM Climate Group). 
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Table 1 

 

Table 1 Principal component loadings for the subsurface soil textural PCA.  The 

subsurface is identified as “Illuvial Horizons.”  PC1 was related primarily to sand, and 

PC2 was related exclusively to silt and clay.  PC1 is referred to as representing the coarse 

fraction, and PC2 represents the fine fraction.   

 

Table 2. 

 

 Table 2 Principal component loadings for the seasonal climate PCAs.  During the winter 

and fore-summer, PC1 was related to maximum temperature and VPD.  During the 

monsoon, PC1 was related equally to all climate variables.  During the winter, PC1 was 

strongly related to precipitation, and during the fore-summer, PC2 was related to 

precipitation and DPD.  During the monsoon PC2 was related most to precipitation and 

minimum temperature.  PC1 can be interpreted as representing temperature, and PC2 can 

be interpreted as representing moisture.  

 

 

PC1 PC2
Sand 0.816 --
Silt -0.397 -0.714
Clay -0.419 0.7

% Variance 86.2 13.8

Particle Size Classes Illuvial Horizons

PC1 PC2 PC1 PC2 PC1 PC2
Precipitation 0.275 0.909 0.311 0.659 0.412 -0.589

Maximum Temperature -0.513 0.167 -0.523 -- -0.468 -0.339
Minimum Temperature -0.432 0.356 -0.477 -0.31 -0.435 -0.546
Vapor Pressure Deficit -0.518 0.103 -0.532 0.165 -0.484 -0.112
Dewpoint Depression -0.454 -- -0.345 0.661 -0.433 0.478

% Variance 72.2 16.5 67.7 20.2 83.6 12.6

Winter Foresummer MonsoonClimate Variables
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Table 3 

 

Table 2 The p-values for the seasonal linear models for each desert ecoregion in the SW.  

Subsurface fine texture led to significant differences in Mojave NDVI responses during 

the winter, fore-summer, and monsoon, with the most significant differences occurring 

during the fore-summer (p < 0.0001).  Subsurface coarse and fine texture did not lead to 

significant differences in Sonoran Desert NDVI responses during the winter.  Subsurface 

coarse texture led to significant differences in Sonoran Desert NDVI responses during the 

fore-summer (p < 0.0005) and monsoon (p < 0.01) seasons.  Chihuahuan Desert NDVI 

responses were marginally significantly different due to fine subsurface texture, p < 0.05, 

during the winter season, and insignificant differences during the fore-summer and 

monsoon.   

 

 

 

 

 

 

Ecoregion Explanatory Variable Winter Foresummer Monsoon
Climate PC1 0.00068 0.035 0.16
Climate PC2 <0.0001 0.27 0.0014

Subsurface PC1 0.060 0.075 0.20
Subsurface PC2 0.0021 <0.0001 0.00096

Climate PC1 <0.0001 <0.0001 <0.0001
Climate PC2 0.00036 0.00019 0.44

Subsurface PC1 0.21 0.00028 0.0081
Subsurface PC2 0.81 0.29 0.54

Climate PC1 0.44 0.0005 <0.0001
Climate PC2 <0.0001 0.038 0.122

Subsurface PC1 0.94 0.74 0.50
Subsurface PC2 0.021 0.82 0.20

Mojave

Sonoran

Chihuahuan



 63 

Figure 3a 
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Figure 3b 
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Figure 3c 

 

Figure 3 (a) Subsurface soil texture was a small contributor to the overall sums of squares 

in the Chihuahuan Desert (~0.0 – 5.9%).  Over the study period climate is the primary 

driver of NDVI responses.  (b) In the Sonoran Desert, subsurface soil texture was a small 

contributor to the sums of squares during the winter season. In the fore-summer, 

subsurface coarse texture contributed significantly to the sums of squares (17.5%).  
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During the monsoon, coarse texture contributed to the overall sums of squares (5.3%), 

but the contribution was diminished compared to the dry fore-summer.  (c) The Mojave 

Desert displayed the greatest contribution to differences in NDVI responses attributable 

to subsurface soil texture.  During the winter season, 16.7% of sums of squares was 

attributable to subsurface fine texture.  During the fore-summer (70.0%) and monsoon 

(45.0%), fine subsurface soil texture was the greatest contributor to differences in NDVI 

responses in the Mojave Desert.   
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Figure 4a 
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Figure 4b 
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Figure 4c 

 

Figure 3 The dashed line represents a correlation with a p-value < 0.10, this varied 

between the deserts due to the number of sites.  For a p = 0.1, Chihuahuan, r = ± 0.17; 

Sonoran, r = ± 0.16; Mojave, r = ±0.26. (a) In the Chihuahuan Desert, monsoon NDVI 

was positively correlated to subsurface fine texture (ILPC2), r = 0.2, SE = ±0.10.  (b) In 

the Sonoran Desert, subsurface coarse texture (ILPC1) was negatively correlated to 
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NDVI responses in all seasons, with the most significant correlation occurring during the 

fore-summer (r = -0.45, SE = ±0.09).  (c) In the Mojave Desert, subsurface coarse texture 

was most positively correlated to winter NDVI responses (r = 0.29, SE = ±0.15), but was 

uncorrelated during the fore-summer and monsoon.  Subsurface fine texture was 

negatively correlated to NDVI responses in all seasons, increasing to the monsoon season 

(r = -0.49, SE = ± 0.14). 
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Abstract 

 Soil moisture is one of the primary drivers of dryland ecosystem functioning.  Soil 

moisture availability is governed by complex interactions of climate, soil, and vegetation.  

The role of soil physical properties in modulating soil moisture availability, and 

subsequently dryland ecosystem functioning is not well understood.  This study examines 

how differences in soil texture in the surface and subsurface account for variation in 

aboveground productivity responses across the US Desert Southwest. We used an 

established decadal dataset of climate and normalized difference vegetation index 

(NDVI) collected from 2000 – 2011, and soil textural data to account for differences in 

long-term seasonal average NDVI and seasonal NDVI variation. Entire profile and 

subsurface soil texture accounted for significant differences in long-term average NDVI 

responses in winter and fore-summer, but not during the monsoon season.  Climate and 

desert were the primary causes of seasonal variation in NDVI responses.  Soil texture 

constantly exerts pressure on aboveground productivity, and significantly contributes to 

determining long-term averages in aboveground productivity, while seasonal variation in 

aboveground productivity responses is controlled by climate.  Our results indicate that 

climate is coupled with soil physical properties in driving aboveground productivity 

dynamics in the SW, and both climate and soil physical properties need to be used to 

fully predict future vegetation responses to climate forcing.  Our results suggest that as 

the climate of the SW shifts, soil physical properties could become larger drivers of 

aboveground productivity responses.   
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1.0 Introduction 

The North American Desert Southwest (SW) is expected to see transformative 

change in ecohydrological functioning over the next century (Wilcox, 2010).  Small-scale 

point data has demonstrated that soil moisture dynamics can account for significant 

changes in aboveground primary productivity (Kurc and Benton, 2010), there is a gap in 

our understanding of the role that soil physical properties play in modulating region-wide 

ecosystem dynamics in the SW.  This study will directly address this gap using empirical 

soils, vegetation, and climate datasets, and will examine the role of soil physical 

properties in regional scale ecosystem responses to climate forcing. 

The ecohydrological functioning of desert ecosystems is the result of a complex 

interaction of soil physical properties, vegetation, and climate (D'Odorico et al., 2010; 

Jenerette et al., 2012; Newman et al., 2006; Rodriguez-Iturbe, 2000).  Desert ecosystems 

behave as pulse-reserve systems (Ludwig et al., 2005; Noy-Meir, 1973; Reynolds et al., 

2004); where, a moisture trigger has to be applied to the system in order for respiration to 

occur (Cable et al., 2008; Huxman et al., 2004).  Precipitation is the primary source of 

moisture in desert ecosystems (Jenerette et al., 2010); however, precipitation must pass 

through the soil system, becoming soil moisture, before being accessible to vegetation 

(Cavanaugh et al., 2011).  Through soil moisture, climate and soil are inherently linked to 

vegetation (Rodriguez-Iturbe, 2000), and soil moisture becomes one of the primary 

drivers of desert ecosystem productivity (Schnur et al., 2010; Wang et al., 2007).  

However, measuring soil moisture on regional scales is very difficult, and remote sensing 

techniques are typically only best suited for measuring moisture content in surficial layers 

(Schmugge, 1998).  Soil physical properties exert a major influence on the amount and 
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availability of soil moisture for desert vegetation (Brady and Weil, 2002), and likely exert 

indirect influence on the aboveground productivity of desert vegetation.  However, we 

currently lack an accurate understanding of how soil physical properties interact with 

climate to modulate regional-scale aboveground productivity responses to climate forcing 

in dryland ecosystems.  

Soil physical properties exert a large influence on soil moisture availability to 

desert vegetation.  Soil texture, or the relative proportions of sand-, silt-, and clay-sized 

particles, influences the amount of available soil moisture (English et al., 2005; Laio et 

al., 2001b; Rodriguez-Iturbe and Porporato, 2004).  Soil texture modulates the amount of 

soil moisture that is subsequently available to desert vegetation (Fernandez-Illescas et al., 

2001; Laio et al., 2001). The modulation of soil moisture by soil texture leads to indirect 

modulation aboveground net primary productivity (ANPP) (Epstein et al., 1997), and can 

create situations where soil moisture is unavailable and can lead plant stress (Hamerlynck 

et al., 2000).  The cycling of soil moisture availability is also dependent upon climate, 

and plays a major role in driving seasonal cycles of vegetation productivity, especially 

during dry seasons (Scott et al., 2000; Yoder and Nowak, 1999).  

The majority of studies examining the impact of soil physical properties on 

aboveground productivity have focused primarily on local impacts on productivity.  Most 

regional-scale studies are concerned with identifying trends between vegetation 

productivity and climate (Jenerette et al., 2010; Williamson et al., 2012); conversely, 

relatively few studies have examined the role of soil physical properties on regional scale 

patterns of aboveground productivity.  Of the studies that have examined the regional 

influence exerted by soils, there is no general consensus if soils exert any regional 
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influence on aboveground productivity.  Nicholson and Farrar (1994) and Farrar et al. 

(1994), found a strong correlation between rainfall amount and rainfall use efficiency and 

normalized difference vegetation index (NDVI) in a semiarid Botswana savanna.  

Regional differences in NDVI responses on five differing soil orders were detected, but 

differences in NDVI responses could not be linked to differences in soil moisture 

generation due to soil order.  Conversely, Lozano-García et al. (1991) found land-cover 

type, soil texture, and water-holding capacity significantly influenced vegetation biomass 

in a temperate forest.  The lack of consensus on the regional influence of soil physical 

properties ultimately leads to uncertainty in trying to model how dryland ecosystems may 

respond to future climate scenarios.  

This study addresses three key questions in understanding how soil physical 

properties modulate regional ecosystem responses in dryland systems: (i) does soil 

texture influence long-term aboveground primary productivity dynamics in the SW, (ii) is 

there a seasonality to the influence of soil texture, and (iii) is it possible to predict long-

term average seasonal vegetation responses based on climate and soil conditions alone? 

We hypothesize that soil texture will lead to significant differences in long-term average 

ANPP, and that soil texture modulation of ANPP will be strongest during the driest 

seasons of the year.  We also hypothesize that climate will lead to significant differences 

in both long-term average and variation of ANPP. 
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2.0 Methods and Materials 

2.1 Physiography and Study Sites 

The SW can be split into three ecoregions: the Mojave, Sonoran, and Chihuahuan 

Deserts, which experience distinct climatic regimes, along a west to east gradient (Fig. 1) 

(MacMahon and Wagner, 1985).  The Mojave Desert is dominated by winter 

precipitation, with some locations receiving close to 90% of mean annual precipitation 

between November and March (Fig. 1b) (PRISM 30-year Precipitation Normals, 1971-

2000, PRISM Group, Oregon State University, http://oldprism.nacse.org/).  The Sonoran 

Desert exhibits a bimodal precipitation regime, approximately 50% of annual 

precipitation occurs during the summer monsoon season and 50% occurring during the 

winter season.  The Chihuahuan Desert receives little to no winter precipitation, and 

receives the majority of annual precipitation between April and October. 

The average winter temperature varies between deserts (Fig. 1c) (PRISM 30-year 

Temperature Normals, 1971-2000, PRISM Group, Oregon State University, 

http://oldprism.nacse.org/).  The Sonoran Desert is warmer throughout the winter seasons 

when compared to the Mojave and Chihuahuan Deserts.  Both the Mojave and 

Chihuahuan deserts experience cold winters.  The temperature differences between the 

deserts are a function of elevation.  The Sonoran Desert is lowest in elevation with an 

average elevation of ~ 430 m; the Mojave and Chihuahuan deserts are higher in 

elevation, with average elevations of ~ 710 m and ~ 1260 m, respectively (PRISM 2.5-

arc-minute resolution DEM, ftp://ftp.ncdc.noaa.gov/pub/data/prism100/us_25m.dem.gz, 

accessed December 2013).  The elevations of the study sites ranged from ~ 40 m to < 

1500 m, with a median elevation of ~ 722 m across the SW. 
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Initially, 374 candidate study sites from the National Cooperative Soil 

Characterization (NCSS) (http://ncsslabdatamart.sc.egov.usda.gov/) database were 

identified across the SW.  All study sites were located on natural, basin floor, alluvial fan 

deposits and remnants, and within the 3 ecoregions of the SW, the Mojave, Sonoran, and 

Chihuahuan Deserts.  The study sites were then filtered to exclude all sites located on 

heavily developed urban and agricultural land using the National Land Cover Database 

2006 (NLCD, http://www.mrlc.gov/nlcd06_data.php, accessed July 2013).  Sites with 

incomplete soil characterization data were excluded.  After the filtering process, 234 

locations were retained: 90 sites in the Chihuahuan Desert, 103 sites in the Sonoran 

Desert, and 41 sites in the Mojave Desert.   

 

2.3 Data Set 

2.3.1 Soil Physical Properties 

 From the NCSS soil characterization database percent sand, silt, and clay content, 

and horizon designation and thickness were collected for each study site.  Depth weighted 

soil texture was summarized over the entire profile, surface eluvial, and subsurface 

horizons for each study site.  The surface eluvial horizon was defined as: A-, E-, and C-

horizons, and subsurface horizon was defined as: and B- and C-horizons.  The entire 

profile (Fig. 2a), surface (Fig 2b) and subsurface (Fig. 2c) depth weighted textures ranged 

from pure sand to predominately clay, and spanned all categories of the USDA soil 

texture classification system (Soil Survery Staff, 2010). 

 

2.3.2 Climate  
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Climate data from the PRISM Climate dataset consisting of: monthly 

precipitation, maximum temperature (Tmax), minimum temperature (Tmin), and dewpoint 

temperature (Tdew) (PRISM Group, Oregon State University, 

http://www.prism.oregonstate.edu, accessed September 2012) were collected from 

January 2000-December 2011.  Climate time series from the PRISM dataset were 

extracted at each study site using ArcGIS (ESRI, Redlands, CA).  Dewpoint depression 

(DPD) and vapor pressure deficit (VPD) were used in the analysis, and were calculated 

from the Tmax and Tdew using the standard equations (Murray, 1967). 

Seasons were defined monthly within the data set: winter from November to 

March, fore-summer from April to June, and monsoon from July to October.  Mean 

seasonal responses were calculated by averaging maximum temperature, minimum 

temperature, VPD, and DPD from each month into one seasonal value.  Seasonal 

cumulative precipitation was calculated by summing the precipitation amounts from the 

months corresponding to each season.   

 

2.3.3 Ecosystem Productivity 

 Ecosystem productivity was determined using normalized difference vegetation 

index (NDVI) as a proxy for aboveground primary productivity (Williamson et al., 2011; 

Paruelo et al., 1997).  NDVI data from the NASA Moderate Resolution Imaging 

Spectroradiometer (MODIS) were collected from February 2000 to December 2011.  

NDVI data were extracted using ArcGIS with a 500 m buffer at each study site.  MODIS 

NDVI data are reported on an ~16 day interval, making this data incompatible with the 

monthly PRISM climate time series.  To create a compatible time frame with the PRISM 
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climate data, the NDVI data were smoothed to a monthly time interval using a linear 

approximation in R (www.r-project.org, version 3.0.0, 2013-04-13).  Average seasonal 

NDVI responses were calculated for the same time periods as the climate time series for 

each study site.     

 

2.4 Statistics 

2.4.1 Data Preparation and Reduction 

All data preparation and analysis was completed using established functions in R.  

Principal component analysis (PCA) was used to combine the depth weighted soil 

textures into uncorrelated variables.  Separate PCAs were run for the entire profile, 

surface and subsurface depth weighted texture variables using the covariance matrix, and 

did not require standardization because all textural contents were in percentages.  The 

first and second principal components (PC) were used in the analyses.  The eigen vectors 

were used to interpret the PCs.  Texture PC1 was related most strongly to sand (< 0.80), 

and represents coarse texture content; texture PC2 was related exclusively to silt (~ -0.70) 

and clay content (0.70), and represents fine texture content for the entire profile, surface, 

and subsurface horizons (Table 1).  The first two PCs corresponded to ~100% of the 

variance for all three soil profile discretizations. 

PCA was used to combine the climate variables into uncorrelated variables (Table 

2).  The seasonal climate responses were averaged into one value for each study site, and 

were standardized using z-scores.  Separate PCAs were run for each season using the 

covariance matrix, and the first and second PCs were used in the analyses. The mean PC 

loadings shifted between seasons, and were interpreted using the eigen vectors.  Mean 
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climate PC1 was primarily related to maximum temperature and VPD in both the winter 

(-0.513 and -0.518, respectively) and fore-summer (-0.523 and -0.532, respectively) 

seasons, and is interpreted as derived from temperature differences.  Mean climate PC1 

was approximately equally related to all climate variables during the monsoon season, 

and can be interpreted as deriving from both moisture and temperature during the 

monsoon season.  Mean climate PC2 was strongly related to precipitation during the 

winter season (0.909), and precipitation (0.659) and DPD (0.661) during the fore-summer 

seasons, and is interpreted as deriving primarily from moisture.   During the monsoon 

season, mean climate PC2 was related to precipitation (-0.589), minimum temperature (-

0.546), and DPD (0.478), and is likely derived primarily from moisture, but additionally 

temperature. 

Seasonal coefficients of variation (CV) for each climate variable at each site were 

determined.  The CVs for each study site were standardized using z-scores, and separate 

PCAs were run for each season based on the covariance matrix, and the eigen vectors 

were used to interpret the PCs (Table 3).  The first and second PCs were used in the 

analyses.  CV climate PC1 was primarily related to VPD (-0.650) and DPD (-0.507) 

during the winter.  During the fore-summer and monsoon, CV climate PC1 was related 

primarily VPD (~ -0.570) and Tmax (~ -0.550).  During the winter, CV climate PC2 was 

related most strongly to Tmax (0.675) and DPD (-0.591).  CV climate PC2 in the fore-

summer and monsoon was related most strongly to variation in precipitation (0.686 and 

0.719, respectively).  During the winter, CV climate PC1 represented variation in 

moisture, however, CV climate PC2, during the fore-summer and monsoon, represented 

variation in temperature more strongly.  During the winter, CV climate PC2 represented 
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variation in temperature, whereas, during the fore-summer and monsoon, CV climate 

PC2 represented variation in precipitation more strongly.   

For each study site, the seasonal NDVI observations were averaged into one long-

term average seasonal value and seasonal CV was calculated.  Mean and CV seasonal 

NDVI values were natural log transformed to achieve normality.   

 

2.4.2 Analysis of Variance 

 Using the mean climate PCs, soil textural PCs, and desert location as explanatory 

variables, and NDVI values as the response variable, analysis of variance (ANOVAs) 

was used to test for differences in NDVI responses between the study sites within each 

season attributable to soil textural differences.  ANOVAs were completed that examined 

the effect of each soil horizon category separately within each season.  The soil textural 

PCs were considered after the effects of climate PCs and desert location.  ANOVAs were 

used to test for differences in NDVI CV responses between the study sites and CV 

climate PCs, soil textural PCs, and desert locations.  Separate ANOVAs were completed 

for each soil texture horizon category and season.  Again, soil textural PCs were 

considered after the effect of climate variation and desert location. 

The percentage of the sums of squares attributable to each explanatory variable 

was calculated for the mean ANOVAs and CV ANOVAs.  The percent sums of squares 

were calculated as SSEvariable/SSTmodel.  The percent sums of squares highlight the relative 

contribution of each explanatory variable in accounting for variation in the response 

variable.  Additionally, the percent sums of squares facilitate qualitative comparisons of 

the seasonal responses, and the contributions of the explanatory variables.  
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2.4.3 Multiple regression modeling 

Multiple regression modeling was completed to test for the usefulness of soil 

texture in predicting mean seasonal NDVI responses.  Models were built for each season 

separately.  Models were calculated using only climate PCs, and models were calculated 

using both climate and subsurface texture PCs.  Only significant interactions between the 

predictors were allowed.  The percent increase in the r2 and the percent decrease RMSE 

between the climate only models and climate + soil models were calculated.  Akaike’s 

information criterion (AIC) was calculated for each model to ensure the additional soil 

texture and interaction parameters led to better regressions.  ANOVA was used to test for 

significant differences between the climate-only and climate + soil models.   

 

3.0 Results 

3.1 Differences in NDVI responses between all study sites 

 Climate, desert location, and soil texture accounted for significant differences in 

NDVI responses (Table 3).  The climate PCs accounted for significant differences 

(p<0.0001) during all seasons, expect climate PC1 during the winter season.  Desert 

location accounted for significant differences during the winter and fore-summer seasons, 

but not during the monsoon season.  Entire profile (p<0.0001) and illuvial (p<0.001) fine 

texture (PC2) accounted for more significant variation in NDVI responses during the 

winter and fore-summer, but not during the summer monsoon.  Eluvial soil texture only 

accounted for marginally significant differences in NDVI responses during the winter 

season (p<0.05). 
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 There were seasonal shifts in the influence of each explanatory variable (Fig. 4).  

The climate PCs and desert location led to differences in NDVI responses throughout all 

seasons.  Fine soil texture content contributed to differences in NDVI during the winter 

season, 5.1% of sums of squares.  During fore-summer, the contribution of the fine 

texture PC increased, 8.8% of sums of squares.  During the monsoon season, there was 

no contribution of the textural PCs to differences in NDVI responses between all study 

sites, < 1% of sums of squares.  Coarse texture was not a strong contributor to differences 

in NDVI responses during any season between all study sites, < 1% of sums of squares in 

all seasons. 

 Illuvial depth weighed texture exhibited a near identical influence on NDVI 

responses as entire profile soil texture.  Eluvial depth weighted texture exhibited similar 

patterns as both illuvial and entire profile depth weighted percent sums of squares, but the 

percent sums of squares attributable to eluvial soil texture are decreased.     

 

3.2 Differences in NDVI coefficient of variation between study sites 

 Climatic coefficients of variation and desert location were the primary sources of 

differences in the variation in NDVI responses (Table 4).  CV climate PC1 did not 

account for differences during the winter season, but did account for significant 

differences in NDVI variation in the fore-summer (p < 0.001) and monsoon (p < 0.0001) 

seasons.  During the winter season, CV climate PC2 accounted for significant differences 

in NDVI variation (p < 0.0001).  Desert location accounted for significant differences in 

NDVI variation during both the winter (p < 0.0005) and monsoon (p < 0.0001).  
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Overall, soil texture could not account for differences in NDVI variation between 

the study sites.  Eluvial fine texture accounted for marginal differences in winter NDVI 

variation (p < 0.1).  Both entire profile (p < 0.1) and illuvial (p < 0.1) coarse texture 

account for marginal differences in monsoon NDVI variation.  Soil texture did not 

account for differences in fore-summer NDVI variation (p > 0.1).   

 The percent sums of squares displayed little seasonal change in the influence of 

soil texture.  Soil texture displayed the greatest contribution to model sums of squares 

during the fore-summer; however, these contributions to model sums of squares were 

statistically insignificant.  Illuvial horizon coarse texture (6.8%) and fine texture (4.8%) 

contributed most to the fore-summer model sums of squares.  Seasonal change in the 

climate variation contribution to the model sums of squares shifted from CV climate PC1 

in the winter to CV climate PC2 in the fore-summer and monsoon, accounting for ~ 80% 

of sums of squares.  The shift form CV climate PC1 to CV climate PC2 represents the 

control of temperature variation on NDVI variations between the study sites.  Desert 

location was a relatively constant contributor to differences in NDVI responses (~ 20%) 

throughout all seasons.  

 

3.3 Multiple Regression Modeling 

 Multiple regression modeling yielded the ability to predict average seasonal 

NDVI values.  The climate and soil seasonal multiple regression models yielded: winter 

r2=0.47, RMSE=305.6; fore-summer r2=0.40, RMSE=250.6; and monsoon r2=0.67, 

RMSE=336.7 (Table 5).  Climate and soil texture yielded better model regressions in all 

seasons: winter r2 increased by 7.6%, fore-summer r2 increased by 33.9%, and monsoon 
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r2 increased by 6.2%, over regressions using climate variables alone.  RMSE of climate 

and soil models versus climate only models decreased in all seasons: winter RMSE 

decreased by -2.2%, fore-summer RMSE decreased by -5.6%, and monsoon RMSE 

decreased by -4.9%.  The inclusion of illuvial soil texture in the multiple regression 

models decreased AIC for each season. 

 

4.0 Discussion 

4.1 Regional Soil Texture Modulation of Ecosystem Responses 

 Soil texture was a significant factor in determining long-term average 

aboveground primary productivity, with the most significant differences attributable to 

soil texture occurring in the fore-summer.  However, soil texture could not account for 

long-term seasonal aboveground productivity variation; variation in climate was the 

primary factor controlling aboveground productivity variation. These results indicate, that 

while soil texture is not a factor in determining season-to-season variation in ANPP 

responses, soil texture does determine long-term levels of aboveground productivity.  

These results also indicate soil texture modulation of aboveground primary productivity 

to climate forcing is a regional-scale phenomenon, and not just a local phenomenon 

(English et al., 2005; Yoder and Nowak, 1999). While, previous studies could not 

identify specific regional effects attributable to soil (Farrar et al., 1994), this study 

indicates that specific soil physical properties, such as soil texture, can exert significant 

influence on long-term average regional aboveground productivity responses. Lozano-

García et al. (1991) found similar results working in a mesic-humid system suggesting 
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that soil texture modulation of regional long-term aboveground productivity responses 

may not be restricted to arid or semiarid ecosystems. 

Soil texture modulates the availability of soil moisture to vegetation across the 

entire SW region, but is likely dependent on regional climatic regimes.  The higher 

degree of soil texture influence on NDVI responses during the fore-summer suggests that 

winter precipitation may be an important regional determinant in dry season aboveground 

productivity.  When winter precipitation occurs, there is a greater probability this 

precipitation will be stored in the soil subsurface due to reduced evapotranspiration (ET) 

during the winter months (Cable, 1980, 1969).  The availability of winter precipitation-

derived soil moisture reserves enable aboveground productivity across the SW (Yoder 

and Nowak, 1999), but the availability of this moisture to vegetation is dependent on soil 

physical properties (Fernandez‐Illescas et al., 2001).  There are likely differences 

between the three desert ecoregions of the SW, due to the west-east gradient of winter 

precipitation occurrence (MacMahon and Wagner, 1985). The Chihuahuan Desert 

receives little winter precipitation, whereas, the Sonoran and Mojave Deserts receive 

approximately half or more of their annual precipitation during the winter months.  The 

west-east gradient of winter precipitation may play a crucial role in the soil texture effects 

on aboveground productivity, and soil texture may display a similar west-east gradient in 

soil textural influence during the fore-summer.   

 

4.2 Predicting aboveground primary productivity 

 Overall, the multiple regression models were able to predict long-term average 

aboveground primary productivity responses based on climate and subsurface soil texture 
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alone, without consideration of desert location. Including subsurface soil textural model 

parameters in the models led to the increase in r2 in every season.  Including subsurface 

soil texture led to the greatest increase in r2 during the fore-summer, suggesting that 

vegetation extracts moisture from the subsurface during this time of the year (dry season).  

Due to increased subsurface moisture utilization during the fore-summer, subsurface soil 

texture becomes a major consideration in determining aboveground primary productivity.  

 Many predictive vegetation models either simplify or lack quantification of the 

role of soil texture and other soil physical properties in aboveground vegetation 

responses.  Soil properties are simplified into static layers that generalize the effect of soil 

texture and other soil physical properties role on soil moisture; or, the resolution of 

predictive vegetation models are too coarse consider the effects of soil physical properties 

(Notaro et al., 2012; Sitch et al., 2003).  Additionally, soil physical properties are often 

only considered indirectly through other variables such as slope inclination or aspect 

(Franklin, 1998). The lack of including soil physical properties more directly, 

underestimates the importance of soil properties in aboveground vegetation responses to 

climate, and increases model uncertainty (Heikkinen et al., 2006).  Several studies in 

temperate and arctic systems have found that predicting the ranges of a wide range of 

organisms were more accurate with the inclusion of soil properties (Iverson and Prasad, 

1998; Sormunen et al., 2011; Titeux et al., 2009), and without including soil properties 

could produce bias in model predictions.  The results of this study demonstrate that in 

arid and semiarid ecosystems soil physical properties are likely exerting a significant 

influence on aboveground primary productivity, and are important in determining long-

term levels of ANPP.  Future predictive vegetation models need to fully include more 
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accurate representation of soil properties in order to more fully understand the regional 

role of soil properties under more novel climatic regimes.   

 

4.3 Climate Change Implications 

 The climate of the SW is spatially and temporally variable (Sheppard et al., 2002), 

and is characterized by intense precipitation events, with significant dry periods between 

events (Lauenroth and Bradford, 2009).  Future climate scenarios indicate the SW will 

likely experience more intense precipitation events, with long, more severe droughts, 

warmer winters, and longer summer periods (Garfin et al., 2013).  Predicted precipitation 

regime change could potentially lead to changes in desert ecosystem function and 

structure.  Experimental alterations in the amount and timing of precipitation resulted in 

reductions in C4 grassland productivity (Fay et al., 2003) and plot scale changes in 

species composition and reduced ground cover of Chihuahuan C4 grassland (Báez et al., 

2013).  Historical changes in species cover across the Chihuahuan desert have been 

observed (Munson et al., 2013), and were linked to changes in precipitation.  However, 

the role soil physical properties will have in how desert ecosystems respond to climate 

change is currently unknown.  

This study indicates that soil texture may have a potentially major and increasing 

role in desert ecosystem response to climate change.  Soil texture was a determining 

factor in long-term average levels of aboveground productivity; if the prevailing climate 

change prediction occurs, and the precipitation regime shifts to more intense events with 

significant periods of drought, soil physical properties could become key in determining 

aboveground primary productivity.  Winter precipitation is important in driving dry 
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season ANPP (Scott et al., 2000; Yoder and Nowak, 1999); decreases in winter-

precipitation derived soil moisture throughout SW could increase future soil texture 

modulation of soil moisture availability. If the climate of the SW becomes more variable 

in the future, soil texture could become a major controlling factor in determining long-

term levels of aboveground primary productivity.  While the future state of the 

precipitation of the SW is uncertain (Garfin et al., 2013), this study indicates that soil 

texture could become a major determinant in how the dryland ecosystems of the SW 

respond to future climate change.  

 

5.0 Conclusions 

 Soil physical properties and climate modulate the availability of soil moisture to 

desert ecosystems.  Subsequently, soil texture accounted for significant differences in 

long-term average NDVI responses throughout the SW.  However, soil texture was not 

responsible for season-to-season variation in NDVI responses, climate was the primary 

driver of seasonal variation in aboveground primary productivity.  Often, a large amount 

of attention is paid to extreme climatic events, which induce large-scale variation in 

aboveground dynamics, and can and do have major impacts on dryland ecosystems. 

However, constant, background forces, such as soil texture modulation of long-term 

average aboveground primary productivity need to be considered as still exerting 

significant influences on dryland ecosystem function. Soil texture and other properties 

needs to be considered in modeling efforts of vegetation responses to climate forcing and 

change, and not including soil physical properties could lead to uncertainty in model 

predictions. Climate change-induced changes in precipitation regime could lead to 
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significant shifts in aboveground vegetation dynamics throughout the SW, and this study 

indicates that soil texture will likely have a significant role in determining future dryland 

ecosystem responses.   
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Figure 1 Source: Desert Ecoregions: WWF; Climate Data: PRISM Climate Group 
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Figure 1b 
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Figure 1c 

 

Table 1 

 

Table 2 

 

PC1 PC2 PC1 PC2 PC1 PC2
Sand 0.816 -- 0.816 -- 0.813 --
Silt -0.403 -0.71 -0.397 -0.714 -0.472 -0.666
Clay -0.414 0.704 -0.419 0.7 -0.341 -0.742

% Variance 85.5 14.5 86.2 13.8 86.5 13.5

Entire Profile Illuvial Horizons Eluvial HorizonsParticle Size Classes

PC1 PC2 PC1 PC2 PC1 PC2
Precipitation 0.275 0.909 0.311 0.659 0.412 -0.589

Maximum Temperature -0.513 0.167 -0.523 -- -0.468 -0.339
Minimum Temperature -0.432 0.356 -0.477 -0.31 -0.435 -0.546
Vapor Pressure Deficit -0.518 0.103 -0.532 0.165 -0.484 -0.112
Dewpoint Depression -0.454 -- -0.345 0.661 -0.433 0.478

% Variance 72.2 16.5 67.7 20.2 83.6 12.6

Winter Foresummer MonsoonClimate Variables
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Table 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PC1 PC2 PC1 PC2 PC1 PC2
Precipitation 0.442 -0.329 -0.239 0.686 0.106 0.719

Maximum Temperature -0.351 0.675 0.529 0.447 0.56 --
Minimum Temperature -- 0.256 0.413 -0.108 0.257 0.591
Vapor Pressure Deficit -0.65 -0.146 0.572 0.292 0.574 -0.191
Dewpoint Depression -0.507 -0.591 0.406 -0.481 0.529 -0.303

% Variance 43.1 24.2 48.3 25.9 57.0 26.9

Climate Variables Winter Foresummer Monsoon
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Figure 2a 
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Figure 2b 
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Figure 2c 
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Table 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Explanatory Variable Winter Foresummer Monsoon
Climate PC1 0.99 < 0.0001 < 0.0001
Climate PC2 < 0.0001 < 0.0001 < 0.0001

Desert < 0.0001 < 0.0001 0.05
Entire Profile Texture PC1 0.12 0.69 0.38
Entire Profile Texture PC2 < 0.0001 < 0.001 0.30

Climate PC1 0.99 < 0.0001 < 0.0001
Climate PC2 < 0.0001 < 0.0001 < 0.0001

Desert < 0.0001 < 0.0001 0.05
Eluvial Texture PC1 < 0.05 0.70 0.71
Eluvial Texture PC2 < 0.05 < 0.01 0.96

Climate PC1 0.99 < 0.0001 < 0.0001
Climate PC2 < 0.0001 < 0.0001 < 0.0001

Desert < 0.0001 < 0.0001 0.05
Illuvial Texture PC1 0.13 0.73 0.36
Illuvial Texture PC2 < 0.001 < 0.001 0.29

P-values of mean seasonal ANOVA
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Figure 3a 

 

 

 

 

 

 

0

25

50

75

100

Winter Foresummer Monsoon
Season

%
 S

um
 o

f S
qu

ar
es Variable

Climate PC1−"Temperature"
Climate PC2−"Moisture"
Desert
Coarse Fraction
Fine Fraction

Entire Profile Texture Effects



 105 

Figure 3b 

 

 

 

 

 

 

0

25

50

75

100

Winter Foresummer Monsoon
Season

%
 S

um
 o

f S
qu

ar
es Variable

Climate PC1−"Temperature"
Climate PC2−"Moisture"
Desert
Coarse Fraction
Fine Fraction

Illuvial Horizon Texture Effects



 106 

Figure 3c 
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Table 4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Explanatory Variable Winter Foresummer Monsoon
Climate PC1 0.71 < 0.001 < 0.0001
Climate PC2 < 0.0001 0.20 < 0.05

Desert < 0.001 0.11 < 0.0001
Entire Profile PC1 0.90 0.28 < 0.10
Entire Profile PC2 0.47 0.42 0.68

Climate PC1 0.70 < 0.001 < 0.0001
Climate PC2 < 0.0001 0.20 < 0.05

Desert < 0.0005 0.11 < 0.0001
Eluvial PC1 0.39 0.68 0.35
Eluvial PC2 < 0.10 0.84 0.39
Climate PC1 0.71 < 0.001 < 0.0001
Climate PC2 < 0.0001 0.20 < 0.05

Desert < 0.001 0.11 < 0.0001
Illuvial PC1 0.68 0.25 < 0.10
Illuvial PC2 0.54 0.33 0.76

P-values of seasonal CV ANOVA
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Figure 4a 
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Figure 4b 
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Figure 4c 
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Table 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Season
Model 

Category Model Structure r2 RMSE AIC
% Increase 

in r2
% RMSE 
Decrease

Climate 
Only Climate PC2 0.44 312.6 -133.3

Climate + 
Illuvial Soil

Climate PC2 + Illuvial Texture 
PC2 0.47 305.6 -145.5

Climate 
Only

Climate PC1 + Climate PC2 + 
Climate PC1 * Climate PC2 0.30 265.6 -166.7

Climate + 
Illuvial Soil

Climate PC1 + Climate PC2 + 
Illuvial Texture PC2 + Climate 

PC2 * Illuvial Texture PC2 
0.40 250.6 -199.0

Climate 
Only Climate PC1 + Climate PC2 0.63 353.9 -120.3

Climate + 
Illuvial Soil

Climate PC1 + Climate PC2 + 
Illuvial Texture PC2 + Climate 

PC1 * Illuvial Texture PC2
0.67 336.7 -142.3

-2.2

-5.6

-4.9

Multiple Regression Models

Winter

Foresummer

Monsoon

7.6

33.9

6.2
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Figure 5a 
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Figure 5b 
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Figure 5c 
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