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ABSTRACT OF THE DISSERTATION

Ecohydrological Analysis of the Transport of Nitrate and Ammonium
in Sandy Desert Soils in Southern California

by
Julie Marie Scanlan
Doctor of Philosophy, Graduate Program in Environmental Sciences

University of California, Riverside, March 2012
Dr. Jiti Siminek, Chairperson

Disruptions of the hydrological and nitrogen cycles in arid regions can sgrioysct
desert ecosystems by altering the fire cycle and exacerbatftgishiegetation. With
the potential for nitrogen deposition, spread of invasive species, and climatgedo
alter the hydrological and nitrogen cycles, understanding these cyclesdssary for
assessing the threats to desert ecosystems. This dissertatiorsiparonnections
between the hydrological and nitrogen cycles in sandy soils in arid ecosystem
analysis of the hydrological cycle suggested that the water fluglaymegative
potentials during the dry summers contributes significantly to the total awate flux
at two study sites in the Sonoran desert. Because commonly-used soil hydrauls&c model
do not accurately approximate the retention curve at highly negative potentials,
predictions of liquid water flow at moderate potentials during the growing seesen
inaccurate due to very dry initial conditions. An examination of how monthly nitrate

Vi



measurements throughout the top 100cm of soil varied with precipitation at the same
study sites showed how strongly the hydrological cycle affects the mtoygée in the
desert. After rapid nitrate creation followed the first rains of the gipg@ason, the
leaching of nitrate with subsequent rainfalls was likely a major faatgicg nitrogen
limitation in annual plants. Significantly greater nitrate in the soilatsdertilized with
ammonium nitrate relative to unfertilized plots throughout the dry summer sutjtjeste
a considerable amount of nitrate in the soil was not taken up by plants. Variations in
ammonium measurements with precipitation in the soil at the sites wwelarly

analyzed. Results suggest that the adsorption of ammonium is likely an mhfectar

in increasing nitrogen availability to short-rooted plants through inh@lgaching.
Identifying how the hydrological cycle influences the nitrogen ciyclerid ecosystems is

critical for predicting how deserts will change in the future.
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General Introduction

The innovations of modern science have given humankind the ability to better understand
the complex, interconnected processes of the living world, as well as er giagadcity to

affect these processes in often unintended and detrimental ways. The gfutstiiter
advancements in the knowledge and understanding of the chemical, physical, and
biological processes of the natural world is critical if humanity detiresntrol the

impact it has on the planet. The complexity and interconnectivity of life on Earth
necessitates the analysis of not only individual natural processes but also offemmatdi

processes relate to each other.

The nitrogen (N) cycle is among the processes critical to life on Eardndyrbeing
altered by human activities. Despite nitrogen composing approximately 786 of
atmosphere, its availability to life is severely restricted by the ibhabil most organisms
to break the triple bonds of the abundant elemental nitroggn ke anthropogenic
release of biologically-available N can eliminate natural regtniston N availability in

ecosystems and destabilize the N cycle.

Between 1860 and 1990, the amount of reactive N being created by humans is estimated
to have increased by an order of magnitude, with human activity estimated to be
responsible for about 40% of reactive N created worldwide by 1990 (Galloway et al
2004). Most human fixation of reactive N is done in the creation of fertilizer throagh th
Haber-Bosch process, but fossil fuel combustion can also fix a substantial amount of N

(Galloway et al., 2004). Fossil fuel combustion is the primary source of human



emissions of nitrogen oxides (NJAnto the atmosphere while modern agricultural

practices release most anthropogenic ammoniag){&alloway et al., 2004). In the

United States, the release of anthropogenic N into environments is estimated to ha
doubled between 1961 and 1997 alone as a result of increased fossil fuel combustion and
fertilizer use (Howarth et al., 2002). Because N is commonly found to be agmiti

nutrient in many varied ecosystems throughout the world (LeBauer and Treseder, 2008
Vitousek and Howarth, 1991), the deposition of extra biologically-available N from

human activities into ecosystems has a great potential to cause widespieatheental

problems.

Conseguences of the Increased Availability of Nitrogen

The effects of increased biologically-available N have been observedesttiat and

aquatic ecosystems throughout the world (Adams, 2003; Smith et al., 1999; Vitbusek e
al., 1997). Eutrophication of lakes, streams, and estuaries from the concurrent loading of
the commonly-limiting nutrients nitrogen and phosphorous is a prevalent watey qualit
issue in the United States that can result in algal blooms, oxygen depletionsisloss

of biodiversity, and the impairment of the water for human use (Carpenter et al., 1998;
Smith et al., 1999). Agricultural and residential runoff and groundwater disc@ge
responsible for much of the aquatic eutrophication (Carpenter et al., 1998), but the
atmospheric deposition of N can also contribute a substantial amount of N to many
watersheds and raise the concentration of nitrate in water bodies (Fenn and Poth, 1999

Michalski et al., 2004; Riggan et al., 1985).



Human activities are estimated to have at least doubled the rate of input igkrislaicito

the N cycle of terrestrial ecosystems worldwide (Vitousek et al., 199dgphNsition can
result in N saturation (Aber et al., 1989; Fenn et al., 1998; Williams et al., 11896) a
accelerated soil acidification (Bobbink et al., 1998; Wood et al., 2007), but the aitterati
of vegetation composition appears to be the most widespread problem. These changes in
vegetation are shaped by alterations to many components of the terresyicéé N c
resulting from increases in bioavailable N. With the addition of anthropogenic N,
changes have been observed in the rates of N mineralization (Fenn et al., 2003zt; F
al., 1996; Magill et al., 1997; Vourlitis and Zorba, 2007), nitrification (Fenn e2@03a;
Fenn et al., 1996; Magill et al., 1997), and denitrification (Hanson et al., 1994)onwari
ecosystems and the sensitivity of many lichens to disturbance may resulaitetagon

of nitrogen-fixation rates in some communities with added N as well (Evans &rapBe
1999). The potential for the deposited N to be assimilated in many ecosystems has been
confirmed by the measurement of elevated N tissue concentrations resoltmiiné
addition of anthropogenic N (Magill et al., 2004; Padgett and Allen, 1999; Rueth and
Baron, 2002; Vourlitis et al., 2009). In addition to augmenting assimilation, ieck®as
availability has corresponded to a decrease in the abundance of mycorrhizae in some
studies (Egerton-Warburton and Allen, 2000; Lilleskov et al., 2011; Treseder, 2004),
which can alter how water and nutrients are absorbed. Although the N content if litte
often positively correlated with the rates of decomposition, the observed effécts
deposition on decomposition rates have varied between increased rates, deatessed r

and no change (Hobbie, 2005; Knorr et al., 2005).



The broad effects of anthropogenic N on the terrestrial N cycle have corresponded t
changes in vegetation. Competitive advantages may be altered with increased
biologically-available N, leading to the competitive exclusion of plants adaptlow-N
conditions by nitrophilic species and resulting in the loss of diversity(Bobbink et al.,

2010; Tilman, 1987). Shifts in vegetation and decreases in species richness have been
observed to coincide with elevated N deposition in many different environments,

including forests (Allen et al., 2007; Gilliam, 2006), semiarid shrublands (Rauohgkt

Allen, 1999; Wood et al., 2006), grasslands (Bobbink et al., 1998; Clark and Tilman,
2008; Stevens et al., 2004; Tilman, 1993), wetlands (Bobbink et al., 1998), alpine tundras
(Bowman and Steltzer, 1998; Theodose and Bowman, 1997), and deserts (Brooks, 2003).
The expansions of some ecosystems at the expense of others have likely been impelled b
N deposition, including the expansion of forests into grassland in the Great Plains of
North America (Kochy and Wilson, 2001) and the spread of grasslands into cogestal sa

scrub in southern California (Padgett et al., 1999; Wood et al., 2006).

Although many shifts in vegetation have been observed to result from N deposition
favoring the spread of some native species over others (Bobbink et al., 1998; Bowman
and Steltzer, 1998; Stevens et al., 2004; Tilman, 1987), N deposition is of particular
concern in ecosystems threatened by invasive species. Because the spreesivef

species can cause a decline in the abundance and diversity of native vegettiont(M

al., 2000) and elevated levels of nutrients can aid the spread of invasive spedies (Bu

and Grime, 1996; DeFalco et al., 2003), anthropogenic N deposition and invasive species

have the potential to work in conjunction to induce vegetative change. Moreover, the
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composition of plant species greatly affects N cycling in ecosystems gkat@p., 2002),
resulting in invasive species altering N fixation and decomposition rates, tumtaof
biomass, and other changes even in the absence of elevated bioavailable NIEhrenf
2003), which can lead to a greater potential for disruption when N deposition and the
spread of invasive species are coupled. This facilitation of the spread of éydidsas
most frequently been observed in arid and semi-arid ecosystems of the southwestern
United States (Brooks, 2003; DeFalco et al., 2003; Huenneke et al., 1990; Padgett and

Allen, 1999; Rao and Allen, 2010).

Nitrogen Deposition in Southern California

Southern California is among the regions of the United States that have exgzkrienc
consequences from the deposition of anthropogenic N. The substantial amougt of NO
released by automobiles in the Los Angeles area is supplemented by atnedspheri

from Californian agricultural production, resulting in the annual deposition of 20-45
kg/ha in many chaparral and coniferous forests in the South Coast Air Basin {lénn e
2003Db). A sizable portion of the N deposition in southern California occurs as dry
deposition (Fenn et al., 2003b; Padgett and Bytnerowicz, 2001; Riggan et al., 1985),
which can accumulate on the surfaces of the plants and the soil throughout the dry

summers and becomes available for plant uptake with the first rains (Retdaeti999).

The consequences of anthropogenic N deposition have been observed in many
Californian ecosystems. Coastal sage scrub, a common semiarid shrubltzuttenns

California, has declined over the last 70 years with the spread of invasiveaxuials



(Minnich and Dezzani, 1998) and the change in N availability has been identified as
contributing factor (Padgett et al., 1999; Wood et al., 2006). The semi-arid coniferous
forests of southern California have also been subject to high N deposition (Bytzerow
and Fenn, 1996), which has resulted in instances of acidification (Wood et al., 2007) and
saturation (Fenn et al., 1996). Higher emissions of NO afij iNcreased rates of
mineralization and nitrification, high soil acidity, N enrichment of the soits@ant
tissues, and increased pll@aching have all been observed in southern Californian
forests (Fenn et al., 1996). In conjunction with the pollutant ozone, which can cause
foliage loss in pines in southern California, N deposition can also contribute to @ttreas
litter accumulation by enhancing leaf growth, which can increase the pbfenfires

(Fenn et al., 2003a). With most of the western Sierra Nevada above the critical loa
required to protect sensitive lichen communities (Fenn et al., 2008), it is cletdretha

effects of elevated N levels in California are widespread.

Nitrogen and Invasives in the Californian Deserts

Most deserts in California receive relatively little N deposition compareckiny
Californian shrublands and coniferous forests (Fenn et al., 2003b); however, over
decades, chronic low levels of deposition have resulted in decreased diversity in
grasslands (Clark and Tilman, 2008) and the naturally low N availabilitycf ar
ecosystems could amplify the effects of added N. Moreover, the leadfhmogrients
deep into the soil below the root zones is estimated to be negligible in many arid

ecosystems (Peterjohn and Schlesinger, 1990), increasing the potemial for



accumulation in the biomass and soil. Because N often co-limits productivitg in ar
regions along with watéGutierrez and Whitford, 1987; Hooper and Johnson, 1999;
Yahdjian et al., 2011), serious changes to arid ecosystems could result fgpmficasit

accumulation of N.

In the Mojave and Sonoran Deserts of southern California, invasive annual grass and forb
species have been spreading to the detriment of many native species/$Baral.,

2009; Brooks, 2000; DeFalco et al., 2007; Steers and Allen, 2010). While both native
and invasive annuals have been observed to respond with greater productivity to an
increase in N (DeFalco et al., 2003; Rao and Allen, 2010; Salo et al., 2005), N

fertilization has been observed to be more favorable to many exotic annualsraesuan g

in competition with native species (Allen et al., 2009; Brooks, 2003; DeFalto et a

2003).

The spread of invasive species in the Californian deserts has consequenndsadegs

of native diversity. The increase in the frequency and intensity of fireglinegions in
southern California during the last few decades has likely been contribuied to

increased ground cover by exotic species, which change the fuel propertiebut®idr

the fuel load, and help carry fires between shrubs (Brooks et al., 2004; Brmbks

Minnich, 2006; Brown and Minnich, 1986). N deposition amplifies the hazards of fire by
increasing the growth of both annual natives and invasives above the threshold needed to

carry fire (Brooks, 2003; Rao et al., 2010). Because limited fuel has resultex$in f



historically being rare in creosote scrub and other arid ecosystems (Brabkéatchett,
2006), many shrubs are poorly adapted to fire (Brown and Minnich, 1986) and the faster
recovery from the exotics following fires can increase the likelihood thamnidewill

again burn (Brooks et al., 2004).

The Hydrological and Nitrogen Cyclesin the Desert

The relationship between the hydrological cycle and the N cycle is dgppommounced

in deserts due to the importance of the infrequent precipitation for soil microbial

processes (Austin et al., 2004; Schwinning and Sala, 2004; Stark and Firestone, 1995), as
well as for assimilation and leaching. Precipitation is also aarfactor in determining

the relative success of invasive and native annuals in the California dBseoiss(

2003; Rao and Allen, 2010) and in determining the size and frequency of wildfires

(Brown and Minnich, 1986). Therefore, the destabilization of the hydrological laycle
climate change could have repercussions in the N cycle, the fire cycl&easuread of

invasive species in the Californian deserts.

Much of the understanding of the hydrology of desert soils has been derived from
techniqgues and models created for agricultural soils, which have traditibealtlymore
extensively studied. However, the applicability of understanding developed from
studying agricultural soils to desert soils is limited by the promiramttribution of water

vapor transport to total water flux in desert soils. In the deep vadose zonesef coar
textured solils that have been below the depth of percolation during the Holocene, upward

vapor flow dominates water transport (Scanlon et al., 2003; Walvoord et al., 2002). Near



the surfaces of desert soils, both seasonal downward liquid flow and vapor flow are
important, which requires that both states, as well as heat, be considerechsousita

when making models and predictions of the systems. Only within the last decade have
hydrological models become sophisticated enough to concurrently represent the
movement and interactions between the strongly coupled processes. The curmamt versi
of the widely-used numerical model HYDRUS-1D (Simek et al., 2008) includes vapor
flow and heat transport components (Saito et al., 2006), which could be useful in deserts.
However, the van Genuchten (Van Genuchten, 1980) and Brooks-Corey (Brooks and
Corey, 1964) hydraulic property models are not accurate at very low watentsonte
(Khaleel et al., 1995; Nimmo, 1991; Rossi and Nimmo, 1994). While errors produced by
inaccuracy at extremely low water contents may be negligible ioudtgral soils, the

errors would be magnified in soils that are frequently very dry. Additiortakyextreme

soil hydraulic properties of the frequently sandy desert soils and thations on

measuring water content and water flow with instruments originallyextdar

agricultural soils produce further complications when trying to understand ancergpres

the hydrology of desert soils.

The challenges in understanding water flow are reflected in challengesgérstanding

the desert N cycle. The mechanism for the frequent accumulationzahi@ghout the
Holocene in deserts near the bottoms of root zones (Hartsough et al., 2001; Makion e
2008; Walvoord et al., 2003) and beneath desert pavement (Graham et al., 2008) is not
clearly understood. With all precipitation being removed from vegetatechsmilly by

evapotranspiration (Andraski, 1997; Kemp et al., 1997; Sandvig and Phillips, 2006),

9



deep-rooted perennials are expected to absorb thevNen taking up the water. The
accumulation of a nutrient that is frequently co-limiting in arid ecosysbetsv the soll

surface remains enigmatic.

ODbjectives of this Dissertation

The primary goal of this dissertation is to further the knowledge of the hydral@md

N cycles in arid regions by analyzing some of the physical and chemicaisses that
underlie shifts in vegetation. The following three chapters focus on hydrologyaN®
NH, in desert ecosystems with the intent of attaining a greater understandingle$dine

N cycle through the examination of contributing components.

Chapter 1 entails an analysis of two years of hourly water potentzatad@n from

dielectric matric water potential sensors (MPS-1s) at two sitéeiBonoran Desert in
southern California. Models were created using HYDRUS-1D with thesioei of heat

and vapor flow components for the purpose of assessing the extent to which the model
can recreate field measurements of matric potential in the desert. us8uapplying

the model to measurements of water potential in desert ecosystemslyredcaima

relation to variations between measurements and model predictions for the purpose of
highlighting potential deficiencies in the current understanding of the logdrat the

desert.

In chapter 2, extractable nitrate (§)@oncentrations taken from soil cores collected
monthly for two years at the Sonoran Desert sites are examinedtionrétathe timing
of precipitation events for the purpose of studying how the hydrological cyailiiisg

10



the production and movement of ki@ the soil. The differences in the measurements of
NOs in plots fertilized with ammonium nitrate (MNOs3) and control plots are the focus

of an analysis of the potential fate and transport of anthropogenic deposition. Monthly
measurements over a dry summer establish differences between fertilizexfertilized
plots that extend beyond the end of the growing season, as well as creatda basis

analysis of changes observed throughout winter.

The effect of the hydrological cycle on measurements of ammoniuny) {(Mkhe soil
cores is similarly analyzed in Chapter 3. The difference in the potential uptakeual
and perennial plants of deposited Nkihd NQ due to the differences in mobility in the
soil is a primary focus. Measurements throughout the summer and duringnthe rai

season help establish the role of NRithe desert N cycle.

This dissertation is intended to contribute to the growing body of knowledge of the
effects of N deposition throughout the world, as well as to increase the underst#nding
the ecohydrology of traditionally overlooked arid ecosystems. Advancem#nd i
understanding of the N cycle in the desert soils can aid in the prediction of how N
deposition may alter species composition and the fire cycle and in the deteymofati

strategy to preserve the beauty and diversity of desert ecosystems.

11
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Chapter 1 Evaluation of the applicability of the van Genuchten-Mualem model for

simulating water flow during the rainy season in sandy desert soils

Abstract

The model HYDRUS-1D was used to evaluate measurements taken by dietattioc
potential sensors (MPS-1) over two years at two sites in the Sonoran Deserttediyna
creosote bush_@rreatridentata). Although numerous variables were altered in an
attempt to fit the models to the data, the HYDRUS-1D model consistently vastly
underestimated the timing of the decline in potent#dl&t the end of the growing
seasons. Neutron probe data showed that a sizeable amount of water was alepleted
the summer afte¥ measured by the MPS-1s fell below -500kPa, the lower limit of the
sensors. The inability of the model to reproduce the field measurements oiafroes
established inaccuracies at very low water contents of the van GenuchtiEemMua
functions, which predicted negligible removable water below -500kPa in the sandy soil.
The results suggest that the water flux at highly negative potentials doiigy

summers contributes substantially to the total annual flux and cannot be ignored when
modeling liquid water flow in sandy desert sites if the starting conditiomslry. Further

research is needed to establish the proportion of winter precipitation remainirtgeuntil
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dry summer, to ascertain the role of vapor flow and condensation in the removal of water
throughout the summer, to evaluate the relationship between capillary flow and vapor
flow used by the model HYDRUS-1D, and to determine the impact of dry season

evapotranspiration on nutrient uptake by plants.

Introduction

Although the infrequent rain events and often loosely-structured sandy soil maisgive
to the perception that the hydrology of a desert soil is simple, the importaheefioit

of water vapor, in addition to the flow of liquid water, results in a system of some
complexity. Modeling a system where liquid water, heat, and water vagponportant

is difficult due to the strong coupling of the highly non-linear equations repnegenti
these processes (Saito et al., 2006). The current version of the widely-usedalume
model HYDRUS-1D (Siminek et al., 2008) is capable of simultaneously modeling the
flows of liquid water, water vapor, and heat, offering the comprehensive modelargcess
for representing the desert soils. However, the most common soil hydraulicyproper
models, the van Genuchten-Mualem model (Van Genuchten, 1980) and the Brooks-
Corey model (Brooks and Corey, 1964), function poorly at very low water contents
(Khaleel et al., 1995; Nimmo, 1991; Rossi and Nimmo, 1994). In modeling concentrated

on liquid flow, which remains the primary focus of HYDRUS-1D, inaccuracies at very
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low water contentsj often do not matter since the vast majority of liquid water flow
occurs at medium and hidgh particularly in sandy soils. However, the prolonged
periods of extreme dryness in desert soils could potentially magnify thésedfec

inaccuracies at very lowand affect the modeling of liquid flow.

The Importance of Water in Desert Ecosystems

Deserts have received increased attention in recent years bettheie applicability as
locations for hazardous waste storage (Andraski, 1997; Gee et al., 1994), nustear wa
storage (Flint et al., 2001; Stuckless and Dudley, 2002), and landfills (Young et al

2006); the influence of anthropogenic deposition of nitrate and ammonium on the spread
of invasive species (Brooks, 2003; DeFalco et al., 2003; Rao and Allen, 2010); the
increased potential for wildfires as a result of vegetation shifts (Brookislemach,

2006; Rao et al., 2010); and the unusual properties of the deep vadose zone (Scanlon et

al., 2003; Walvoord et al., 2002b).

The hydrological cycle strongly influences other biological and chémioaesses in the
desert, with the timing and amount of precipitation determining biogeocheryatak

(Austin et al., 2004; Schwinning and Sala, 2004) and the growth of plants (Lundholm and
Larson, 2004; Ogle and Reynolds, 2004). Water is generally considered the nuatin fact

limiting productivity in the desert (Noy-Meir, 1973), with the nutrient nitrogeimd a

23



secondary limitation (Gutierrez and Whitford, 1987; Hooper and Johnson, 1999;
Yahdjian et al., 2011). Understanding the hydrological cycle in deserts isnjawgtant
for the evaluation of potential shifts in vegetation and nutrient cycling, &ssvigr

evaluating the applicability of desert sites for future waste storage.

The Hydrology of the Desert

The hydrology of desert systems is unusual in that all water infilratany vegetated

soils is commonly removed annually through evapotranspiration, resulting in no deep
drainage at many sites (Andraski, 1997; Kemp et al., 1997; Sandvig and Phillips, 2006).
Estimates for the last time water percolated into the deep vadose zoneHeetontt

zones at many vegetated locations in the deserts of the American southweslygene

range from 10,000-20,000 years ago (Phillips, 1994; Sandvig and Phillips, 2006; Scanlon
et al., 2003; Tyler et al., 1996; Walvoord et al., 2002a). The net flux in the deep vadose
zones at these sites is often upward (Andraski, 1997; Scanlon et al., 2003; Walvoord et
al., 2002b) and they have been in a gradually drying following a climatic shift thousands

of years ago (Walvoord et al., 2002b).

In the deep vadose zones of coarse textured soils in arid regions, which can extend to
depths of more than 200m, vapor flow is an important component of total water flux
(Scanlon et al., 2003; Walvoord et al., 2002b). Liquid flow is more important near the
surface due to infiltration of water on an annual basis, but both isothermal and thermal
vapor flow can significantly contribute to the total water flux (Scanlon arig, MB94)

and must be considered along with liquid flow when modeling desert systems.
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Modeling Water in Desert Soils

Many modern models of vapor transport in soils are descended from a mathemati
formulation of the movement of water vapor and liquid water in the soil as a result of
both pressure head and thermal gradients developed by Philip and de Vries (1957). The
model HYDRUS numerically solves an equation derived from the formulationslgd Phi
and de Vries (1957), which governs the flow of liquid water and water vapaoo S ait.,
2006):

o) _ o o o
—= = aX[(K+th)(ax+coswj+(KLT+KvT) ax} Sh)

wheredy is the sum of the volumetric liquid and vapor water contérissthe pressure
head,T is the temperatur&§is the sink termx is the spatial coordinate,is the angle of
flow relative to the vertical axis, ai K., K\n, andK,r are the liquid isothermal, liquid
thermal, vapor isothermal, and vapor thermal hydraulic conductivities, respeciives
model has replicated moisture and temperature measurements well in numeress studi
(Deb et al., 2011; Kato et al., 2011; Saito et al., 2006; Sakai et al., 2009; Zeng et al.,

2009; Zhao et al., 2010).
Measuring Liquid Water Flow in the Desert

Measuring water in sandy desert soils can be challenging becausenstamyénts and
techniques that were originally designed primarily for agricultural sml¢eas effective
in the desert. Methods of water measurement that have been determined to be epplicabl

in desert soils include the use of lysimeters to estimate evapotranspiratideep
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percolation (Allison et al., 1994; Gee et al., 1994); neutron probe measurements to
estimate the change in water storage (Scanlon and Milly, 1994); tracérssscitloride,

to evaluate long-term flow processes in arid environments (Allison and Hughes, 1983;
Kwicklis et al., 2006; Phillips, 1994; Sandvig and Phillips, 2006; Scanlon et al., 2003)

and psychrometers to measure very low water potentials (Scanlon et al., 2003).

In order to study the water uptake of plants following precipitation, measureofent
water flow at high and medium water potentidl§ &re most important since little liquid
flow occurs at very low in sandy soil. Continuous measurements are necessary in arid
regions because precipitation events are generally brief and infrequentecEmtly-
developed dielectric water potential sensors (MPS-1s), which measure thpotatdial

of the soil by using a solid matrix equilibration technique (MPS-1, 2008), have the
capacity to be simple way to measure the flow of liquid water in deskxt g\fter the
buried porous ceramic disks achieve hydraulic equilibrium with the soil, thedPS-
determine th& by measuring the dielectric permittivity of the ceramic disks. While the
sensors cannot measure osmotic potential, osmotic potential is generally ssutiate
matric potential in the vadose zones of desert soils (Walvoord et al., 2002b).
Temperature sensitivity and hysteresis effects of the MPS-1s ali€gialazian et al.,
2011). A major drawback of the sensors is the specified lower limit of -500kPaIMPS-
2008), which is an order of magnitude higher than typicaieasured in desert soil when

it is dry. However, in a study focused solely on liquid water flow and nutrient uptake by
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plants, it was hypothesized that measuHhigelow -500kPa is unimportant since the
steep unsaturated hydraulic conductivity functions of sandy desert sabspaeted to

result in negligible water flow at very |oW.

Intent of the Analysis

Being able to take reliable hourly or daily measurements of matric dtéating and
following the rains in arid regions would be useful for creating models for thefak
transport of nutrients and chemicals in the desert soil. Similarly, a comprelenodel
for liquid, vapor, and heat transport is beneficial for understanding the desert
hydrological cycle. The purpose of this analysis is to determine whetherpibre va
transport model of HYDRUS-1D can reasonably replicate the data from thelMPS-
sensors. This will test the hypothesis that water flow at veryfidwas negligible effects
on liquid water flow for sandy soils, because the steep hydraulic conductivitysded w
retention curves created by HYDRUS-1D for sandy soils predict aculaifss of

water for when? is reduced below -500kPa.

Materials and Methods

The Study Stes

The two study sites, Wide Canyon (WC) and Pinto Basin (PB), are located in the
Colorado Desert portion of the Sonoran Desert in Joshua Tree National Park (dOTR)

southern California (Figure 1.1). Wide Canyon (33.943°N; 116.395°W; 501 meters
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above sea level) is situated approximately 20 kilometers northeast of the R#lrof

Springs in the southwestern part of JOTR and Pinto Basin (33.832°N; 115.758°W; 744m
above sea level) is located approximately 100 kilometers east of WC ahtbeafe

JOTR. The study area consisted of nine 6m x 6m plots centered on creosote bushes

(Larrea tridentata) spread over <lha.

On-site weather stations have been collecting temperature and priecigitta hourly

since 2005. Precipitation at PB and WC occurs primarily during the wimdezaly

spring. Based on precipitation data collected by the National Weather SBIWS)

between 1900 and 1995 at a nearby station in Palm Springs (33.83°N 116.50°W), the
average annual precipitation at WC is estimated to be 144mm. The closestiong-ter
station to PB was the NWS weather station at the Hayfield Pump Plant (33.70°N
115.63°W), which estimated an average annual rainfall of 98mm between 1933 and 1995.
Figure 1.2 shows the yearly winter precipitation and the average winter anegésumm
temperatures measured at PB and WC from 2005 to 2010. Three years of below average
rainfall at both sites preceded the start of the study in November 2008, includirey seve
droughts during the winters of 2005-2006 and 2006-2007. Precipitation was also below
average during the winter of 2008-2009, with 7.4cm of rain at WC and 6.4cm at PB. The
winter of 2009-2010 was the first in which above average precipitation fell since the
winter of 2004-2005, with rainfall measured to be 17.9cm at WC and 15.1cm at PB.
Precipitation generally occurred on or near the same days at the twégjtes (L.3).

Although occasional summer rains are common, less than one centimeter df rain fe

between May 1 and October 31 at either site in 2009 and 2010. Average temperatures
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during the growing season and the dry season were consistent at the sitea RBé0&e
and 2010. While average summer and winter high temperatures at PB and WC were

similar, greater variation was observed in low temperatures betwedtethe s

Water Potential and Water Content Measurements

The MPS-1s measured the matric potential at the depths of 5cm, 10cm, 15cm, 20cm,
25cm, 50cm, and 70cm in the soil of two plots at PB and WC between November 2008
and May 2010 for the purpose of better understanding the water and nutrient flow in
desert soils. 30kg/ha of ammonium nitrate was added to one plot in which the sensors
had been installed at each site because N fertilization alters plant ¢ciompatsthese

sites (Allen et al., 2009; Rao and Allen, 2010; Schneider, 2010) and the influence of
annual plants on water flow was of interest. The two sets of sensors, which helplestabl
the precision of the measurements, were located approximately 8m apart &afyada

and 11m apart at Pinto Basin.

The sensors were specified to have an accuracy of approximately +/-5kiearbdtet!

of -10kPa and -50kPa and an accuracy of about +/-20% between -50kPa and -500kPa
(MPS-1, 2008). While the sensors were stated not to need calibration (MPS-1, 2008),
Malazian et al. (2011) evaluated the sensors and found a high variability beénserss
and that factory calibration underestimated applied pressures by about 40%, both of

which can be improved by one point calibration. Since this was unknown at the time of
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installation, these calibrations were not done. The uncertainty in the sensor
measurements is not expected to greatly impact the overall trends, whicé prienary

focus in attempting to fit the HYDRUS model to the data.

In accordance with the suggestion of Malazian et al. (2011), the sensors weiteesiubm
to a wetting and drying cycle prior to field installation. Although there is some
uncertainty in ensuring good physical contact with the surrounding soil (Malatzal.,
2011), the sensors were coated with a finer textured soil before inserting theheint

sandy soil to increase the potential for good hydraulic contact.

The fit of the HYDRUS-1D model to the timing of the measurements rather than the
accuracy of it fits to the measurements at a given time takesydae to some
uncertainties in the measurements and in the model. The steep retention ankchydra
conductivity curves of the sandy soil are expected to result in a rapid declres the

soil moisture approaches the residual water coné@nt¥ccurately predicting the timing

at which these steep declines occur is the primary focus in fitting the modefimirige

of declines between -15kPa and -100Pa are of greatest interest becauséiitiRav¢he

¥ measurements have little sensitivity to changeésand below -100kPa minute

changes i result in extreme changesth Focusing on fitting the timing of the

declines from -15kPa to -100kPa allows the best evaluation of the accuracy of the water

retention and hydraulic conductivity functions.
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A neutron probe was also used to measure water at 20cm intervals from 15cm-115cm in
9 plots at each site monthly from November 2008 and January 2009. Because site-
specific calibration data was not obtained during that time, predidtedn the raw

neutron probe counts have an uncertainty resulting from being estimated from previous
calibrations at other similar locations. As a resulttpeedicted from the neutron probe
measurements will only be used in a limited capacity to analyze trends absetive

MPS-1 data and HYDRUS-1D models.
Rosetta and HYDRUS-1D

The van Genuchten-Mualem functions (Van Genuchten, 1980) were used to estimate the

retention and hydraulic conductivity functions in the model HYDRUS-1D:

0, +—05 6
[+ jeh[T"
o(h) =
0, h>0
K(h) = K.S[1-@-s'm)7 where m=1-U/n, n>1

whered, andds are respectively the residual and saturated watgentsy is the inverse
of the air-entry valudj is the pressure heds; is the saturated hydraulic conductivity,

is a pore-size distribution indelxis a pore-connectivity parameter, &ads the effective

saturation:
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Because the MPS-1s measure potential in kilopasagiser than pressure head in
centimeters, modeling results will be expressedl askilopascals for comparison to

experimental data.

Estimates for the values of these hydraulic pararaetre required for the solution of the
van Genuchten-Mualem functions. Due to the difficaf obtaining direct
measurements, parameters were estimated based partitle-size distribution of the

soil using the neural network analysis-based padsefer function (PTF) model Rosetta
(Schaap et al., 2001). Particle-size distributi@s analyzed using the hydrometer
method for 10 samples collected throughout thelfifrm at the edge of a creosote bush
in 9 plots at each sites. Differences under criedsashes and in the interspaces, such as
higher sand contents measured under shrub can@akhvell et al., 2008), required that
all samples be taken at the approximately the shst@nce from the shrubs at which the
MPS-1s were installed. The particle-size distritnutis representative of the proximity to
the creosote bushes at which all measurementsdeersbut may not reflect the sites
overall. Spatial variability results in some unaarty in the PTF, which is generally
greater than the PTF intrinsic uncertainty andresalt in significant errors (Deng et al.,
2009). Despite their wide use, significant undaties exist in PTF predictions of
hydraulic parameters (Vereecken et al., 2010). él@n the predictions are expected to

be adequate for simulating general trends of th&NIPneasurements.
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Gravel comprised approximately 31% of the soil gkt at WC and 20% at PB but
was assumed to have a negligible contributiof.tdBecause of spatial variability at the
sites, only the particle-size distributions frorotglnear the sensors were used to
determine the soil hydraulic parameters. The MB&tWide Canyon were located in
the northern part of the site where there was msistent pattern with depth and little
variation between plots. Soil hydraulic parameteese determined by the average
particle size distribution of plots in which thensers were installed, which were

approximated to be uniform with depth.

Table 1.1 shows the soil hydraulic parameters disasehe particle size distribution
measurements from WC and PB used to calculate tiAdthough no consistent pattern

of variation was observed with space or depth atiffEgularly distributed high silt
percentages of 13-20% were common amidst morealypit measurements of 8-10%.
Because of the inconsistency between measurenmetiits plots, hydraulic properties
were determined at PB using an average of fous phothe vicinity of the sensors to
represent the average particle-size distributioosral creosote bushes near the sensors.
A uniform distribution with depth was assumed atdtie no pattern in the variations

was observed.

Vapor flow and heat transport are modeled by HYDRIIEas described by Saito et al.

(2006). The volumetric water content of vap@)) {s approximated by:

0.-0_, y 6.=0
P P

0,=p,
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wherep,, is the density of liquid watep,, is the vapor density, angs is the saturated

vapor density, anH; is the relative humidity given by (Philip and dgés, 1957):
H, = exp[—hMg}
RT

whereM is the molecular weight of water in mass/ngpls gravitational acceleratioR,

is the universal gas constant, ani$ the temperature.

Pvs IS a function of temperature:

601479

exr{31.3716— —7.92495 103Tj

=103
Pus T

The thermal hydraulic conductivity function (¥ is described as follows:

1d
KLT (T) = KLh(h)(thT 7/_0%)

whereK_y is the isothermal liquid hydraulic conductivitg,r is the gain factor
representing the temperature dependence of thaticeteurve (which is 7 for sand), is
the surface tension of the water at 25°C (71.88)gandy is the surface tension of the

water given by:

y =756-0.1429 — 238.10°*T?
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The isothermal vapor hydraulic conductivik) is approximated as:

th :&pvsm Hr
Py RT

whereD, is the vapor diffusivity in soil given by:
D, =7,8,D,

\

wherery is the tortuosity factom, is the porosity filled with air, anD, is the diffusivity

of water vapor in air at a given temperature:

2
Da = 2-12105( T j
27315

The thermal vapor hydraulic conductivity is desedlas follows:

KvT = &neHr %
Pu dT

whereye is the enhancement factor describing increasttgeenmal vapor flux due to
increased gradients in temperature in the air paaddiquid-islands (Philip and de Vries,

1957), given by an equation derived by Cass €1884) and expressed as:

4
7, = 9.5+ Sg— 8.5ex —H }Ejﬁ}

s \/f_c s

wheref, is the fraction of clay by mass in the soil.
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Heat transport was estimated in the HYDRUS-1D madelg the default thermal
parameters for sand, atmospheric temperatureg agppier boundary condition, and a

zero gradient lower boundary condition.

Vegetation

Both sites are dominated by creosote bush, loregtlfilowering evergreens found
throughout the Sonoran, Mojave, and Chihuahua BesSEne creosote bushes are widely
spread across the sites, with complex extensiviesg@bems underlying the spaces
between them. Annuals grow at greater densitidgiuand around creosote bush and
other desert shrubs, which have greater nutrieeriedith their canopies relative to the
interspaces (Garner and Steinberger, 1989; Reyeolas, 1999; Schade and Hobbie,
2005; Schlesinger and Pilmanis, 1998; Schlesingair,€1996). Drought during the
winters of 2005-2006 and 2006-2007 resulted in n@agsote bushes losing leaves and
branches. During the study from 2008-2010, thétihe#é the creosote bushes appeared

to improve with new growth at the base of the @ant

MPS-1s were installed on the southeast side ofré@sote bushes approximately 0.5m
from the edge of the canopy, within the radial agdref the lateral roots of the shrubs,
which is expected to be greater than 2m basedenqus studies (Gibbens and Lenz,
2001). The vertical root distribution is consides: unknown that can be fitted to the
data for the purpose of modeling. Creosote bushng depth is expected to be limited
by the depth of water flow when there are no othstrictions (Wallace and Romney,

1972); therefore, the entire depth of percolat®axpected to be included in the root
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zones at WC and PB. The proximity of deep rooth¢osensors is unknown since roots
can extend a distance in the horizontal plane befeering into the soil, reaching several

meters depth (Gibbens and Lenz, 2001).

The initial estimation of creosote bush root dsition with depth reflects the varied
observations of several studies. Wallace et aB@)L,9vho excavated three creosote
bushes in increments of 10cm to a depth of 50cRoick Valley at the Nevada Testing
Site, found that root biomass was similar from 0@t and 10-20cm but much less in
lower intervals. Schwinning and Hooten (2009gfiturve to the root biomass measured
by Wallace et al. (1980) that decreased about &&gntimeter below 15cm. The
presence of a caliche layer 30-50cm at Rock Va#eyyell as the low precipitation,
likely affected the rooting depth (Wallace et &B80), limiting the applicability of the
measurements to WC and PB, which do not have shalidiche layers. Yeaton et al.
(1977) found greater biomass density of creosos boots between 10-30cm in a
Sonoran Desert mixed shrub community. SandvigRillips (2006) observed fairly
constant root density in the top 30cm, a declioenfB0-50cm, and a smaller but steady
root density below 50cm at a New Mexico sites.irgation of the root distribution is
further complicated by the greater importance é fioots than coarse roots in taking up
water. Wilcox et al. (2004) found creosote bushdwe the greatest number of fine roots
between 20cm and 40cm, few roots below 60cm, moeerbots between canopies than

under canopies, and a greater number of active rodbwer soil moistures at the
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Nevada Test Site. With these conflicting studilks,initial creosote bush root
distribution used estimates a constant root deffigity 10 to 40cm, a linear decline in

root density above 10cm, and a 5% per cm declit@vb40cm as shown in Figure 1.4.

Input parameters for the Feddes root water uptaddeh{Feddes et al., 1974) were also
uncertain due to limited data on uptake by dedarttp. Creosote bush is expected to be
very efficient at taking up water. A maximum rafauptake was estimated to begin at -
100cm, above which water is seldom maintained loraysandy desert soil. Below -
1000cm, the efficiency of water uptake is estimatedecrease, primarily due to the very
low hydraulic conductivity, which would be expectedhinder the transport of water
from the vicinity of the MPS-1s to the roots fortaige. -5000cm is chosen as the wilting
point due to the inability of the MPS-1s to measwekow this. Although xylem-
pressure-potential measurements of creosote bubke fBonoran deserts could be as low
as -65000cm (Nilsen et al., 1984), the van Genuektealem retention and hydraulic
conductivity curves suggest miniscule differenceveen -5000cm and -65000cm in

water content or conductivity.

Root compensation for water stress can be includétY DRUS-1D, which experimental
evidence has suggested allows plants to meet tratisp demands by taking up more
water in areas of the root zone where it is aviléd compensate for stresses in other
areas of the root zone (Simunek and Hopmans, 20895 result of compensation,
plants are estimated to transpire at the poteratialabove a critical ratio of calculated

actual transpiration to potential transpiratiog)(TBecause desert plants are expected to
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have a great ability to compensate for stress (8a@kand Hopmans, 2009), an initial
estimate of 0.1 for the critical value of the wagBess index above which compensation
occurs was chosen. Therefore, except when thevasilvery dry, the actual transpiration

was predicted to be equal tg. T

The Hargreaves equation (Hargreaves, 1994) wastogeddict potential
evapotranspiration (EJ since it requires only temperature data andds Impacted by
aridity than the alternative Penman-Montieth md#tglrgreaves and Allen, 2003), T
was estimated as a proportion ofgE&E determined by the surface fraction covered.
Estimated shrub cover is 9.5% +/- 2.7% at PintarBasd 18.1% +/- 3.8% at Wide
Canyon (Rao and Allen, 2010). The coverage ofsoeobush leaves was small relative
to the soil covered by the plant. The leaf are@xnestimate of 0.65 x cover (Kemp et
al., 1997) is reasonably applicable for Wide Cangmod Pinto Basin. The surface cover

fraction is therefore estimated to be 6.2% +/- 18%B and 11.8% +/- 2.5% at WC.

The water uptake of winter annual plants was ino@ated into the model HYDRUS-1D
as a second set of roots that would grow whiledibibution of creosote bush roots
remained constant. The native fosaenactis fremontii andMalacothrix glabrata and
the invasive grasSchismus barbatus were the most common annuals, all of which are
considered part of the same root system in the mades winter annuals contribute to
ETo in the model only in the top 20cm of soil, belowigh annual roots were seldom

found at PB and WC.
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Growth of annuals was estimated to begin at tis¢ significant rainfall of the winter
season and peak when plant surveys were conduttexllength of the roots at a given

time (Lg) was approximated by the Verhulst-Pearl logistmagh function:

L,
f =
r(t) LO + (Lm _ LO) e—rt

Le(t) = L, £,(0)

whereL, is the maximum root depthy is the root depth at the start of the growing
seasont the growth rate, andis time. r was estimated using the assumption that the

roots will reach 50% of their length after 50% loé tgrowing season.

The surface cover fraction of the annualsgSkhich determines their contribution to

total transpiration, was considered proportiondlgo
SFa(t) = p * SFm * LR(t) / Lm

SFKyis the maximum surface fraction covered by the atsauThe variable p is necessary
to account for uncertainty in the influence of tgaannuals, since sensors are between

the densely populated undershrub of the creosatiedsuand the more sparse interspaces.

The summation of the surface fraction cover ofaheuals and the surface cover fraction
of perennial shrubs (SFdetermines the percentage ofyEEEcounted for by potential

transpiration (§) at any given time:

To(t) = ETo (1) (SK(t) + SK)
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The percentage of total potential transpirationedioy the annuals at any given time can
be determined from an estimate of the surfaceifnactovered by the annuals by the

eqguation:

Tand§)/To(t) = SK(t) / (SK(t) + Sk)

where Tn{t) is the transpiration done by the annuals avergtime.

Determining the percentage of water and nutrieakert up by desert annuals would be a
useful function of this model, but annuals are amdgsidered separately in this analysis
to assess whether their inclusion could potentialigrove the fit of the model to the

MPS-1 sensor data.

Results

The HYDRUS-1D model was unable to reasonably ragredhe MPS-1 data without
unrealistic assumptions. Figure 1.5 shows the oreagents o by the sensors as
compared to the model’s predictions at depths ofri@nd 70 cm in the WC control plot
when the model used the previously described Irggimates for creosote bush root
distribution, surface cover fraction, and soil tauaic parameters with no annual plants
considered. Only two depths for the WC controt pl@ shown, but the general trends
were representative of the model’s predictionsafbdepths in all plots at both sites. The
model consistently severely underestimates thengraf when the measur&tisharply

declines as the soil dries. The sharp declin@éstd the steep water retention curve and
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unsaturated hydraulic curve predicted by the vanuGeten-Mualem (VGM) model
(Figure 1.6). Sharp decreases in the measHrasi the soil dries occur weeks earlier than

is predicted by the model.

Numerous attempts to rectify this problem failedignificantly improve the discrepancy
with reasonable input assumptions. Increasingdtesof transpiration by raising the
surface cover fraction allowed for the creatiomafdels that could fit the data fairly well
(Figure 1.7). Although this decreases the evajworait allows for more efficient water
removal deep in the soil. Table 1.2 shows theasertover fractions that produced the
best fit of the data for each year. The high sigrfeover fractions necessary to improve
the fit of the models suggest that transpirationti@ydeep-rooted shrubs is unlikely to
account for the rapid decline W observed in the measured data. The significant
increase the second year is also not likely todoewanted for by significantly increased

creosote bush uptake.

By including the secondary root system to simutlagegrowth of the annuals, the surface
fraction can reasonably be increased. FigureHo®#/s the model for the WC control

plot when annuals are considered, but is representa all plots both years. Estimated
annual surface coverage of 15% improved uptakledridp 20%, but the model
continued to predict the soil drying too slowly d®&lthe root zones of the annuals.
Transpiration by creosote bush remains too smattount for the decline i below

the root zones of the annuals. Although the esdach&T, of the site would be more than

sufficient to remove the water from the soil (Figur.9), the water below 20cm appears
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to be accessible only to deep-rooted plants withdorface coverage. With an estimated
surface cover fraction of 11.8% at WC, the cumuélip from the shrub cover was only
3.5cm (about 20% of the 2009-2010 winter preciftgtby the end of March 2010,
when most of the sensors had declined. With 8e éstimated Jreducing water below

20cm, a factor besides transpiration likely accstiot the measured declinetth

The potential for an underestimation of percolateiow the zone of the sensors by the
model to account for its underestimation of the @tthe decline iV was examined by
varying the soil hydraulic parameters. Inverse fitoduced no results due to the
magnitude of the divergence between the measukdhadeled¥. Alterations to the
parameters that improved the timing of the soiirdyyesulted in greater inaccuracies in
other parts of the model. Preferential flow, whings been observed to a depth of 50cm
along creosote roots (Martinez-Meza and Whitfo@96l), may alter the amount of
water percolating below the sensor zones. Thediggreferential flow is unknown,
but nothing suggests that it could completely fedtie discrepancy between the model
and the measurements. The likelihood of greaterotetion below 70cm than the model
predicts significantly reducing theis unlikely because the models often over-predicte
the depth of water flow into dry soil, as can beeed in Figure 1.5, where the modeled
¥ at 70cm in the winter of 2009-2010 at WC incregwes to when the measurdd
increases. Moreover, water percolating below #émesars would still contribute to
transpiration, since creosote bush root depthpgebed to be limited by the depth of
water percolation when their growth is not otheenisstricted (Wallace and Romney,

1972), with roots having been measured to reacthdeyd 3m or more (Gibbens and
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Lenz, 2001). Attempts to fit the data by estimgitneosote bush water uptake only
between 15cm and 75cm to maximize uptake in thezaees of the sensors still
underestimated the timing of the decline of the sne=d¥ when reasonable shrub

covers were input.

Because neither transpiration nor deeper percolaan account for the rate at which the
measured decreased, a substantial amount of the precimitatiay have remained in
the soil when the sensors measurements declinkdou§jh the retention curve predicted
by the VGM model would allow only about 0.003 %em® of water removable from the
soil below -500kPa befor# is reached, the neutron probe readings from % paibéach
site indicate a significant decreas&ithroughout the summer of 2009 (Figure 1.10).
Because insufficient site-specific calibration dates obtained, there is some uncertainty
in the measurements, particularly estimatesébtessentially zero. However, trends
clearly suggested significant moisture remainedetoemoved after the MPS-1
measurements declined. In late February and Batgh, when most sensor readings
had sharply declined, estimatédemained elevated relative #ddhe previous November
in the top 95cm at each site. Table 1.3 showsnd@nd measured and the standard
deviations of the means in the late spring andftdt®f 2009 after the soil had dried.
The differences in the means are statisticallyigmt, with the small decline in the
base reading of the neutron probe consideredd Bledervations when soil cores were
taken throughout the summer also suggested therme®f greater moisture in early
summer relative to late summer. Rough calculatextsapolating the neutron probe

readings over the soil above the depth they wéntauggest a loss of about 1.9cm at
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WC and 3.4cm at PB between April and November 2608pout 26% and 53% of the
previous winter’s precipitation. There is littlertainty in these estimates of the amount
of water removed from soil, but they support thpdthesis that the water flux at very
low ¥ during the summer contributes significantly to dverall flux despite the

predictions of the VGM model.

Discussion

The inability of HYDRUS-1D to reproduce measured by the MPS-1s most likely
results from the loss of a significant proportidritee rainfall at low?¥ during the
summer. The VGM functions are not accurate at \@mp (Khaleel et al., 1995;
Nimmo, 1991; Rossi and Nimmo, 1994), which coukliein an underestimation of the
amount of water that is removed from the soiasecomes very low. Although the
modeling was intended to focus on water flow at inm@dand high9, which are expected
to dominate during the growing season, the intoadditions of the soil were very dry.
Differences between the van Genuchten-Mualem (V@idjlel's approximation of the
very dry region and the true retention functionnseé to be significant enough to cause
the model to considerably underestimate the wadeessary to increase tiefrom

highly negative values (~5000kPa) to moderatelyahieg values (~500kPa). Because
HYDRUS-1D cannot account for the VGM model’s undéireation of water depletion
in the very dry region by allowing initial watermm@nts below,, an accurate model

cannot be created for water flow during the growsegson that starts with dry
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conditions. Consistent with the neutron probe estis, the extent of the errors observed
in the HYDRUS-1D model imply that the water fluxvary low¥ during summer

contributes substantially to the total annual wétex.

The VGM Model at Very Low Water Contents

Accuracy in the very dry range is generally notamtant in the van Genuchten-Mualem
and Brooks-Corey (BC) soil hydraulic properties misthecause the vast majority of
liquid water flow occurs in the wet and moderatefgt ranges. At very low, the VGM
model and the Brooks-Corey model appro@chvhich is frequently a poorly-defined
variable set to a convenient value. Hydraulic canty is estimated to ceaseét with

the matric potential approaching negative infimhd the hydraulic conductivity
approaching zero. However, the assumptionthaécomes infinitely negative at a
nonzeradd; is not well-supported by experimental evidenceitihds been shown that the
VGM and the BC models do not accurately represent @iry soils (Nimmo, 1991; Ross

et al., 1991).

Numerous hydraulic property models have been pexposer the past twenty years that
attempt to accurately describe the dry range. iRm&sNimmo (1994) created water
retention curves extending to oven dryness basedeocombination of a power function
and a logarithmic dependencetadn Y. Andraski and Jacobson (2000) evaluated the
Rossi-Nimmo (RN) function in comparison to the B@dtion and found the RN
function better simulated data measured in a desértinder dry conditions. Another

model for retention curves covering saturationwerndryness was created by
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Groenevelt and Grant (2004), who fit the data serai-logarithmic scale. Webb (2000)
proposed that simply extending the capillary pres$unction into the dry range could

improve simulations.

The inclusion of the contribution of adsorptivedes, in addition to capillary forces, to
matric potential has been the focus of many moglet®mpassing the dry region. Fayer
and Simmons (1995) replacédn the BC and VGM models with an adsorption edqurati
formulated by Campbell and Shiozawa (1992). Khédsil. (2006) similarly modified
the Kosugi (1999) model using the Campbell and &vi@ adsorption equation. Tuller
et al. (1999) created a model that incorporatesratien and simulated a more realistic
pore space geometry. Silva and Grifoll (2007) psmal a water retention function
incorporating the Brunauer-Emmett-Teller adsorptgmtherm in the dry range, while

applying the BC function in the wet range.

Although the Fayer-Simmons model has been pariaiggrated into HYDRUS (Sakai
et al., 2009), the model is not yet useable foa filmm PB and WC because water uptake

by roots was not integrated in the model.

Vapor Flow in the Dry Range

The consideration of nonzeflpat which the hydraulic conductivity is zero and ‘this
infinitely negative is particularly problematic wingapor flow is important (Prunty,
2003). Because in the formulation used in the HU3RLD model for relative humidity
H: is dependent on pressure head (and therefot®,ahV¥ is predicted by the VGM and
BC models to become infinitely negativedatH; will be predicted to be zero &t This

a7



allows no consideration of equilibration betweeuid water and water vapor fé 6,
whenVY is taken to be infinite &, which is inaccurate since both adsorbed water and
capillary condensation can be evaporated. Therntapce of accurately estimating an
adsorptive component 8 when describing the liquid-vapor interface was kagized

by Philip (1977), who found that the Kelvin equatimould not account for the effects of
adsorption. The temperature independend#, @ecoming zero at a nonzetomakes

the problem even more evident, since the reduci@oil water to oven-dry conditions

involves the removal af, by evaporation due to heat.
Issuesin the Model of the MPS-1 Measurements

A seemingly minor discrepancy of the VGM model aetylow & could significantly
affect its ability to predict water flow in the meictely wet range in the desert. Figure
1.11 shows a hypothetical retention curve for W€amparison to the VGM model that
would be generally consistent with the predictiohdry region models, such as the
Rossi-Nimmo models. The differences between théatsacould result in substantially
different estimates of water flow during the grogigeason in the desert. Measurements
of -8000kPa are not unusual in root zones in degArtdraski, 1997; Scanlon et al.,
2003). Whereas the differen@detween -500kPa and -8000kPa is only

0.00045cm cni® in the VGM retention curve, the difference is @8&cn? cmi® in the
hypothetical retention curve. Approximately 1.48chwater would be necessary to
raise the profile from -8000kPa to -500kPa in e @5cm in the hypothetical curve,

compared to only 0.043cm predicted by the VGM modabnsidering that the neutron
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probe readings suggested water percolated to appaitdy 95cm in the winter of 2008-
2009, the hypothetical curve predicts 20% of thexjpitation would have been necessary
to raise the¥ to -500kPa at WC, compared to the VGM curveshastion of 0.6%. This
would result in 20% of the water from winter preagion remaining in the soil when the
¥ measured by the MPS-1s declines below -500kPde wie VGM model would not
decline below -500kPa until only 0.6% of the préeitioon remained. This could account
for the discrepancy between the timing of the MBSabid decline i at the end of the
season and the timing of the declin&fipredicted by HYDRUS. While the hypothetical
example demonstrates the potential for inaccuracidsee VGM model at very low to
result in problems in the HYDRUS-1D model similaithose observed, the actual shapes
of the retention curves in the very dry region & \Ahd PB are unknown. The issues
with the HYDRUS model and the neutron probe measargs suggest that an estimate
of the removal of ~20% or more of the precipitatadrvery low¥ during the summer of

2009 may be reasonable.

To use the VGM model to approximate the MPS-1 trathe moderately wet range at
WC and PB, the initia# would need to be set below an effectiyéo account for the
underestimation by the VGM curve of the water nsagsto raise th# in the dry range.
Although the model would remain inaccurate in thpraach o), the majority of water
flow on the daily time scale occurs‘tat which the VGM model is useful. The percent
of the precipitation estimated to raise thi® the effective residual water content for the

VGM model would be given by:
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Effective precipitation ® - [(6— ) dl when 6; < 6,

whereP is precipitationg; is the initial water content before the precipatat any
given depth, and in integration is done over thetllef the water flow. Thé here is
only considered a fitting parameter that allowsli@agon of the VGM model at

moderate) but does not truly represent the very dry range.
Depletion of Water During the Summer

Both the neutron probe measurements and the HYDRW&:sults suggest considerable
water removal during the summer at very Mw Neutron probe measurements by
Andraski (1997) in the top 50cm of a vegetated MejBesert soil showed similar
continued declines i throughout summer after the measuiedad declined to highly
negative values. The cause for the reductighisinsufficiently understood, with

further study being necessary for the determinaticthe relative contributions of vapor
flow, capillary flow, and film flow to this reduan. Although the VGM model does not
represent liquid flow well at very lo, it is expected that hydraulic continuity in the
sandy soil would be greatly reduced during thesdnymer. With the potential for both
isothermal and thermal vapor flow to contributestahtially the total water flux in desert
soils (Scanlon and Milly, 1994) and its increasimgortance at very low, vapor flow

processes are likely responsible for a signifieanbunt of the water reduction.

The well-established effect of desert vegetatiomhenwater flux even deep in the soll
(Andraski, 1997; Sandvig and Phillips, 2006; Scardbal., 2005; Walvoord and
Phillips, 2004) makes it probable that water islost solely to evaporation during
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summer. The highly negative matric potentials tbimthe deep root zones of vegetated
desert soils can induce upward fluxes that contiba drying the soil below (Scanlon et
al., 2003; Walvoord et al., 2002b). The water pbé of creosote bush tissues as low as
-7.8 MPa have been measured (Odening et al., 1Bid4gating the capacity for creosote
bush to continue to uptake water in extremely dnyditions. The greater length of
active fine roots of creosote bush in conditiontowaf water availability (Wilcox et al.,
2004) and the continued creosote bush metabolitizity throughout the dry season
(Oechel et al., 1972) further suggest that vegetanay contribute to water removal in
soil throughout the summer. More water availablechpillary flow at lowy than
predicted by the VGM model would make the reductmthese very negativi more
advantageous than simply allowing uptake of thesoule amount of water predicted by
the VGM model, but with little hydraulic continuifyredicted, it is unclear how the water

is transported through the sandy soil to the roots.

Several studies have shown that downward thernmanféuxes in the root zones can
result in condensation in desert soils, which cqdtentially be taken up by plants.
Sakai et al. (2009) evaluated the condensatioratémwapor at the cooler base of a
sandy soil column, which was followed by upwardildyflow driven by matric potential
gradients and evaporation at a moisture front. il&mondensation and subsequent
liquid flow was observed by Garcia et al. (2011)h&t base of the creosote bush root
zone in simulations of vapor flow and liquid watlew at a Mojave Desert site. Garcia
et al. (2011) hypothesized that this may providewarce of water for the plants during

the driest periods of the year. Gran et al. (2@daahd that condensation of downward-
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moving vapor below the evaporation front can ressulhe solution being diluted below
the evaporation front in columns of salty soilstek& in absence of the thermal gradients,
condensation of vapor water on and near roots qaalgda role in water transport in
desert soils. With minimal hydraulic continuitikeiy in the sandy soil during summer,
capillary flow through soil is expected to be vényited. However, the uptake of water
on or very near roots would result in the restorabf the water by capillary
condensation due to the equilibration of the weaégror and liquid water. The resulting
reduction of the water vapor could produce an mwotfal gradient causing vapor flow
from other areas of the soil, which would createsnveater vapor in other parts of the
soil to maintain the balance between liquid watet water vapor. The net result is the
transport of water to the roots that does not oelgapillary flow. Whether this could

significantly contribute to the reduction of soiater during the summer is unknown.

Potential Consequences

The slow loss of a substantial proportion of thates precipitation throughout summer
at low¥ would alter expected nutrient uptake by plantatiet to expectations of the
majority of water being removed by evapotranspiratvhen the soil is moderately wet.
The greater prominence of vapor flow at very Mwluring the summer may cause an
inaccessibility of many soil nutrients to plantor example, if 20% of the winter
precipitation remains when tNédrops below -500kPa and vapor flow is predomiryantl
responsible for the subsequent reduction of thigmtArough evaporation or capillary

condensation near roots, many nutrients dissolvékis water would be left in the soil
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throughout summer. Subsequent rains may diluteemds in the soil and provide some
availability to plants, but could also leach a ortdown the soil. This could be a
contributing factor to the accumulation of nitratehe deep root zones in deserts
throughout the Holocene (Hartsough et al., 200Iridneet al., 2008; Walvoord et al.,
2003). The effect of the substantial removal aftes precipitation at very loW during

the summer on nutrients and chemicals in soilsireg@additional study.

Future Research

The reason hypothesized in this analysis thatltve déf liquid water during the growing
season in deserts cannot be modeled using HYDRUB-tiat significant water
reduction in the very dry region during summer adrbe accounted for in the VGM
model. HYDRUS-1D cannot reproduce MPS-1 data inenately wet soil because it
overestimates the portion of the precipitation dwattributes to raising the MPS-1
measurements above -500kPa. Although this hypstieean extension of known issues
of the VGM model and is supported by a reductiongntron probe counts throughout
the summer, further research is needed. Altersiothe HYDRUS-1D model to allow
the model to fit the data are necessary to supperypothesis. Allowing thé at the
beginning of the growing season to be set beélotw account for water loss during the
summer might improve the model by better estimategportion of water contributing
to sensor measurements above -500kPa. Improvinghtdpe of the water retention
curve used by HYDRUS-1D by implementing a soil lagdic property model that better

represents the dry region could also allow betteukation.
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The inability of the HYDRUS-1D model to fit the MPISdata resulted in little potential

for analysis of how root uptake by annuals affedser flow. The decline in the MPS-1
readings below the root zones of the annuals isedemporal proximity to the decline in
MPS-1 readings in the annuals root zones suggestatenship between creosote bush

water uptake and the uptake of winter annualssheaiild be examined.

2.5 Conclusions

The inability of HYDRUS-1D to replicate the MPS-Zasurements may result from
significant water flow below the lowe%t that can be measured by the MPS-1s, which
could not be accounted for in the model due to kmowaccuracies of the van Genuchten-
Mualem functions at very loW. Because the VGM model seemingly underestimaes t
increase in water content necessary to rais&¥tliem highly negative values to
moderately negative values, it overestimates theuaitnof water that must be removed
subsequently to reduce the soil back to a highjatiee'W. This was the most likely
cause of the HYDRUS-1D models underestimatingithang of the decline it?. This
hypothesis is supported by field observations andron probe data that indicated that a
substantial amount of water continued to be deglgteughout the dry summer after the
measured had declined despite the water retention curvegipting that this was not

possible.

54



Additional research is needed to determine thenéxéewhich vapor flow causes the loss
of water throughout the summer. The possibiligt tondensed vapor water can provide
a source of water to desert shrubs throughoutuirerer (Garcia et al., 2011) should be
further examined, particularly since vapor transplominates when matric potentials are
low. A significant proportion of the annual watess occurring over the dry summer due
to vapor flow alters expectations for nutrient detawith nutrients presumably left in the
soil and condensed when vapor flow dominates. hEaihvestigation is needed to
determine if this contributes to high concentragiofnitrate often measured in the deep

root zones in deserts.
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Figure 1.1 Study site locations.
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5/31/2010 at WC and PB. Measured precipitatioa gatompared to estimated average
precipitation from November to May from the NWSt&tas at Palm Springs (WC) and

Figure 1.2 Average temperatures and annual winter precipitdtimm 1/6/2005 to
the Hayfield Pump Plant (PB).
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Figure 1.3 Dalily precipitation between 11/1/2008 and 5/31/281WC and PB.
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Table 1.1 Measured particle size distribution and estimatldhydraulic parameters
determined by ROSETTA.

Site % Sand % Silt % Clay 6 Os o Ks
wC 87.3 8.8 3.9 0.0453 0.382 0.0379 2.25 227
PB 85.6 10.2 4.2 0.0437 0.383 0.0390 2.08 180
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Figure 1.4 Initial estimate for the root distribution of theeosote bushes at the sites.
The input root distribution in normalized by the debHYDRUS-1D.
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Figure 1.5 Comparison between measured and predi¢tatl 10cm and 70cm depth in
the WC control plot during the winters of 2008-2G0® 2009-2010. The
underestimation of the timing of the declinelirby the model is representative of the

model’s predictions for all sensors at all depthisath sites. Graphs are displayed only
between 0 and -200kPa to improve the clarity afdse
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Figure 1.6 Predicted water retention curve and unsaturagddallic conductivity
curves for the soils at WC. The retention and aytic conductivity curves for PB are
similar.
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Figure 1.7 Water potential predicted by HYDRUS-1D at 10crd @cm for the WC

control plots when the surface cover fraction ised. Similar improvements were found
raising the SCF for all models.
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Table 1.2 Surface cover fraction percentages producindpést fits of the data in
HYDRUS-1D.

% Surface

Cover
Estimated
Plot for Best Estimated %

Site Type Year Fit Shrub Leaf Cover
WC Control 2008-2009 24% 11.8% + 2.5%
2009-2010 31% 11.8% + 2.5%

Fertilized 2008-2009 24% 11.8% + 2.5%
2009-2010 32% 11.8% + 2.5%

PB Control 2008-2009 15% 6.2% + 1.8%

2009-2010 35% 6.2% + 1.8%

Fertilized 2008-2009 13% 6.2% + 1.8%

2009-2010 35% 6.2% + 1.8%
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Figure 1.8 Predicted fit of the model to the data with 158%er by annuals. Results
from the WC control plot in the first year that afewn are typical of all results, with
improved fit in the root zone not significantly ingwing the fit below the top 20cm.
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Figure 1.9 Potential evapotranspiration and cumulative paktranspiration by deep-
rooted shrubs at Wide Canyon (SCF=11.8) duringminéer of 2009-2010.
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Figure 1.10 Mean water contents estimated from neutron preadings in 9 plots at
both WC and PB.
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Table 1.3 Estimated means and standard errosfadm neutron probe measurements at
different depths in late spring and late fall 2009.

Site

Depth
(cm)

Meany and Std.Error

Mea6 and Std. Error

PB

wcC

15
35
55
75
95
115

15
35
55
75
95
115

3/31/2009
0.0247 £ 0.0033
0.0715 +0.0018
0.0989 + 0.0014
0.1157 £0.0017
0.1108 = 0.0053
0.1006 + 0.0046

3/30/2009
0.0178+0.0031
0.0627+0.0039
0.0751+0.0028
0.0776+0.0018
0.0724+0.0018
0.0689+0.0009

11/18/2009

0.0012 + 0.0028
0.0361 + 0.0042
0.0663 + 0.0018
0.0792 £ 0.0022
0.0805 + 0.0039
0.0840 + 0.0024

11/19/2009
0.00138+0.0008
0.0369+0.0014
0.0524+0.0011
0.0573+0.0012
0.0619+0.0012
0.0654+0.0014
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Figure 1.11 Hypothetical retention curve for WC comparedhe YGM model.
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Chapter 2 Analysis of the effects of precipitation on nig@oncentrations in sandy

desert soils in southern California

Abstract

Nitrate (NG) concentration throughout the top100cm of soplwts at two creosote
bush-dominated sites in the Sonoran Desert wersumeé monthly for over a year.
Fertilization with 30 kg N dammonium nitrate was done in four of the ploteaath

site to simulate the effects of anthropogenic g (N) deposition accumulating in the
ecosystems. Measurement patterns indicate thatdi@entrations in soil are strongly
dependent on rain. The rapid production of;N@owing the first rains in both

fertilized and unfertilized plots at both studiesieclipses estimates of anthropogenic
NOj; deposition on the soil surface throughout the semneducing the likelihood that
dry deposition significantly affects the vegetat@mnan annual basis. However, the
maintenance of higher concentrations ofsNi©the soil throughout summer after the soil
dries and the greater production of NOllowing the first rains in the fertilized plots
indicate a potential for buildup and long-term efseof deposition. Rapid leaching of
NOs with significant rain events limited the uptakeNiD; by shallow-rooted annual
plants. The deep-rooted creosote bushes did keuiathe entirety of the N(elow

the root zones of the annuals, leaving much of\ibe from fertilizer to accumulate deep

in root zone. The leaching of N@nd accumulation in the deep root zone may mitigate
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the effects of N deposition on vegetation, buthheycle at desert sites may still be
vulnerable to disruption by N deposition, particlylan conjunction with climate change

and the spread of invasive species.

Introduction

Southern California is among the many regions tginout the world where
consequences have been observed from the anthropagerease of biologically-
available nitrogen (N) in the environment (Adan02, Smith et al., 1999; Vitousek et
al., 1997). An annual atmospheric release of apmately 0.36 Tg of NQinto southern
California’s South Coast Air Basin was estimate@®92, with over 90% of it
originating from fossil fuel combustion by motorhveles (SCAQMD, 2007). N

along with ammonia (NkJ mainly from agricultural sources, results in maoniferous
forests and shrublands in the South Coast Air Basiaiving an annual deposition of 20-
45 kg had' (Fenn et al., 2003b). Because of the accumulati®tO, in the atmosphere
during summer due to the infrequency of preciptatind atmospheric temperature
inversions, much of the N enters ecosystems adefgsition over the summer months
(Bytnerowicz and Fenn, 1996; Fenn et al., 2003dpgPt and Bytnerowicz, 2001,

Riggan et al., 1985).
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Effects of Increased Nitrogen Deposition

Increases in reactive N in soil have been obsetiwetiange many processes of the
terrestrial N cycle in many varied ecosystems udicig nitrification (Fenn et al., 2003a;
Fenn et al., 1996; Magill et al., 1997), N minezation (Fenn et al., 2003a; Fenn et al.,
1996; Magill et al., 1997; Vourlitis and Zorba, Z0)0and denitrification (Hanson et al.,
1994). Elevated tissue concentrations measurptaitis demonstrate increased
assimilation (Magill et al., 2004; Padgett and A|l&999; Rueth and Baron, 2002;
Vourlitis et al., 2009) and declines in the aburadaof mycorrhizae with N fertilization

in some studies (Egerton-Warburton and Allen, 2Q@Gsskov et al., 2011; Treseder,
2004) indicate a potential for N deposition to altew water and nutrients are absorbed.
Nitrogen-fixation rates could also change sinceyrahens are sensitive to disturbances
(Evans and Belnap, 1999). Both increased and deederates of decomposition have
been observed in different ecosystems with incaebg#ogically-available N in soll

(Hobbie, 2005; Knorr et al., 2005).

These changes in the N cycle have correlated widinges in vegetation. N is a limiting
nutrient in many ecosystems throughout the workB@uer and Treseder, 2008;
Vitousek and Howarth, 1991), including many in $@uh California (Fenn et al., 2003a).
An increase in N availability can not only increg@seductivity but can give nitrophilic
species a competitive advantage, which can rastiiel competitive exclusion of other

species and lead to a decrease in biodiversityl{idélet al., 2010; Tilman, 1987).
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Nitrogen Deposition and Invasive Species in the Deserts of Southern California

The invasion of exotic grasses and forbs in therde®f southern California has been
shown to result in a decline in the abundance aretsity of native species (Allen et al.,
2009; Barrows et al., 2009; Brooks, 2000; DeFatcal.e2007; Steers and Allen, 2010)
and to add to the fuel load for wildfires (Brooksak, 2004; Brooks and Minnich, 2006;
Brown and Minnich, 1986). Because of the poteritininvasive species to adversely
affect native vegetation (Mack et al., 2000), tkepakition of anthropogenic N into

ecosystems threatened by a nitrophilic invasiveisgecan be especially detrimental.

In many arid regions, both N and water limit praiity (Gutierrez and Whitford, 1987,
Hooper and Johnson, 1999; Yahdjian et al., 201Ii}he deserts of southern California,
fertilization with N has been observed to increaseluctivity of both native and

invasive annuals plants (DeFalco et al., 2003; &abAllen, 2010; Salo et al., 2005).
However, when grown in competition, invasive ansuave frequently responded more
positively to N fertilization than the natives (&f et al., 2009; Brooks, 2003; DeFalco et
al., 2003). This demonstrates a potential for @pubgenic N to facilitate the spread of

invasive species.

Increased productivity of both native species amvasive species has resulted from N
fertilization at some sites (Rao et al., 2010),chlcan create a fuel load above the

threshold necessary to spread fire (Brooks, 20@8; & al., 2010). Many desert shrubs
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are poorly adapted to fire (Brown and Minnich, 1p86e to fires having been
historically rare in many arid ecosystems (Broakd Batchett, 2006), which can lead to

severe, long-term consequences of fires that gaforee shifts in vegetation.

Although most deserts in California receive sigrdfitly less deposition than ecosystems
in closer proximity to urban centers (Fenn et2z003b), a small amount of deposited N
may have a relatively larger effect in desertstdube naturally low N availability. With
all precipitation generally observed to be remogeitkly from vegetated soils

(Andraski, 1997; Kemp et al., 1997; Sandvig andlipkj 2006), leaching below the root
zones has been expected to be negligible (Petegothischlesinger, 1990). Therefore,
there may be a considerable potential for N to mdate in desert soils. In grasslands,
decades of low level deposition have caused desdeadigersity (Clark and Tilman,

2008), supporting the possibility that the depositof low levels of N in the desert could

have a similar effect over time.

Intent of the Analysis

Precipitation is a major determinant in the reklatsuccess of annual natives and exotics
in the arid regions of southern California (Brook803; Rao and Allen, 2010) and
strongly affects the size and frequency of wildfi(Brown and Minnich, 1986). With its
great influence on soil microbial processes (Austial., 2004; Schwinning and Sala,
2004; Stark and Firestone, 1995), assimilation,leadhing in deserts, the relationship
between the N cycle and the hydrological cycleitscal for ascertaining the fate of

deposited nitrate (N£) and determining its potential to cause shiftgagetation and
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alter ecosystems. This analysis will be an exanwnaf how concentrations of NO

vary throughout a desert soil at different deptio¥ing variable amounts of rain for the
purpose of advancing the comprehension of the Neagaesert soils and establishing
the extent of its dependence on the weather. Aghaeposited ammonium (NHs

also of concern, this analysis focuses primarilyN@», with NH; only discussed in its

relationship to N@

Materials and Methods
Two Sudy Stesin the Sonoran Desert

The study sites, Wide Canyon (WC) and Pinto BaBB)(are dominated by creosote
bush (arreatridentata) and are located in the Sonoran desert in the sougaet of
Joshua Tree National Park (JOTR) in southern Caldo(Figure 1.1). WC (33.943°N;
116.395°W; 501m above sea level) is downwind of ewous sources of pollution at
approximately 20 km northeast of Palm Springs &@Kim of Los Angeles. PB
(33.832°N; 115.758°W; 744m above sea level) istetan central JOTR approximately
100km east of WC. According to measurements talketiween November 2004 and
December 2005, WC receives about 2.13 kg N-h&D and 3.11 kg N-Nbha bulk
deposition annually, while PB receives approxima1e62 kg N-NQha' and 1.73 kg N-
NH,ha* (M. Fenn, personal communication). Having bedlected in the open, these
measurements underestimate deposition beneatlaniopies of shrubs since canopy
throughfall is expected to contribute to total dapon, though because the leaf area
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index of creosote bush is estimated to be < luthierestimation of deposition is
unlikely to be large. Higher concentrations ofiniacid in the atmosphere of JOTR were
measured in July than in February (Allen et alQ@0which is expected to result in

greater dry deposition of NQ@luring the summer than in the winter.

The soils at WC and PB are derived from a grapigieent material common in Joshua
Tree National Park (Rao and Allen, 2010) and areidated by sand (Table 2.1).
Particle size distribution for 90 samples at eatehtaken from 9 plots representing 10
depths throughout the top 100cm of the soil wasrdahed using the hydrometer
method. There was no consistent pattern of vaniatiith depth. Gravel composed 31%
and 20% of the soil by weight at WC and PB respebtiand the surface and subsurface
of the soil of WC contain significantly more rodksn that of PB. Because of the
sandiness of the soil at both sites, the hydradi@uctivity and retention curves of the
soils are very steep (Figure 1.6). Thereforefltwe of water is fast when the soil is wet,
but rapidly slows as the soil dries. The measpi¢af the soil was 7.9 at PB and 7.1 at

WC (Rao and Allen, 2010).

Dominant Vegetation at Wide Canyon and Pinto Basin

The most prominent plant species at both sitesessote bush, a flowering evergreen
that covers vast expanses of the Mojave, SonorehCaihuahua Deserts. Similar to
many other desert plants, reproduction and grodthemsote bush depend strongly on
both the timing and the amount of rainfall (Cuniiam et al., 1979). Some studies have

determined creosote bush to be limited by both matd N (Lajtha and Whitford, 1989;
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Lightfoot and Whitford, 1987). Others have foundd\be limiting to creosote bush
growth only under particular conditions, such agmwhrecipitation is sufficient for
growth and after successive wet years have caudedletion of soil nutrients (Sharifi et
al., 1988). In arecent study in the Sonoran Ded@re was no response by creosote

bush to N fertilization even during wet years (Halhl., 2011).

Live shrub cover was estimated to be 9.5% +/- 2aT®B and 18.1% +/- 3.8% at WC
(Rao and Allen, 2010). While a few other perenbiahes and cacti may grow between
the creosote bushes, most of the desert flooftismeovered. However, creosote bush is
expected to have complex systems of lateral rodaending well beyond the canopy,
underlying the interspaces throughout sites (Giblzam Lenz, 2001). Root biomass
declines with depth but many creosote bushes lwts reaching depths of 3 meters or
more, some of which spread horizontally before bepthto the soil (Gibbens and Lenz,
2001). The horizontal and vertical spread of thas allows creosote bush to be very
effective at withdrawing water, which has resultedll precipitation being removed
annually by evapotranspiration from soils covergateosote bush at many desert sites

(Andraski, 1997; Kemp et al., 1997; Sandvig andlipbj 2006).

Higher levels of nutrients are found beneath creobash canopies relative to the
interspaces (Garner and Steinberger, 1989; Reyeolas, 1999; Schade and Hobbie,
2005; Schlesinger and Pilmanis, 1998; Schlesingair,1996), correlating with the
growth of annual plants predominantly under andiiadicthe creosote bushes. At WC

and PB, more annuals grew on the north sides cdlthes on average than on the south
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sides (Allen et al., 2009). The forGkaenactis fremontii andMalacothrix glabrata were
the most abundant native plants at both sites guhia study, witlfChaenactis being

more abundant at PB aiblacothrix more abundant at WC. The Mediterranean grass
Schismus barbatus, which has spread extensively throughout the Qalidn deserts, was
the most common invasive plant at both sites (Adleal., 2009). N fertilization has been
observed in previous studies to increase the ptoalyoof Schismus species in the desert
(Allen et al., 2009; Brooks, 2003), but native fedt the sites were also more productive
with N fertilization during some years. However,2004, species richness in fertilized
plots was significantly reduced at PB, which hagbggr nonnative grass despite having

lower deposition (Allen et al., 2009).

A severe drought in southern California duringwheters of 2005-2006 and 2006-2007
resulted in no germination at WC during 2006-200d at PB during either winter (Rao
and Allen, 2010). The abundance of invasive graSs@smus barbatus and S arabicus
werediminished for several years following the droughative to what had been
observed in prior years (Schneider, 2010). Theange did not appear to be sustained in
the long term at PB and WC, with a significant amtaef Schismus returning by the

spring of 2011 (personal observation). Althoughmynereosote bushes lost leaves and
branches as a result of the drought, there wadanitad growth at the bases of the

bushes in the years following the drought.
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The Flow of Water

Weather stations have been measuring temperatdneraaipitation hourly at PB and

WC since 2005. Temperatures were similar at WCRBiénd varied little between
years (Figure 1.2). High temperatures average®’@sand 16.1°C at PB and 36.6°C and
19.6°C at WC during summer and winter, respectivédlyerage low temperatures were
18.8°C during the summer and 6.4°C during the wiaté’B and 23.1°C during summer

and 12.4°C during the winter at WC.

Most precipitation occurs in the winter and eapyirsg at both sites and the growth of
annual plants generally begins with the first digant rainfalls and peaks in March or
April. PB typically peaks a week or two after W@8/C often has a slightly higher

annual rainfall than PB (Figure 1.2). Below averagecipitation fell during the winter

of 2008-2009, with 7.4cm of rain received at WC &nttm at PB. During the winter of
2009-2010, precipitation at both sites was abowesamge, with 17.9cm and 15.1cm of

rain falling at WC and PB, respectively. Summen ia generally infrequent at WC, but
more is usually received at PB since the summaeigtation gradient increases eastward
across JOTR (Rao et al., 2011). During the yebstudy in 2009 and 2010, summer
precipitation was very low, with less than one oaster of rain received by either site

between May 1 and October 31.

MPS-1 dielectric water potential sensors (MPS-D80neasured the matric potential of
the soil water between November 2008 and Decenfiis.2Using a solid matrix

equilibration technique, the ceramic disks of teesors reach hydraulic equilibrium with
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the soil after which the dielectric permittivitynseasured to determine the amount of
water in the sensors (Malazian et al., 2011). Sdresors were installed approximately
0.5m from the edge of the canopy of two creososhbs at each site at the depths of
5cm, 10cm, 15cm, 20cm, 25cm, 50cm, and 70cm. Mea®nts from these sensors are
used for estimating the depth of water percolatiorsampling dates, but are not
discussed in detail. Based on MPS-1 measuremarntgydhe years of study, water most
likely did not flow below 100cm at PB prior to tiaénter of 2009-2010 since the winter
of 2004-2005. Therefore, between 2005 and 201Gawhing of NQ below 100cm

likely occurred at PB. The 10.1cm of water recdige\WC in 2007-2008 probably did

result in some leaching below 100cm.

The Collection of Samples

Soil samples were collected from nine plots spm@aat slightly less than 1 hectare at
both PB and WC (Figure 2.1) between November 20@8\day 2010. Each plot was
centered on a creosote bush and measured 6 megt@mméters (Rao and Allen, 2010),
with other perennials seldom found within the pldtse lateral roots of the creosote
bushes most likely underlie the entirety of thetqlo~our of the plots at each site were
fertilized with 30kg N/ha ammonium nitrate (NRO3) from December 2002 to
December 2005 and in December 2008 and 2009. Withts relatively large amount of

N added were chosen to make it easier to measargyek in N cycle. Although
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fertilization was intended to be done before th&t fiains to mimic the leaching of NO
accumulated on the soil surface over the summertia soil, the fertilization closely

followed the first rains in both 2008 and 2009.

An unfertilized control plot was located 7 to 30ters from each fertilized plot, with one
additional unfertilized plot at each site with rmrresponding fertilized plot. Although
the percent cover of annual plants had not incceas2003 and 2004 after the first two
applications of N (Allen et al. 2009), there apge&io be significantly more cover of
annuals in fertilized plots than in unfertilized{d in the spring of 2010. In the survey at
WC conducted in March 2010, the annual plantsenfdintilized plots were estimated to
cover 26% of the surface while in the unfertilizedts they averaged approximately 17%
coverage. Similarly, when PB was surveyed in ApBil0, the fertilized plots had 32%

coverage by the annuals compared to 24% in thetuizied plots.

Between November 2008 and May 2010, soil coring deaee monthly near the edge of
the creosote bush canopies in all nine plots dt ste. The cores were taken in sections
of 5cm to a depth of 25cm, with the top 5cm taketwio parts from 0-2cm and 2-5cm.

In June and September of 2009 and in four montesily 2010, the cores were extended
to a depth of 100cm and samples were taken frod088&, 50-55cm, 75-80cm, and 95-
100cm. Fewer samples at less frequent intervails t@&en at these depths due to the
expectation of less variation than in the top efsbil. Figure 2.2 shows the dates the
coring was done at PB and WC during the winterGif22010 in relation to the dates of

rainfall and fertilization.
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In late October and early November 2010, aftercttrapletion of regular coring, two
cores were taken at each site to a depth of bet@@@rm and 345cm for the purpose of
learning more about the N@eep in the soil. One of the cores was takerfantdized
plot and one in an unfertilized plot at each sitigh soil from every depth collected in

5cm increments.

Extraction of N was done using a 1M KCI solutior dne concentration of NOn the

soil was measured colorimetrically (Technicon lastents Corp., Tarrytown, NY).
A Smple Column Experiment

Several columns were run to establish some baspepiies of N@flow in the desert
soils. Water was dripped at approximately 0.955¢fon three columns filled with soil
from PB that had been fertilized with 10.5 kg Ntz NH;NOs and three more columns
without fertilizer for 2, 4, or 8 hours. The colamwere then cut open immediately after
the water stopped and the soil was removed folyaisah 2cm increments. Due to
limited repetitions, discussion and analysis otéheolumns will be limited to their

demonstration of very elementary properties okN@vement through the soil.
Methods of Analysis

The variability of the distribution of N in desexils makes the analysis of the desert N
cycle difficult (Hunter et al., 1982). Becauselbwéry high measurements and very low
measurements are representative of the soil, thelaaons generally assume that the

variations observed between the samples are repagise of the spatial variations in the
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processes of the soil at the distance from thesoteavhere the samples were taken.
Numerous samples are required for statistical Bagmce. Calculated means are

generally skewed by measurements of very high caretgons of NQ.

Although two rainy seasons of data were takenfaiwer useable samples taken in the
winter of 2008-2009 make trends far less appardrierefore, analysis focuses on the

summer of 2009 and the winter of 2009-2010.

Results

The average N@concentrations in the fertilized plots were higtiem in the unfertilized
plots throughout the year. Figure 2.3 shows thamm®ncentrations measured between
0-2cm and 20-25cm, but higher mean concentratiars wbserved in fertilized plots at

all depths. Similar trends were observed at tleedies throughout the year.

Average NQ@Q concentrations were fairly constant between Agamd November of 2009,
during which 0.025cm of rain fell at PB and no riah at WC. Figure 2.4 shows the
mean concentrations during the summer at PB. Fsavaples taken below 25cm result
in greater uncertainty at greater depths but tfierdnce in mean concentrations between
the fertilized and unfertilized plots was statialig significant at all depths except from
95-100cm at both sites. Estimates suggest th25om of the fertilized plots contained
an average of 2.8 kg-N fiand 4.7 kg-N hdmore NQ throughout the summer than the

control plots at PB and WC, respectively. Belowr®5the data indicates that there is an
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even greater increase in the fertilized plots nadatio the control plots, but too little data
was taken to allow accurate calculations. Two adounsly large data points were
removed from the control plots at WC in the caltalaof the mean to prevent the
appearance of trends that were not otherwise prefeep cores taken in fall 2010
indicated that concentrations in fertilized plasiained higher than unfertilized plots
below 100cm to a depth of 250cm at both sites (€i@ub), below which there were
some high concentrations of N@easured in both fertilized and unfertilized plibtst
could not be accounted for by fertilization. Besagoring was done at only two plots at
each site and natural variation is substantiatgtigesignificant uncertainty in the

observed concentrations.

Although differences in the summer means weressieily significant at most depths,
high variability in measurements was typical, mautarly in fertilized plots near the
surface. The variability of the measurements tghowt summer is shown in Figure 2.6.
In spite of the variation observed, 80.3% of th@sias from the fertilized plots taken
during the summer at PB had higher concentratiogus samples taken from the
corresponding unfertilized plots at the same degten 422 samples were compared.
Similarly, at WC, the percentage of higher sampidsrtilized relative to corresponding
unfertilized plots was 80%, with 430 samples coragarAs a result, despite natural
variability, it is quite certain that a significamtnount of N from fertilizer remains in the

plots as N@throughout the summer months.
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Although dry deposition of Ngcan accumulate on soil surfaces during summerng@ad
et al., 1999), the increase observed in the top @cdime sites was small relative to
estimates of deposition. Based on increases itothecm of the control plots,
approximately 0.6 kg N-N¢ha' was deposited at WC and 0.4kg N-N@* was

deposited at PB.

Samples the day after the first significant wintens fell at PB and WC in December
2009 showed that N{xoncentrations in fertilized and unfertilized glatt both sites
were elevated relative to the median measured sumwneentrations (Figure 2.7). PB
and WC had received 1.37cm and 2.95cm precipitatespectively, on December 7,
2009. The wetting front at PB was between 15cm2fuin at the time of coring, while
the wetting front at WC was between 25cm and 5@uoording to MPS-1
measurements. Variation was exceptionally higmé&asurements of N@oncentration
in the top 2cm on 12/8/09, with both concentratibigher than any that had been
measured during summer and concentrations lowaraghg measured during summer.
NOs; concentration at WC increased relative to the sammedian in almost all
measurements from 2-25cm at WC in both fertilized anfertilized plots, with the
greatest increases observed near the surface éRgly. At PB, N@concentration
increased between 2cm and 10cm in both the fexdilend unfertilized plots (Figure 2.7).
Increases in the fertilized plots were greatermrage than increases in the unfertilized
plots at both sites. The average increase ig bDwveen 2cm and 10cm in the control
plots at PB would have required the addition ofrapjmately 2.4 kg-N haand the

increase from 2-25cm in the control plots at WC lddwave required about
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2.6 kg-Nha'. Ignoring anomalously high measurements, averageases for the same
depths of the fertilized plots at PB and WC wouddrequired the addition of 6.4 kg-N

ha' and 6.1 kg-Na*, respectively.

NOj3 concentrations in the plots at both sites remaimghl relative to the median summer
concentrations when the cores were taken in Jard@dr§y (Figure 2.8), despite that
MPS-1 data indicated that the soil at PB had beaquite dry. Between the fertilization
of PB and WC on 12/9/09 and 12/11/09, respectiaetg, coring in January, there was no
rain at PB and 0.381cm of rain on 12/13/09 at VIWQ3 from the fertilizer at WC spread
with the small rains to a depth of 10-15cm. Comtr@ions in the top 2cm of the control
plots were less variable than in December, withnepéot measuring high concentrations
relative to the summer averages but no extremely imeasurements that had been
observed in some plots in November. Despite tble ¢ spread of the fertilizer at PB,
the concentration of N{n the fertilized plots averaged 9.5kg-N'hgreater than their
summer medians while the unfertilized plots wereeerage 3.4kg-N Rahigher than

their summer medians.

Very low NG; concentrations were measured in the top 2cm of plots in February
following the majority of the rains of the wintef 2009-2010. Measurements in both the
fertilized plots and unfertilized plots were beltdve previous summer’s medians at both
sites and there was no evidence of the fertilideled in December, though the average
concentrations of the fertilized plots remainechieigthan the unfertilized plots (Figure

2.9). Below 25cm, the N§xoncentrations decreased considerably relatitieeto
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previous summer, more so in the fertilized ploentthe unfertilized plots. The wetting
front was below 1m when the samples were takerbrdary and column experiments
indicated the potential for NQQo be rapidly leached from the soil, moving laygeith

the wetting front through a dry soil (Figure 2.10).

NOj; concentrations appeared to change little betwebnuary and late spring despite
the removal of most moisture. Cores taken in Agmidl May, after the soil had dried,
showed that concentrations were near the previomsner medians in the top 25cm but

below the averages from 35-100cm at both sitesu(eig.11).

Discussion

Potential for Nitrogen Accumulation

Higher NG measurements in the fertilized plots than in thieilized plots throughout
the summer of 2009 and in the late spring of 2G4 @hstrate that alterations to the
amount of extractable N present in soil resultiogT fertilization can remain even after
numerous rain events. It is unclear how much efNi; remaining in the soil
throughout the summer of 2009 was the result dfifetion in December 2008 and how
much was the result of fertilizer added from 2002®05. Although the decrease in soil
NOjs concentrations in February 2010 following largasashows the potential for

precipitation to result in the depletion of jJ@he greater increase in N@oncentration
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in fertilized plots relative to unfertilized plotgth the first rains of December 2009
demonstrates the potential for fertilizer N pregiguassimilated by plants to affect NO

concentrations when mineralized and nitrified ibsequent years.

The small amount of the NGhat appeared to accumulate in the top 2cm ovansar

2009 indicates that the dry deposition to the swiface throughout summer is likely
negligible on an annual basis. Summer dry depwsit the soil surface appears to
comprise about 28% and 25% of the estimated arnuiaiNO; deposition. The sandy
texture of the soils of PB and WC most likely irdhced the apparent low deposition due
to sand having less potential for the adsorptioHNOs” vapor than clay and silt (Padgett
and Bytnerowicz, 2001). Dry deposition on plamtvies might be greater at these sites,
but canopy deposition measurements were not dahé enexpected to have little effect
on measured soil N{Xoncentrations since coring was not done dirdilyeath the

canopies.

Although measured anthropogenic deposition of ldws the potential for accumulation
over years that was demonstrated by the fertibnagixperiment results in the deposition
being a conceivable long-term threat to PB and Wgrasslands, the addition of only
10 kg-N h& annually caused reductions in diversity over 2&ry®f study (Clark and
Tilman, 2008). This amount is almost double thaltannual deposition measured at
WC; however, the low natural N input in desertswadl as the potential for N to
accumulate in the soil and biomass, could promitéeagions to the vegetation over

decades with less N than was observed to alteslgrass.
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The Production of Nitrate

Mineralization and nitrification appeared to beapidly following the first rains, which
likely renders summer dry deposition of N@egligible on an annual basis. Neither the
localized high N@ concentrations amassed in the top 2cm nor thig faonsistent
increase below the soil surface observed a daytaeains in December 2009 were
likely to have resulted from deposition. The higimiation in the soil surface between
cores, the far greater amount of N@ the surface relative to below in many locatjons
the larger increase in N@n the fertilized plots relative to unfertilizedbps, and the
larger increase in N§xoncentrations than any deposition estimates Stidjoet
processes other than deposition account for mutmeahcrease in N{xoncentration.
A contribution of deposited N{Xo measured concentrations cannot be ruled oo sin
wet deposition and the lateral spread in the $a\@s that had been dry deposited on
nearby creosote bushes may have enhanced measbgédckeases, but the extent of

this influence is not clear from the measurements.

Although NH, concentrations in the surfaces of many plots dedlin December 2009
(Chapter 3), decreases in Ntdere not great enough to account fully for theeases in
NOs. The greater increase in N the fertilized plots than in the unfertilizetb{s in
December 2009 despite no fertilization done poahe coring suggests that some N
from fertilization in previous years became avdgaditer the first rains. The
mineralization of organic matter from organismg esimilated the NQand NH, from

the fertilizer in previous year, coupled with efiot nitrification, would explain a greater
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increase in N@in fertilized plots than in unfertilized plots.h& uneven distribution and
variable rates of decay of organic matter could abglain the extreme variation in NO
measurements in the top 2cm of the December samplsight decrease in NH
following the first rains suggests more rapid fitation than mineralization, which
commonly occurs in Californian soils (Fenn et2003a). The influence of N-fixation
and denitrification on the NfOneasurements is not known, but observed trendgestg

the importance of mineralization and nitrificationdetermining N@ distribution.

Seemingly counter to the observation of a great@ease in Nin fertilized than in
unfertilized plots, Rao et al. (2009) did not fimiheralization rates to have increased
with deposition in a laboratory incubation expennneith soils from sixteen sites in the
Sonoran desert that included WC and PB, thoughrateeralization increased with
deposition. The differences in deposition at ftessstudied by Rao et al. (2009) are
much smaller than the differences in N added tdehédized and unfertilized plots,
making it plausible that the greater effects o¥ated N were manifested in this study.
While the study of Rao et al. (2009) was not foduse pulses of water or on
mineralization occurring immediately following pieitation, concentrations measured at
later dates do not indicate that there was rapiteralization in the days following the
application of water. Although the fast mineraliaa and nitrification necessary to
produce the N@increases immediately following precipitation wexd supported by the
experiments of Rao et al. (2009), many experimeat® found that wet-dry cycles in
arid and semiarid soils can result in significaniniheralization within one day of

incubation (Austin et al., 2004). The stimulatmirbiological activity in desert
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ecosystems by pulses of water following dry perioas long been recognized (Noy-

Meir, 1973), which includes the stimulation of nabral activity (Austin et al., 2004;

Fisher et al., 1987; Schwinning and Sala, 2004)jdénhce of rapid N@increases may

not have been observed by Rao et al. (2009) in lwesgasurements because an increase
in NO; following a water pulse may last only a few daygh immobilization resulting

in a decline in the created NQCui and Caldwell, 1997).

Exotic grass cover and total annual cover were bighificantly greater in fertilized
plots during the wet winter of 2005 (E. Allen, uilpished), so the greater creation of
NO; in fertilized plots may have been a result of tgedl content in organic matter.
Statistically significant differences of total carband total N in the soil of fertilized and
unfertilized plots were not observed in measurespaossibly because of high spatial
variability, limited samples, and the inclusionas§anic matter with low turnover rates.
However, alteration of the N in organic matter vhigh turnover rates remains a
plausible explanation for the greater increase@ M the fertilized plots. Increased N
in plant tissues has been observed following featilon in many desert plants (DeFalco
et al., 2003; Schneider, 2010), which can resulfr@ater N in the litter after the plants
die. In other studies, lower C:N ratios in liteerd soil organic matter have correlated to
greater N mineralization (Currie, 1999; Fenn et¥96; Vourlitis and Zorba, 2007;

Vourlitis et al., 2007). Although another studytiie Sonoran desert found that the
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addition of inorganic N increased nitrification redhan N mineralization (Hall et al.,
2011), too few measurements were taken at WC anid PBcember to estimate the
relative rates of nitrification and N mineralizatibetween fertilized and unfertilized

plots.

High levels of NQ were maintained in all plots in January, desgitegdrobable removal
of some NQ by assimilation as the soil became drier. Thggests a continuation of
NOj; creation by mineralization, N-fixation, and nitcétion following coring in
December. However, universally low measurementd@f measured in the top 2cm of
soil at both sites in February 2010 potentiallygegy slower N@creation late in the
season, since samples taken two days after preramssdid not show spikes in NO
analogous to those observed one day after thedirsd in December 2009. Because the
soil had remained continually wet for a month ptmFebruary 2010 due to frequent
large precipitation events, a pulse of biologiczhaty similar to that observed in
December 2009 would not be expected in respongetains prior to coring in
February. The substantially greater amount ofaexaible N created by the pulse of
microbial activity following the first rains of th@et season than was created after rains
later in the wet season suggests that temporatheymy may be a factor in N limitation
in annuals. Rather than temporal asynchrony dtigetincrease in N mineralization late
in the season after most plant growth that canraocsemiarid and arid ecosystems

(Augustine and McNaughton, 2004), temporal asynthed WC and PB may result
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from an initial high availability of N@when seeds are germinating that is not available
during subsequent growth due to diminished raté$®fcreation. Whether there is also
greater mineralization and nitrification late iretrowing season at PB and WC is not

clear from the data.

Loss of Nitrate

The potential for N@to be leached below the root zones of annualtret short-
rooted plants is apparent, but measurements suiligestome N@may also be lost to
creosote bush in the deep root zone. Previous mezasuats at PB and WC indicated that
NO3; moves similarly to chloride (Rao, personal comration), which is often useful as
a tracer in semiarid and arid soils (Allison et 8994; Phillips, 1994). In the column
experiment with soils from PB, this was corroboddty the movement of N{primarily
with the wetting front (Figure 2.10). The rapid-@aation of water through sandy soils
when sufficiently wet due to high saturated hydiacbnductivities may result in the
rapid leaching of N@through the desert soils. Because only approeip2cm of the
12cm of precipitation was estimated by HYDRUS-1h&ve been removed from the
soil by transpiration prior to the February 2010asw@ements, plant uptake alone would
not explain the decrease in D the top 1m. Immobilization by microorganismaym
have accounted for some of the decline isN@/ith the wetting front estimated by the
model HYDRUS-1D to be significantly below 1m at Vé@d PB in February 2010,

leaching is likely a factor in the low N@oncentrations measured after the major rains.
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The potential for rapid leaching to limit N@vailability to short-rooted plants has been
shown in other studies in arid and semi-arid edesys. A model by Marion et al.
(2008a) predicted that the vast majority of atnmesjrally deposited NOwould leach
below 1m even when only a little rainfall percothgast 1m at a Mojave Desert site,
which would cause the majority of N@ be below the root-zones of annuals plants. In
a semiarid coastal sage scrub ecosystem, Michetlski (2004) found that the majority
of NOs that had accumulated on the surface was leacheth@ shallow groundwater

without undergoing biotic or abiotic processeshatlieginning of the rainy season.

Although the potential for Ngxo leach below the root zones of the short-roatatuals

is clear, the reason for the incomplete uptake ©f M the soil by the creosote bush is
uncertain. Because the rooting depth of creossté has been measured to be about 3 to
5m (Gibbens and Lenz, 2001) and can be limited &yimum depth of water percolation
when not growth is not otherwise inhibited (Wallacel Romney, 1972), it is unlikely
that any NQ was leached below the creosote bush root zonesrenfpllowing

fertilization. The substantial amount of Bif@maining within the root zone of fertilized
plots after the soil dried in the summer of 2008 #re spring of 2010 suggest incomplete
uptake of NQ by the creosote bushes. With the higher condgmtraf NO; remaining

in the fertilized plots relative to the unfertild@lots to a depth of 2.3m in the cores taken
in the fall of 2010, N@from the fertilizer may be left spread throughting soil. The
difference between the top 2.3m of the fertilized anfertilized plots measured at WC
would have required the addition of about 90 kga¥, lapproximately half of the N

applied by fertilizer during six years of fertilizan. The effect of the fertilizer at PB
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may be less apparent due to the control plot hadagp NQ concentrations found
naturally in the soil nearer the surface than #rglized plot, but the higher
concentrations of N&in the fertilized plot are still observed to a ttepf about 2.3m,

with a difference similar in scale to that of W&Ilthough too few repetitions were done
to be certain that this difference is represengatifthe sites, it advances the possibility
that a substantial amount of the fertilizer remapmsead throughout the soil. Because N
and water are the limiting factors in most aridsgstems (Gutierrez and Whitford, 1987;
Hooper and Johnson, 1999; Yahdjian et al., 201d)adlrprecipitation in many arid
environments is removed from vegetated soils atybglevapotranspiration (Andraski,
1997; Kemp et al., 1997; Sandvig and Phillips, 30@6s unexpected that so much NO
would remain in the soil. High concentrations @3JNound below about 230cm in both
fertilized and unfertilized plots could not be agnted for by fertilization, but is
consistent with other studies that have found lemcentrations of N¢xthat has
accumulated a few meters below the surface thrautghe Holocene in desert soils

(Hartsough et al., 2001; Marion et al., 2008b; V@ahd et al., 2003).

Increased leaching is a symptom of N saturatiore¢Adb al., 1989), which is a possible
reason much N@is left behind in the soil. The response of atgtmthe fertilization in
December 2009 indicated that they were N limited,doeosote bush may not be. If the
leaching of NQ s a prominent factor in causing N-limitation imost-rooted desert
plants, deeper-rooted plants in the same ecosystaypsot be N-limited since leaching
beyond their root zones does not occur. Hall.g28l11) observed that while winter

annuals responded to N and P fertilization in tbedsan Desert near Phoenix, Arizona,
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creosote bush did not during a four year studypettpg the idea that creosote bush may
not always be N-limited when annuals are. Uptdkb®NG; from the fertilizer may

have been incomplete due to the N saturation ofitbesote bushes.

The possible role of N saturation in creosote atsiWC and PB in causing the
incomplete uptake of N&Js unclear, but other symptoms have not been vbder
Leaching into the deep soil may be the resultmatarral inefficiency in the uptake of
NOj; by creosote bush, since it has been widely-obdehat NQ has been accumulating
in the deep root zones of arid regions in the seestern US throughout the Holocene
(Hartsough et al., 2001; Marion et al., 2008b; Wahd et al., 2003). Since creosote
bush has been found to be N limited in some stydi@sha and Whitford, 1989;
Lightfoot and Whitford, 1987), it is unclear why smich NQ remains in the soil when it
dries. A potential reason for nutrients being iefthe soil annually may be the
continuation of water removal by vapor flow pro@sthroughout the dry season after
capillary flow has become negligible (Chapter Regardless of the cause, the
substantial amount of N@eft behind by creosote bush may be lost to therdéscycle,

with possible future uptake by creosote bush reguior its return to the surface.

Both PB and WC had higher averaged\Oncentrations from 35-100cm than were
observed above those depths during the summerO8f, 2thich were not observed in the
spring of 2010. At PB, precipitation patterns segjghat water was not likely to have
percolated below 1m prior to the winter of 2009-2@ince the winter of 2004-2005,

while at WC, there may have been some leachingabégto in 2007-2008. This may
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have resulted in a substantial amount of;M€naining in the root-zone throughout the
summer of 2009 that was leached further into tlileasth the greater rains of the winter

of 2009-2010.

Excluding the bulge from 35-100cm during the sumpfe&2009, most N@present in the
soils at the sites appears widely spread in baigtilized and unfertilized plots at WC
and PB. The higher N{xoncentrations in the fertilized plots than unfiegd plots have
been observed throughout all depths of the soiil8\NO; did spread significantly in

the soil column experiments, the highest concentraremained near the wetting front.
Additionally, following the application of 7.6cm @fater over 8 hours, NQvas below
measureable amounts between 7cm and 21cm in th®lcoolumn, which was never
observed in the desert. The greater uniformityhéedesert could partially result from the
continual creation of N&in wet soil, as well as from the leaching oftemgedriven by
repeated small rain events rather than the largBntmus one simulated in the column

experiment.

Although NG soil storage that may ultimately result in the awalation of NQin the
deep root zone appears to account for a substérgsmbf N at WC and PB, gaseous loss
may also be important. DayCent modeling of thessatilPB and WC predicted nitric
oxide (NO) to be the primary gaseous loss, which @gected to be created via the
nitrification pathway (Rao et al., 2010). Denitrdtion in deserts has not been
extensively studied (Seitzinger et al., 2006) aaadontribution to the pattern of NO

concentrations measured at WC and PB is unknovne. apparent soil storage and
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leaching of NQ at WC and PB suggests that gaseous loss is tggficaint at these sites
than was predicted by Peterjohn and Schlesing@®0(1due to their assumption of little
NOj; storage in the deep soil. The potential for Egth surface temperatures during the
summer to cause substantial gaseous nitrogenn@ssls in the Mojave Desert
(McCalley and Sparks, 2009) could account for tlatively small accumulation of NO
and NH, observed on the solil surface at both sites duhagummer of 2009.

Deposition during the summer may be compensatingdeeous losses, resulting in only

small increases being observed in the soil surface.

Nitrogen Limitation Resulting from Precipitation

The hydrological cycle appears to be closely linteethe N cycle at PB and WC. The
precipitation facilitating the creation of N©@an also leach the mobile NQuickly

through the highly-conductive sandy desert soibWethe root zones of the annuals. NO
created in the wet soil following one precipitatievent may only be available to short-
rooted annual plants until the next significanhfall, which may subsequently fuel the
creation of more N@ If rapid production of N©@follows the first rainfall of the wet
season but the production of Bi@minishes in the wet soil later in the season, as
appeared to occur during the winter of 2009-201M¥&tand PB, a temporal asynchrony
in NOs availability may result, with limited N availabtkiring annual plant growth due

to leaching of most N@available at germination. This suggests thatehgoral pattern
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of rainfall is very important in determining the Bl@vailability to annual plants, with
small to medium-sized intermittent rains offerihg greatest opportunity for NQptake

and the pattern of precipitation early in the sadsging especially important.

The timing of the precipitation in the winter of 32010 would have restricted NO
uptake by annual plants. The dry month following tirst rains in December would
have allowed a significant period of uptake byféwe budding annuals that germinated
with the rains, but additional rain events may hiasted the production of more NO
and allowed for more uptake than occurred in tlyesdils. The relatively large, frequent
rains in January and early February that resuttgte depletion of N©from the soil by
the February measurements were likely inopporton&©; uptake by annuals, with any
NOj; created in the wet soil often being leached wittags by subsequent rains. The
excessive leaching of N@lue to rainfall patterns, combined with an abucdasf water
to allow increased productivity, could have beespomsible for the significantly greater
cover of annuals in fertilized plots relative tdfemilized plots that was not clearly
observed in previous dry years. Other deserteasuave also observed that the increase
in productivity of desert annuals with the additmmN is greater in years with higher
rainfall (Hall et al., 2011; Hooper and Johnsor@9)9 This reflects the tendency of N to
restrict growth when water does not, but N limdas in years of high rainfall could also

be exacerbated by increased leaching.
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Disruption of the Nitrogen Cycle

The balance within the N cycle may be very tenuwith anthropogenic N inputs,
invasive species, and climate change likely to ledresady disrupted that balance. The
high concentration of nutrients beneath shrubsuieatly observed in the desert soils
(Garner and Steinberger, 1989; Reynolds et al9;198hade and Hobbie, 2005;
Schlesinger and Pilmanis, 1998; Schlesinger e1886), suggests the importance of
cycling by deep-rooted perennials in retaining Idrrtbe surface. With a proportion of
NOj; leached into the soil seemingly not being takeibyhe creosote bushes, input
from N-fixation and N deposition are necessaryofifgetting the loss of N&to the deep

soil if the system is in balance.

If a loss of NQ into a generally-inaccessible pool deep withingbi occurs naturally in
desert ecosystems, the potential for disruptioh Wie presence of invasive species and
with climate change is great. Because invasiveisp&an change nutrient cycling by
varying from native plants in biomass, productivand tissue chemistry (Ehrenfeld,
2003), they could alter the average amount ot @ched into deep pools and change
the amount of N available to future annuals wheay tihecay. Since desert invasives
have often responded more favorably to increasaddNability than desert natives when
grown in competition (Allen et al., 2009; Brook€(3; DeFalco et al., 2003), the current
presence of invasives may improve the condition$ufmire invasives by preventing NO

leaching if more N is taken up by annual plantstivauld be in the absence of the
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invasives. A shift in the timing and amount of @p&tation due to climate change could
similarly alter the long-term average Blfeached to the deep pools, in addition to

influencing many other chemical and biological meses in desert ecosystems.

Conclusions

NO;s deposition is not likely to have much effect onaamual basis because a much
larger amount of N@is created after the first rains relative to theoant deposited.
However, deposited N{nay result in the accumulation of biologically-dable N in

the biomass and soil over time. The effects dfligation in previous years were
observed both in elevated concentrations of M@t remained throughout the dry
season, a greater production of N@the fertilized plots after the first rains, and
increased surface cover of annual vegetation aites. The potential for deposited NO
that accumulates on the soil surface to affecttadigm on a yearly basis is limited
because of rapid leaching due to the high satufatdchulic conductivities of the sandy
soil. NG; dry deposited during the summer, when the atmagpbencentrations of NO
are the highest, may be mostly leached below tbezanes of the annuals with the rain
required for germination. Although uptake by deepted creosote bush is possible, a
significant amount of N@appears to be accumulating in the deep root zointkhe
fertilized plots. With the rapidity of N{leaching, deposited NHnay be the greater
cause of changes in the annual vegetation anatimtheralization and nitrification rates.

Rapid leaching of N@may be a major reason N is a limiting nutrientl@serts, since the
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same rains that drive the creation of Ny mineralization and nitrification can also
leach any N@created previously below the root zones of thaualsn An apparent
decline in the rates of mineralization and/or fidation later in the rainy season may also

be contributing factors.

The accumulation of N in the soil may be highly elegeent on the timing and amount of
precipitation, which heavily influence soil micrabprocesses, plant uptake, and
leaching. No additional Nfwas observed in the top of the soil in spring 20&6pite
fertilization in December 2009 and accumulatiopiievious years. Above average
precipitation may have led to greater leaching @tdke by annuals, leading to elevated
levels of NQ remaining in the soil near the surface of thalieed plots but no

additional NQ accumulation. The influence of precipitation ba tatio of NQ retained

in the soil surface and taken up by the annualisléaa high potential for climate change
to disrupt the desert N cycle. With the preserfdavasive species further disrupting
nutrient cycling (Ehrenfeld, 2003), deposition off\only one factor with the potential to

produce alterations in the N cycle.
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Table 2.1 Estimated particle-size distributions at Wide @anand Pinto Basin.

Site

%Sand

%Silt

%Clay

wC
PB

Max. Min.

Ave.

Max.

Min.

Ave. | Max.

Min. Ave.

92.2% 72.8%
96.8% 72.1%

85.6%
86.4%

22.2%
22.2%

2.0%
2.2%

10.9% 5.0%

9.8%

7.0% 1.0%

3.5%
3.8%

2.0%

Figure 2.1 Approximate distribution of plots at PB and WC. "plots were fertilized
with 30kg N h&, while “C” plots were controls.
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Figure 2.2 Precipitation timing in relation to the dates ofngding and fertilization at PB

and WC during winter 2009-2010.
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Figure 2.3 Mean concentrations of N@®neasured in the soils at PB and WC. Higher
NO; measurements in the fertilized plots than in thikerilized plots were typical of all
depths.
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Figure 2.4 Mean concentrations of N@neasured with depth in all plots from April to

November 2009. Differences in the means betwesitiZed and control plots were
statistically significant at all depths except I®B&m.
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Figure 2.5 NO; measurements in deep cores taken in two plotstat®B and WC in
Fall 2010.
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Figure 2.6 Variability in measured concentrations of Naetween plots at two depths at
PB. Greater variation was observed near the srfarticularly in the fertilized plots.
Similar variability was observed at WC.
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Figure 2.7 Changes in N@concentrations relative to the summer medianHersame
depth in samples taken 12/8/2009 at PB and WCee€lhery large increases in NiD
the soil surface at WC and one at PB are not shown.
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Figure 2.8 Changes in N@concentrations relative to the summer medianHersame
depth in samples taken 1/7/2010 at PB and 1/8/20¥0C. Large increases in N
the top 2cm of the fertilized plots due to fert@dion are not shown.
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Figure 2.9 Changes in N@concentrations relative to the summer medianHersame

depth in samples taken 2/12/2010 at PB and 2/1/20¥0C.
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Figure 2.10 NO3 concentrations measured in soil columns afteagi@ication of water
at 0.955cm ht for 2 hours and 8 hours.
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Figure 2.11 Changes in N@concentrations relative to the summer medianhfersame
depth in samples taken 4/29/2010 at PB and 5/6/20¥0C.
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Chapter 3 Analysis of the effects of precipitation on amnuon concentrations in sandy

desert soils in southern California

Abstract

Eight plots were fertilized with 30 kg N fiammonium nitrate at two creosote bush-
dominated sites in the Sonoran Desert in ordeeterthine the effects of the
accumulation of biologically-available nitrogen (b)) the nitrogen cycle in desert
ecosystems. The fertilizer was added in Decentbsintulate an influx of N with early
winter rains hypothesized to occur as a resulhefauildup of dry deposited ammonium
(NH,4) and nitrate (N@) throughout the summer. Concentrations ofyldHd NQ were
measured monthly in sections to the depth of 25&hile much NQ was rapidly
leached below the root zones of annual plants saitis, NH, was significantly retarded,
causing a higher percentage of it to remain inrdto¢ zones for longer periods,
potentially allowing for greater uptake by annual$e extent of the retardation and the
reason that it is relatively high despite low clagganic matter, and silt is unknown.
NH, in fertilized plots remained elevated throughdwt year, indicating a potential for
NH,4 to accumulate in the soil over time, but depositioes not appear likely to have
significant annual effects due to the rapiditytté treation of extractable N following the
first rains of the growing seasons. The additibthe fertilizer in December 2009 led to
no additional accumulation of NHh the soil after it dried, but it maintained the

difference in concentrations between fertilizedplkand unfertilized plots resulting from

133



fertilization in previous years. While the N ogc¢h the desert remains incompletely
understood, the study of Nidoncentrations in the soil suggests the strongmiignce

on precipitation, the importance of retardatioml@ermining the extent of its availability
to short-rooted plants, the potential for accumarfaof biologically-available N in soil
that may be partially mitigated by leaching, anel éiffects of fertilization on

mineralization and nitrification in following years

Introduction

While the effects of nitrogen (N) deposition arel@ly studied, distinction is seldom
made between the deposition of ammonium {\&thd the deposition of nitrate (NJO
Although both can provide the nutrient N to plaatsl NH, can be readily converted into
NOjs through nitrification, the mobility of the two isns very different in many soils.
The soils of the deserts of southern Californiafeagquently very sandy with high
saturated hydraulic conductivities that cause ragiter flow when the solil is sufficiently
wet. As a result, nutrients can be leached quibklpw the root zones of annuals and
other short-rooted plants with precipitation. VEHNG; is highly mobile in the sandy
soils (Chapter 2), the cation Nigenerally is retarded by adsorption, increasieg th

likelihood of a higher proportion of NHemaining in the root zones of annuals.

Livestock, soil emissions, and fertilizer were r@sgible for the majority of the
approximately 51,000 Mg of ammonia estimated toebeased annually into the South
Coast Air Basin (SCAB) in southern California asl®®7 (Chitjian et al., 2000). NH
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emissions from motor vehicles can also be sigmti¢gean et al., 2000). Although the
amount of NQ released primarily by fossil fuel combustion ithe SCAB annually was
estimated to be approximately seven times that atremiof 2002 (SCAQMD, 2007),
NH, deposition in the deserts downwind of the SCAB loamgreater than NQleposition
due to closer agricultural sources of ammonia fpphting the atmospheric pollution
from distant urban centers. Dry deposition on soifaces, which enters into the soill
with subsequent rains, is a major contributor taltdeposition due to infrequent
precipitation and atmospheric temperature invessauring the Mediterranean summers
(Bytnerowicz and Fenn, 1996; Fenn et al., 2003dget and Bytnerowicz, 2001;

Riggan et al., 1985).

Effects of Ammonium Deposition on the N Cycle

Alterations to the N cycle resulting from the dagios of anthropogenic Nidare
difficult to observe due to the complicated roleN#d,. In deserts and most other
ecosystems, mineralization and N-fixation providaibstantial source of NHin
addition to deposition. Although NHan be toxic to many plants if it is the primary
source of N, it can still be directly taken up Bangs or be lost to nitrification,

volatilization, or leaching.

Many processes of the N cycle have been observiee éttered with the deposition of
biologically-available N, including mineralizatigienn et al., 2003a; Fenn et al., 1996;
Magill et al., 1997; Vourlitis and Zorba, 2007)trification (Fenn et al., 2003a; Fenn et

al., 1996; Magill et al., 1997), and denitrificatiHanson et al., 1994). Many lichens are
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sensitive to disturbance, making alterations tardgihes of N-fixation also conceivable
(Evans and Belnap, 1999). Assimilation can inaegish increased soil N, with high N
tissue concentrations having been observed in rpkamgs (Magill et al., 2004; Padgett
and Allen, 1999; Rueth and Baron, 2002; Vourlitisale 2009), but the effects on
decomposition have varied between increased rd¢eseased rates, and no change in
rates in different ecosystems (Hobbie, 2005; Kebal., 2005). Although the richness of
mycorrhizae has declined with N fertilization ims® studies (Egerton-Warburton and
Allen, 2000; Lilleskov et al., 2011; Treseder, 2504 another study the addition of WH
resulted in increased growth of myccorhizae whi@@;Mid not (Yoshida and Allen,

2001), demonstrating the potential for differerieets from different forms of N.

Nitrogen Deposition and Invasive Species in the Deserts of Southern California

Substantially less N deposition is typical in tleserts of southern California relative to
environments closer to large urban centers (Feah,2003b); however, the naturally
low amounts of N in arid ecosystems may resultr@ater effects from the deposited N.
The expectation of negligible leaching below thetrmones (Peterjohn and Schlesinger,
1990) may enhance the potential for N to accumuthatiesert soils. Over time, low
levels of deposition have decreased diversity asglands (Clark and Tilman, 2008),

making it plausible that a similar effect may bs@lved in deserts.

N is commonly the main nutrient that limits produity in many ecosystems around the
world (LeBauer and Treseder, 2008; Vitousek and &ftlw 1991), which includes

numerous southern Californian ecosystems (Fenh, @083a). Both N and water
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commonly limit productivity in deserts (GutierreacaWhitford, 1987; Hooper and
Johnson, 1999; Yahdjian et al., 2011). As a limgithutrient, N has a particularly great
potential to instigate alterations in the abundaau# composition of vegetation. The
effects of increased biologically-available N h#een observed in many ecosystems
throughout the world (Adams, 2003; Smith et al99;%itousek et al., 1997). Among
the problems caused by elevated N is the potdotiaiversity to decrease due to
competitive exclusion by nitrophilic species, whiolay be given a competitive

advantage by greater N availability (Bobbink et 2098; Tilman, 1987).

The native annual forbs and grasses in the desmuthern California are currently
threatened by the spread of an invasive forbs easkgs (Barrows et al., 2009; Brooks,
2000; DeFalco et al., 2007) . Many native and snv@annual plants in the arid regions
of southern California respond to N fertilizatiortiwincreased productivity (DeFalco et
al., 2003; Rao and Allen, 2010; Salo et al., 20B6),invasives have sometimes shown
greater response than natives when grown in cotigge(Brooks, 2003; DeFalco et al.,

2003). As aresult, N deposition may acceleragtesiread of invasives.

Intent of the Analysis

Although anthropogenic N has been observed to adtgetation in the Californian
deserts (Allen et al., 2009; Brooks, 2003; DeFaical., 2003), the extent to which
deposited N is taken up by the annual plants ickeatr. Much of the deposited NO
appears to be lost to the annuals by rapid leadtetmv their root zones (Chapter 2), but

the adsorption of Nidcould allow a longer period of retention nearsbé surfaces.
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This analysis is meant to assess the potentiarfoual plants to take up the N from
deposited N by examining how field measurements of Ntdncentration throughout
different depths of desert soils vary in relatiorptecipitation events. While the field
measurements cannot conclusively demonstrate ldie/esimportance of different
processes of the N cycle, they can illuminate pasgtef variation of N concentration

in the soil and provide a basis for future research

Materials and Methods
The Study Stes

Pinto Basin (33.832°N; 115.758°W; 744m above sealJand Wide Canyon (33.943°N;
116.395°W; 501m above sea level) are located ilCtilerado Desert part of the Sonoran
Desert in California (Figure 1.1). The dominangettion at both sites is creosote scrub
(Larreatridentata), a long-lived flowering evergreen shrub thatasnenon throughout

the deserts of the American southwest. Wide CayiQ) is located at the western
edge of Joshua Tree National Park (JOTR), apprdeima60 kilometers east of Los
Angeles and 20 miles northeast of Palm SpringatoMasin (PB) is located in central
JOTR, approximately 100km east of WC. Depositeastimated to be greater at WC
than at PB. Between November 2004 and Decembér, 2pproximately 2.13 kg N-
NOsha and 3.11 kg N-Nkha' bulk deposition was measured at WC and 1.62 kg N-
NOsha and 1.73 kg N-Nhha bulk deposition was measured at PB (M. Fenn, peiso
communication). These measurements do not indugddeposition on plant canopies,
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which is also expected to contribute. MeasuremienEgbruary and July 2004 at the
sites indicated that atmospheric concentratiorssmhonia in JOTR are higher in winter
than in summer, contrasting N@easurements for which the opposite was true iAdte

al., 2009).

The hydrometer method was used to determine thielpagize distribution for 10
samples at depths throughout the top 100cm ofdihatsnine plots at each site. The
soils at both sites were very sandy with no coesistariations at different depths (Table
2.1). There were substantially more rocks at Waih tht PB, which corresponded to a
higher percent gravel in the soil at WC than at &®raging 31% and 20%, respectively.
The soil pH was measured at 7.1 at WC and 7.9 gR@B and Allen, 2010). Both sites
originated from a granitic parent material thatasnmon in JOTR (Rao et al., 2011).
The retention and hydraulic conductivity curves\aey steep for the sandy soils at the
sites (Figure 1.6), meaning a rapid rate of wadtav fivhen the soll is sufficiently wet that

drops very quickly as the soil dries.

The Vegetation at the Study Stes

Creosote bushes and other shrubs were estimated@o approximately 9.5% +/- 2.7%
at PB and 18.1% +/- 3.8% at WC (Rao and Allen, 208@ving large expanses of the
desert floor without vegetation for most of theryeBecause the lateral roots of creosote
bushes often spread well beyond the edge of thepgaBrisson and Reynolds, 1994,
Gibbens and Lenz, 2001; Wallace and Romney, 1@82)ell as several meters deep

into the soil (Gibbens and Lenz, 2001), the robthe central creosote bush likely

139



spread throughout the plots. At many creosotehdai®d sites, all precipitation is
removed annually by evapotranspiration (Andras@@7t Kemp et al., 1997; Sandvig
and Phillips, 2006). Both the timing and amounpi&cipitation strongly affect the
growth and reproduction of creosote bushes (Cuimaimget al., 1979). Studies have
varied in their assessments of whether creosot@sesiare N-limited. While some have
found a limitation by both water and N similar thher desert vegetation (Lajtha and
Whitford, 1989; Lightfoot and Whitford, 1987), acemt study found no effect on
creosote bush from N fertilization on creosotethexSonoran Desert (Hall et al., 2011).
Another study determined that successive wet yaarkl result in a depletion of
nutrients by extending plant growth, resulting iN-dimitation that was not distinctly

observed otherwise (Sharifi et al., 1988).

Annual plants grew at greatest densities beneatkhtubs, with more growing on the
north sides than the south sides (Allen et al.9208hile the interspaces were sparsely
vegetated. This corresponds to greater amoumtstaénts in the soils beneath canopies
of desert perennials (Garner and Steinberger, 1R8¢nolds et al., 1999; Schade and

Hobbie, 2005; Schlesinger and Pilmanis, 1998; Sainder et al., 1996).

The native forlChaenactis fremontii was the most abundant plant at PB and the native
forb Malacothrix glabrata dominated WC during the study from 2008 to 20h6ugh

both were common at both sites. The most abundeasive plant at both sites was the
exotic grassschismus barbatus (Allen et al., 2009). N fertilization has bedserved to

increase the productivity of Schismus specieseandisert (Allen et al., 2009; Brooks,
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2003). Although significant reductions in speaiebness and the cover of annual
natives were observed in fertilized plots at PR®4 (Allen et al., 2009), fertilization
appeared to result in increased growth of annuatesat both sites in the spring of
2010. In the March 2010 survey at WC, the annlaadtp in the fertilized plots were
estimated to cover 26% of the surface while inuhfertilized plots averaged
approximately 17% coverage. The April 2010 sursiegwed similar differences at PB,
with the fertilized plots having 32% annual coveragmpared to 24% in the unfertilized
plots. This was less apparent in other years, aaaturing the first two years of

fertilization that showed no increase in percenecdy the annuals (Allen et al., 2009).

There was no germination at PB during the winté2005-2006 and 2006-2007 and at
WC in the winter of 2006-2007 due to severe drosihoth years (Rao and Allen, 2010).
The abundance @&chismus barbatus, as well asS arabicus, was reduced after the
drought relative to the years prior to the droy@tahneider, 2010), though it was in
greater abundance by the spring of 2011 than wique years following the drought
(personal observation). Creosote bushes had eEmodversely affected by the drought,
having lost leaves and branches, but there wasisagmt recovery following the drought,

with most growth at the bases of the bushes.

Water in the Desert

Rainfall and temperature were measured hourly bgiteweather stations at both sites
beginning in 2005. Figure 1.2 shows the averaggéeatures and the annual

precipitation measured at the sites from 2005-20Mie summers at both sites are hot
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and dry, with most rain falling in the winter anarly spring. Annual plants generally
begin growing following sizeable rainfalls and pe@akarch or April, with PB generally
peaking one or two weeks later than WC. The rHinfas below average in the winter of
2008-2009 and above average in the winter of 2@®W2 WC generally receives
slightly more rain than PB during the winter, witld cm falling at WC in the winter of
2008-2009 and 17.9cm in the winter of 2009-201B.réteived 6.4cm of rain in the
winter of 2008-2009 and 15.1cm in the winter of 2@D10. Little summer rain is
common at WC, with more being common at PB duenteastward increase in the
summer precipitation gradient in JOTR (Rao et2dl11). However, summer
precipitation in 2009 and 2010 was exceptionally, laith under a centimeter of rain

falling between May 1 and October 31 at either. site

PB and WC were similar in temperature and therelittkesvariation between years. The
average summer high temperatures were 35.9°C anBB6.6°C at WC, while the
average winter highs were 16.1°C at PB and 19.6W€&@ during the years of study.
Summer lows averaged 18.8°C at PB and 23.1°C aawWdGwinter lows averaged 6.4°C

at PB and 12.4°C at WC.

To estimate the depth of water infiltration on dathen sampling was done, data from
MPS-1 dielectric matric potential sensors (MPSa0& was analyzed. These used a
solid matrix equilibration technigque to measurertaric potential of the soil water from
November 2008 to December 2010. Two sets of sengere installed at each site at

depths of 5cm, 10cm, 15cm, 20cm, 25cm, 50cm, anth® approximately 0.5m from
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the edge of the canopies of the creosote bushesn the measurements of the MPS-1s,
it can be extrapolated that before the winter &f®2Q010, water likely had not percolated
below 100cm at PB since the winter of 2004-200%ingaNO; leaching below 100cm
unlikely between 2005 and 2010. Some leachingw@@0cm may have occurred at

WC due to the 10.1cm of rain received in the wiiaie2007-2008.
The Soil Cores

Because comparisons between PB and WC were diftice! to variations in factors
other than N deposition, 4 fertilized and 5 unfezéd plots spread over slightly less than
1 hectare at each site were studied in order teoathe effects on the soil of added
NH4 and NQ from the fertilizer to control conditions. Figueel shows approximately
how the plots were spread. 30 kg N/ha of ammomiurate (NHNO3) was added to

four 6 x 6 meters plots each centered around asctedush at both WC and PB in
December 2008 and December 2009 shortly afteirgterdins, though it was intended to
be done prior to the first rains to mimic the laaghof N that had accumulated on the
soil surface over summer. Prior to the studypiioes had been fertilized annually in
December from 2002 to 2005 with the same amoult-NOs. Although 30 kg-N ha

is far higher than any estimates of Nét NO; deposition, a large amount of MRO3

was used to allow a clearer observation of theceffef N from the fertilizer against the
natural variation in the desert sites. Measuragwrre also taken in corresponding
control plots, located within 7 to 30 meters ofteéertilized plot, with one extra control

plot at each site with no corresponding fertilizdok.
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From November 2008 and May 2010, monthly soil carese taken to a depth of 25cm
on the east side of the creosote bushes immedmiétyde the canopy in each of the nine
plots at both sites. The cores were taken in mergs of 5cm with the exception of the
top 5cm, which was taken in two sections from @dm and 2 to 5cm. The depth of
cores was increased to 100cm in June and Septe&hB@09 and in cores taken from
January to May 2010, with samples also being téten 35-40cm, 50-55cm, 75-80cm,
and 95-100cm. The less frequent samples at gréepehs reflected the expectation of
less variation below the top of the soil. The datkthe coring at PB and WC during the
winter of 2009-2010 are shown in Figure 2.2 intielato precipitation and fertilization.
Additionally, in October and November 2010, oneeocaas taken in a fertilized plot and
another in an unfertilized plot at each site teeptd of between 330cm and 345cm and

collected at every depth in sections of 5cm forghgose of examining the deep soil.

NH,was extracted with 1M KCI and measured colorimatiyo(Technicon Instruments

Corp., Tarrytown, NY).
The Soil Columns

A very basic experiment was run with 6 soil colurrmsrder to assess how the NH
adsorbs to the soils. All columns were filled wstil from PB and three of the columns
were fertilized with 10.5 kg N FaNH4NOs, with the other three being used as controls.
Soil from the top 2cm was not included in the cahsndue to the variably high
concentrations of NiH Water was dripped on the columns at a rate pfagimately

0.955cm hi* for 2, 4, or 8 hours, after which the columns wiermediately cut open to
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remove the soil in 2cm sections for an analysithefextractable N. Too few repetitions
make this experiment merely exploratory, but iiseful for the discussion of trends

observed in the field samples

Methods of Analysis

N concentrations are highly variable in desertss@ilunter et al., 1982), complicating
any analysis of the N cycle. Both the very higrasmweements and very low
measurements are characteristic of the N cycledrsoils. Variations between samples
are assumed to be demonstrative of the spatiaibdison in the processes of the N cycle

at the distance from the creosote bushes at whe&ekamples were taken.

Although the experiment began in November 2008attadysis will focus on the data
taken between April 2009 and May 2010 becausedhditons during that time resulted

in a more complete data set that shows trendsgsgater clarity.

Results

NH,4 concentrations remained higher in the top 2cnmeffertilized plots relative to the
unfertilized plots throughout the year, but vetidiNH, appeared to move downward.
Figure 3.1 shows the mean concentrations of biétween April 2009 and May 2010
from 0-2cm and 20-25cm. Measurements showed tikatdncentration of NH
diminished with depth and differences betweenlieet plots and unfertilized plots

became less pronounced. Throughout the year, therds remained highly
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concentrated in the top 2cm. This high surfacecentration is most likely partially
caused by the considerable retardation of, NHative to the flow of water in the soils at
the sites, which was observed in the column exparim1 In Figure 3.2, the results of the
column experiments after 2, 4, and 8 hours are shdwven after 8 hours of water
application and a wetting front that had movedSor3, no significant difference
between the fertilized and unfertilized columnsolethe top 2cm was observed. Not all
NH,4 added was accounted for in the column measuremeititsthe top 2cm of the
fertilized columns being 10.3-10.9 mg N-bk&™ higher when the fertilizer would have
increased the concentration by 14.6 mg Nkt if there was no loss. No extra NO

was observed to account for the decrease intNHitrification.

Between April and November 2009, when 0.025cm iof fiell at PB and no rain fell at
WC, fertilized plots had significantly higher Mlidoncentrations than unfertilized plots
despite fertilizer not being applied since the bagig of the previous winter.
Measurements were highly variable (Figure 3.3)hlie top 2cm of fertilized plots
being particularly disposed to large spikes insNBincentration. At both WC and PB,
concentrations, variability, and differences betwte fertilized and unfertilized plots
diminished quickly with depth. The means of alhcentrations measured between April
and November 2009 at a given depth in fertilized anfertilized plots at PB and WC are
shown in Figure 3.4. The differences between thama are statistically significant to
25cm. Despite the observed variability, 187 conspais between measured
concentrations at a given depth on a given dapiresponding plots at PB during the

summer showed that concentrations in the fertiliets were higher approximately
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83% of the time in the top 25cm. At WC, 186 conmxans similarly established that
fertilized plots had higher concentrations abo®8% the time. On average, the
fertilized plots contained approximately 11.8 kg8 more NH, than the unfertilized
plots at PB and 9.0 kg-N Hanore NH, at WC during the summer of 2009. The top 2cm

accounted for about 45% and 43% of that differeatd@B and WC, respectively.

Some NH deposition is expected to accumulate in the tap @tsoil throughout the
summer. The mean concentration of Nikithe top 2cm at WC appeared to increase by
2.5 kg-N hd, mostly in the late spring and early summer. Hevethere was also a
slight increase in measurements below the top Betncbuld not have been accounted
for by deposition, as was observed at 20-25cmgnriéi3.1. The reason for this increase
is unclear, though it may have simply resulted fidrance. PB did not show a

significant increase in the top 2cm or below.

NH, decreased in the top 2cm of most plots relativeeédian summer concentrations
following the first significant precipitation in @ember 2009 (Figure 3.5). Below the
top 2cm, NH concentrations generally remained near the summeédian concentration.
The fertilized plots at PB were an exception, WitH, concentration appearing to decline
throughout the top 15cm. Samples were taken theffer the rains. Whereas the
wetting front at PB was at approximately 15-20dne, wetting front at WC had moved
beyond the 25cm depth that was sampled due toegneah. Large increases in MO
were measured at both sites in these cores (Chgyptent NH, did not decrease

sufficiently to fully account for this N§
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In January 2010, average MNEbncentrations increased relative to the prevsauspling
and were higher than the median concentrationseoptevious summer, with the
exception of the fertilized plots at PB (Figure)3.8VC had received 0.381cm of rain on
12/13/09 after fertilization on 12/11/09, but PBe®ed no rain between fertilization and
the January coring, leaving all fertilizer conceated in the top 2cm. Below the top 2cm,
the fertilized plots at PB were similar to the nadconcentrations the previous summer.
Because the control plots at both sites had cléachgased in concentration relative to
the previous summer while the fertilized plots af\dd not, the difference in
concentration between the fertilized and unfeddiplots was reduced in the January
cores. While most of the fertilizer remained ie gurface at WC, elevated
concentrations were observed in all plots from &x5with very high concentrations at 5-

10cm observed in two plots.

There was no evidence of the Natlded in the fertilizer when the cores were taken
February 2010 after the majority of the seasornissréFigure 3.7). In the top 2cm of the
fertilized and unfertilized plots at both sitess toncentrations of NHvere low relative
to the median concentration of the previous summérthe concentrations of Nielow
the surface in the control plots were high. Desfiie addition of the fertilizer,
concentrations in the fertilized plots were nearriean the previous summer. While
they remained higher than the unfertilized pldts, difference between the fertilized and

unfertilized plots had decreased.
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NH, concentrations in all plots were elevated relatovthe summer of 2009 after the soll
dried in the spring of 2010 (Figure 3.8). Unfezeld plots maintained approximately the
same concentrations that were measured in Febhuarfertilized plots increased

significantly.

Discussion

A High Retardation Factor for a Sandy Soil

NH, retardation in the soil from PB and WC appeatsadigh relative to estimates from
the few studies done on Nlddsorption in sandy soils. The vast majority>dfactable
NH,4 remained in the top 2cm of the soil in all meamerts at both sites during the
study and the column experiments with soil fromdPBwed no statistically significant
difference below the top 2cm of the soil columnietn the fertilized and unfertilized
columns following 8 hours of water application wtba wetting front was at 35cm.
Since the plurality of N@moved with the wetting front, the retardation éaqR) of NH,

appears to be at least 17.5.

Considering the basic equation for the retardation,

R=1 +PbKd/ev

high bulk densitiespt) and low volumetric water contertt,J can contribute to a high
retardation factor, in addition to a high distriloat coefficient (k). pp is generally
higher in sandy soils and water contents typicaipain below saturation in the desert as
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a result of the slow rate of water application cored with the rapid percolation in sandy
soils at high water contents. In the columns pibak water content measured in the top
2cm was approximately 0.28 &rmi®. With a bulk density of 1.63 g ¢iestimated for
the soil at PB (Rao and Allen, 2010), the obsere¢ardation in the soil columns would
require the K to be approximately 2.8 éiy. Although this would not be close to many
K4 values for agricultural soils, for whichyif the range of 3-4 chg™ is typical

(Hanson et al., 2006), the small fraction of ckilf, and organic matter at PB was

expected to result in a relatively low;.K

Previous studies on NjHdsorption in sandy soils have been rare, buf &ttdorption in
sandy soil has been found to be weak relativeltarsil clay loams (Wang and Alva,
2000). In a sandy Tunisian soil, the highest mesakly was 0.82 criig (Jellali et al.,
2010), which is significantly less than the minim#grequired to cause the lack of NH
leaching below 2cm in the soil column. A ®f 1.5 cni/g provided the best fit for

measurements in a sandy soil in an early N modk&(idar and Selim, 1981).

While the remainder of 12.3 to 13.1 mg N-Nkg* in the top 2cm of the soil columns
indicates a high retardation relative to other iggsith sandy soils, large variations
observed in other studies suggest that the sBiBas not necessarily exceptional. NH
adsorption in the sandy Tunisian soil studied Bialiet al. (2010) varied between 1 to
30.7 mg kg with the application of solution of concentratidretween 4.9 and 36.4 mg
L. Wang and Alva (2000) determined that Nidsorption was primarily between 10.8

and 23.7 mg Kgin the sandy soils of citrus groves in Floridagaftontact with a 140 mg
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N-NH,4 L™ solution, with one soil sample from a depth ofi9i®cm being observed to
adsorb approximately 75 mgk@f NH,. Although numerous soils in these studies had a
physical capacity to adsorb the amount ofyM#€asured in the top 2cm of the columns, a
significant amount of Nidremained that was not adsorbed in the experincéigang

and Alva (2000) and Jellali et al. (2010), whichswet evident in the PB soil columns.

The high concentration at which the Nehtered the PB soil columns is likely a
contributing factor in the high retardation obsekvérevious studies have observed that
the increase in adsorption with the concentratiodtd, in the applied solution holds true
in sandy soils (Jellali et al., 2010; Wang and AR@00). The Nkifrom the solid

fertilizer applied to the PB columns presumablyeesd the soil at very high
concentrations with the first few drops of wat@he effects of high concentrations on
NH,4 adsorption may also be important at field siteshlibecause solid fertilizer had been
added in the study and because evaporation mag &dtkson the surface to become

highly concentrated as the soil dries.

Although the initial high concentration may expléne initial adsorption, subsequent
desorption would be expected with the continuediegipon of water as the adsorbed
NH, equilibrated with the low concentration in solatioln the PB soil columns and at
the field sites, physical non-equilibrium coulduksn the slower leaching of NH

though this has not been explored. Preferenbal,flvhich can occur even in largely
homogeneous sandy soils, can be simulated usinglgpdrmeability model that assumes

more rapid water flow in fractures than in the sodtrix pore system and the exchange
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of solutes between these regions (Gerke and Vacbemny 1993). With highly
concentrated Nidentering dry soil and clean water applied subsetiyientering a wet
soil, NH; may have remained concentrated primarily in tee fEermeable matrix during
the experiment. The dilution of the Nkh the soil matrix would depend on the solute
exchange between the fractures and the matrix,thetiapid percolation of water near
saturation in the sandy soil limiting time for echange. Future experiments are
necessary to determine if these conditions of Bisd column experiment resulted in
greater retardation of NHhan is typical of a sandy soil and whether tioigld have

affected NH movement at the field sites.

The NH, distributions at PB and WC were very similar thgbaut the year, suggesting
the properties of the soils are similar. Althowagtboth sites the majority of NHvas
found in the top 2cm throughout the year, the mfice of nitrification, plant uptake,
ammonia volatilization, mineralization, and otheogesses in maintaining the
distribution at the sites makes it difficult to adain the importance of adsorption in
retaining NH in the soil surface. The 0.381cm of rain at WCLar13/09, three days
after the application of fertilizer, produced siigant increases in NfHrom 2-5cm in all
fertilized plots and from 5-10cm in two of the @ah the samples taken on 1/7/10.
Although the majority of Nhiremained in the top 2cm, the distribution of NH
resembled the distribution of the W@®om the fertilizer. The previous set of samples,
which had been taken in December one day aftdirtavinter rains, showed no
evidence of downward flow of NHn the soil surface at either site, more constsieth

the columns. Dissimilar conditions appear to resusubstantially different mobility.
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Differences in conditions that could have influethtiee apparent deeper movement of
NH, in the January cores relative to the Decembersdadude that soil had previously
been wetted at the time of the fertilization ptimthe January cores, the longer delay
between the rains and the coring in January, aadlitther concentration of NHbn the
soil surface after fertilization. Although the logpesis that preferential flow caused
different distribution under different conditiorsspossible, the seemingly inconsistent
behavior of NH at these sites highlights the necessity for mtudiss of NH movement

in sandy soils.

Because of the granitic parent material at bo#sgiRao et al., 2011), the potential
importance NH fixation should be investigated. Nifixation refers to the sequestering
of NH,4 in the interlayer of a 2:1 clay mineral. Sigréind NH, fixation occurs in many
coarse-textured decomposed granite substratediior@a (Rider et al., 2006; Rider et
al., 2005). With very fine sands fixing the mosi/\Noer unit weight and substantial
fixation by coarse sand due to its high prevalendbe substrates (Rider et al., 2005),
the NH,-fixation observed in decomposed granites, whigteaps to be caused by
interstratified biotite-vermiculite collapse (Ridefral., 2005), may be applicable in the
coarse-textured granite-derived soils at PB and WMGwever, the importance of NH
fixation at PB and WC is questionable since théssaiiPB and WC are not newly
exposed-substrates like the decomposed granitgiedtiny Rider et al. (2006).
Nevertheless, with little information available the NH,-fixation capacities of the soils
at WC and PB and insufficiently explained measurgs)durther investigation is

warranted. If NH fixation at WC and PB was significant, the extiaciwith KCI could
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have resulted in an underestimation of the,t¢asured in the soil since the addition of
KCI can collapse the lattice structure and trapNhR in the interlayer (Rider et al.,
2005). This may be an explanation for the measenesrof only 64-68% of NiHapplied

in the fertilized columns following extraction, tingh volatilization may also have been a

factor.

Further research is necessary to ascertain whyidstrongly retained in the soil surface
at PB and WC and whether the retardation of, dbkerved in the soil columns is typical

of desert soils in southern California.

Conseguences of Sower Leaching

The retardation of NIHin the soils at WC and PB may affect nutrient ality by
providing the annuals and other short-rooted plargsurce of N after the highly mobile
NOs is leached beyond their root zone. The initiadlgid percolation of water during
rains due to the high saturated hydraulic condiligts/of the sandy soil can result in a
substantial loss of N£&Xo annual plants with even moderate precipitatidmapter 2).
Additionally, with a substantial amount of M@ot being taken up by the creosote bushes
(Chapter 2), N@leaching may not only prevent NQptake by annuals but also result in
a long-term loss of N to the desert N cycle, sieeehed N@has been accumulating
several meters below the soil surface at many tisses throughout the Holocene
(Hartsough et al., 2001; Marion et al., 2008; Walebet al., 2003). If deposited WH
remains in the root zones of the annual plantsdotitan the deposited NCa higher

proportion of the N from the deposited a Nibuld likely be taken up by the annual
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plants and retained in the desert N cycle. Thigldvenean a greater potential for
accumulation of N from deposited Nith plant tissue, litter, and soil over time relatto
deposited N@ With N limitation in annual plants possibly freently triggered by
leaching (Chapter 2), NfHtleposition may be more disruptive thand\f@position.
Additionally with atmospheric ammonia concentratiom JOTR being higher in winter
than in summer (Allen et al., 2009), much of the,Mirhy be deposited as N@3 leached

through the annual root zones by rains.

Although plants have the potential to take upsMiectly, nitrification may also allow
for the potential restoration of N@fter rains leach previously present Nglow the

root zones of annuals. Nitrification appears toehlegun rapidly with the first rains at
WC and PB. After the first rains in December, ;D both sites increased between the
depths of 2cm and 25cm by an average of approxiyn2® kg-N ha and 6.35 kg-N ha
! relative to the summer averages in the unferdlized fertilized plots respectively, with
variable high spikes in N§Ioncentration in the top 2cm. Although a hake-kiff
approximately 3.5 days for nitrification would bepected for rate coefficients typically
estimated in literature, there is great variabilityate coefficients estimates in different
soils (Hanson et al., 2006). While Bl€eation may have continued briefly after the
cores were taken during transport to the lab anieasven drying began, N@reation
estimates at PB and WC remain fairly high relatoséterature values. Nitrification is
rapid in many soils in southern California (Fenmlet2003a; Vourlitis and Zorba, 2007),
but at PB and WC, the extractable Nédncentration in the soil surface typically

exceeded the N{xoncentration by a ratio of more than 2:1.
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Although adsorption could hinder nitrification, higr NG concentrations below the
surface suggest leaching diminishes the surfaceetrations. Soil cores to 3.3-3.4m
depth that were taken in the fall of 2010 generadlgl higher N than NQ
concentrations to a depth of 110-160cm in the ®vblized plots sampled and to a depth
of 215-260cm in two corresponding unfertilized pldielow which N@was higher
(Figure 3.9). The differences between the feddiand unfertilized plots provide some
support to the hypothesis that fertilization ina@i NQ concentrations in the deep soil
but not NH, concentrations, resulting in higher fl@ncentrations than Nt lesser

depths than would occur naturally.

The lowest ratios of NIHto NG;s in the soil surface, approximately 1:1, were meadin
December 2009 following the first rains and in Jy2010 following a dry month after
the first rains, suggesting high nitrification bétbeginning of the rainy season. The
highest ratios of Nkito NO; were measured in February 2010, after the majofitiie
winter rains, averaging 12:1 in the fertilized gland 7:1 in the unfertilized plots. The
leaching of NQ during the heavy rains of January and early Feprigdikely
responsible for much of the depletion of extraadbl(Chapter 2). Although the NH
from the added fertilizer disappeared following #a@uary-February rains, the NH
concentrations in the soil returned to approxinyatgiat they had been prior to
fertilization, while the surface N{Oneasurements were exceptionally small. Nitrifarat
appeared to occur more slowly in February thanendbnber. The remainder of a
significant, stable amount of NKhat does not undergo nitrification may indicate

significant inhibition of nitrification by adsormm. New NH from mineralization, N
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fixation, and fertilization may undergo nitrificati rapidly, while NH that is adsorbed to
the soils when the rains begin is hindered. Sotdgfhdm fertilization may have
become part of the slower nitrifying pool sincehegstable concentrations of hiitere

measured in fertilized plots.

The Production of Ammonium

Increased N@concentrations at PB and WC after the rains ineDgaer 2009 likely
resulted from nitrification (Chapter 2); howevdre tsimultaneous production of iYH
would have been necessary for the observed measnotesince the increase in plWas
greater than the decrease in/NH he importance of deposition in increasing the
extractable N in the soil is unknown, but the Valeaspikes in N@concentration in the
top 2cm would not likely be the result of depositend the increase in N@ the soil
dwarfed estimates of deposition. N mineralizatiolipwed by nitrification, could
account for the greater increases insNOserved in fertilized plots relative to
unfertilized plots, since it would return previogsissimilated N to the pool of extractable
N. High mineralization and nitrification likely atinues following the December
sampling, since high levels of N@mained in the January samples even as the solil
became significantly drier and there was littleslo§ NH,. The contribution of N-
fixation and denitrification in determining the anmd of NG; and NH, is uncertain. Rao
et al. (2010) estimated no denitrification at PBMC and an annual input from N
fixation of 0.7 kg N/ha, which would be fairly smheglative to the increases in N

observed immediately following the first rains.
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Although the greater production of M@ fertilized plots relative to unfertilized plots
would likely be due to greater mineralization, ladeatory incubation experiment with
soils from sixteen Sonoran desert sites including &id PB by Rao et al. (2009) showed
an increase in total mineralization with depositot not in mineralization rates.
Mineralization rates may only significantly increaghen the differences in N applied
are large enough, since the differences betweefettiezed and unfertilized plots at the
sites are much greater than between the soilsestindi Rao et al. (2009). Rao et al.
(2009) did not focus on pulses of water or on naheation occurring immediately after
rains, but concentrations measured in the weeks atiter application show no evidence
of previous rapid mineralization. However, manyastexperiments have shown that wet-
dry cycles in semiarid and arid soils can produgeiicant N mineralization within a
single day of incubation (Austin et al., 2004).14@8 of water following dry periods are
known to stimulate biological activity in deserbsgstems (Noy-Meir, 1973), including
microbial activity (Austin et al., 2004; Fisheradt, 1987; Schwinning and Sala, 2004).
Increased N@created following a water pulse may last onlywa iays since it can be
immobilized (Cui and Caldwell, 1997), potentiallypdaining why no evidence of this
rapid increase was observed in the weekly measumtsméRao et al. (2009). Because
surface cover of plants was not significantly higinefertilized plots prior to 2010 (Allen
et al., 2009), the greater increase inzNM®©fertilized plots would have resulted from
greater N in organic matter rather than more oxganatter. If fertilization altered the
amount of N in the organic matter with high turniokeges, greater increases in N©®

the fertilized plots after rains would be expectdieasurements did not show
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statistically significant differences between fiegéid and unfertilized plots in total carbon
(C) and total N (N), possibly due to limited sangpleigh spatial variability, and the
inclusion of organic matter with low turnover ratd=ertilization can increase the N in
the plant tissues of many desert plants (DeFaleb,e2003; Schneider, 2010), which
may increase the N in the litter in subsequentsyedower C:N ratios in litter and soil
organic matter have correlated to greater N mirmei@bn in many ecosystems (Currie,

1999; Fenn et al., 1996; Vourlitis and Zorba, 200auirlitis et al., 2007).

The Loss of Ammonium

After the month of heavy rains in January and el€lgruary, there was no evidence of
the NH, from the fertilizer on the top of the soil, buetamount of Nl remained
elevated relative to N Although it was clear that nitrification was lomger creating
NO; as rapidly prior to the February cores as it ditbfving the first rains, the change in
rates of mineralization is less clear because fsagmit NH, remained in the soil in
February that may have replaced previously nittifH,. Below the surface, the
unfertilized plots showed a significant increaséli, relative to the summer average,
but the fertilized plots did not, though the averagncentrations remained high in the
fertilized plots relative to the unfertilized plot$herefore, the difference between the
fertilized plots and unfertilized plots was redu@edrebruary 2010 relative to the
previous summer despite the added fertilizer. dibappearance of the NHom
fertilizer in February may be attributable largedyleaching following nitrification, since

the soils have exhibited significant potential fdrification, the wetting front was likely
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well below a meter at both sites in February, a@ ¥ highly mobile in the soils
(Chapter 2). Differences between the 3.3-3.4 nusiegs taken in the fall of 2010
suggest that roughly 50% of the fertilizer applmedy have been leached asNO
(Chapter 2). A proportion of the fertilizer MM/ould have been taken up as Nttt NG;

by the plants and microbes as well, contributintheodecline in measureable extractable

NH4 in February 2010.

The application of the fertilizer subsequent tofitet rains rather than prior may have
severely limited plant uptake of the fertilizerd@10. Whereas the first rains could have
driven the fertilizer into the soil and allowed amith for potential nitrification reactions
and uptake with the water, the rains that drovdehdizer into the soil in January were
followed closely by more rains. In conditions wisrgnificant rains occur in close
temporal proximity, the potential for the leachwigooth NQ previously present and

NO; resulting from nitrification below the root zonétbe annuals is particularly high.

Although some gaseous loss is also expected, inaasieasured and the high
proportion of applied N accounted for in the deejppand likely in plant tissue and litter
suggest that it is likely a more minor loss thaameot zone soil storage. DayCent
modeling of the soils at PB and WC by Rao et &1() estimated that the primary

gaseous loss is by nitric oxide (NO) via the nitafion pathway. The lack of much
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accumulation of N@and NH, on the soil surfaces at the sites during the sunain2009
may have resulted from deposition balancing gaskmss which is expected to be
substantial in summer due to high soil-surface enatpres (McCalley and Sparks,

2009).

The Ammonium Remaining in the Soil

In April and May 2010, after the soil was dry, NWas elevated in fertilized and
unfertilized plots relative to the summer of 2008, concentrations increased after
February, as it was presumably restored by mireatatin and N-fixation after some was
lost during the January rains. The increase iridh#ized plots was greater than in the
unfertilized plots, which had been higher thangdhexmer measurements since January.
The reasons for the differences between the faztland unfertilized plots are not
known. One possibility is that because the fegdi plots are unnaturally elevated and
would not be expected to be in equilibrium, the,Niiithe system would be lost over
time as balance is restored without the additiomofe fertilizer. The differences
between fertilized and unfertilized plots were reeliin December and January, before
the fertilizer entered the soil, and in Februatg@ieavy rains were not favorable for the
retention of the fertilizer in the top of the soAs the soil dried in March and April,
greater mineralization may have occurred in thelitexd plots due to the previous
assimilation of fertilizer, restoring the differagschetween the fertilized and unfertilized

plots to approximately the ratio observed the resiyear.
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The reason for the remainder of greater amount-tfiN the soil in both the fertilized
plots and the unfertilized plots at both sitesriknown. One hypothesis is that
differences in the timing and amount of precipdatrelative to the previous year may
have resulted in different rates of mineralizatoml nitrification. Whereas NO
concentrations appeared to return to levels sirtoléihose observed previous summers in
the top 25cm by April and May 2010, the concertratf NH, was elevated.
Measurements in May showed more highly concentraééches of both NQand NH,

on the surface of the soils, which had not beeemesl in February, suggesting the
continuation of mineralization and nitrification @me surface as the soils dried.
Although the soil was observed to be dry by the MPs&nsors in March 2010 (Chapter
1), much of the increase in NHelow the surface was observed between March 2010
and May 2010. Residual moisture is present irstileeven after the soil was too dry for
capillary flow (Chapter 1), which may allow contedimineralization and nitrification in
dry soil. Increases in Nlthroughout the soils between March and May despée
apparent cessation of most capillary flow indidhgt mineralization may be occurring at
different depths in the late spring. Previous sithave suggested that decomposition
and mineralization in the deep rhizosphere in #®ed may occur similarly to in shallow
layers (Canadell et al., 1996; Silva et al., 1988)th the production and decomposition
of fine roots beingelated to fluctuations of water in the soil (Pe¢kl., 2005), N
mineralization of dead roots, as well as dead miganisms, could have caused the
increase iNH, as the soils dried in the late spring 2010. Aljlothis may have

accounted for the creation NH, in the late spring, it does not explain Wi,
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concentration was greater in the spring of 2010 th&2009. The remainder of different
amounts ofNH, in the soils may reflect the substantial differeia timing and
precipitation between the winters of 2008-2009 2009-2010, which appear to greatly

affect the desert N cycle.

Conclusions

The leaching of NHlin the soil is significantly retarded, which maadl to a longer
period of availability for short-rooted annual pgiswof deposited Nidrelative to

deposited N@ Further research is required to determine thengxf the retardation, as
well as the reason that it is as great as it isidening the small fraction of clay, silt, or
organic matter in the soil. NHleposited during summer is likely to have littteet
annually, since it is small relative to the creatod NO; and NH, following the first

rains. However, deposition of NHuring the winter, when atmospheric NH
concentrations were highest in JOTR (Allen et20009) may provide a source of N to
the annuals when mineralization and nitrificati@vé slowed and extractable soil N has
been assimilated or leached. High concentratibhHa measured in fertilized plots
throughout the year demonstrate its potential tmswlate in the soil, which had
previously been demonstrated in the vicinity of BOm concentrations in soil correlated
to N deposition gradients (Rao et al., 2011). &/H@gposition currently remains low
relative to the amount of fertilization necessarptoduce changes, continuous low level

deposition may accumulate over decades, resultisgnilar effects on vegetation to
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those observed in the fertilized plots. HoweMee, potential for N to buildup in the
soil may be dependent on rainfall. Despite thatemtdof fertilizer, the differences
between the fertilized and unfertilized plots aftex soil dried in the spring of 2010 did
not increase relative to the previous summer. alde/e average precipitation of the
winter of 2009-2010 may have limited accumulatiéiNbl, in the soils relative to
previous years, with the fertilizer added merelyntaaning the differences between the
fertilized and unfertilized plots rather than ingseng it. The combination of climate
change, invasive species, and N deposition cotdagly disrupt the N cycle in the

American southwest, which could have serious resions for the vegetation.
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Figure 3.1 Mean concentrations of NHneasured in the soils at PB and WC from 0-2cm
and 20-25cm. Higher NHneasurements in the fertilized plots than in thiewilized

plots were observed near the soil surface butréifilees diminished with depth. NH
concentrations near the surface were greater thoudhe year than with increasing
depth.
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Figure 3.2 NH4 concentrations measured in soil columns afteafipication of water at
0.955cm hi* for 2 hours, 4 hours, and 8 hours.
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Figure 3.3 Variability in measured concentrations of Nbetween plots at two depths at
PB. Concentrations in the top 2cm of fertilizedtplwere highly variable but less
variability, lower concentrations, and less diffece between fertilized and control plots
was found with greater depth. Similar variabilitgs observed at WC.
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Figure 3.4Mean concentrations of NHvith depth measured in all plots from April to
November 2009. Differences in the means betwesitiZed and control plots were
statistically significant to the depth of 25cm attbsites.
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Figure 3.5 Changes in Nilconcentrations relative to the summer medianHersame
depth in samples taken 12/8/2009 at PB and WC.
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Figure 3.6 Changes in Nilconcentrations relative to the summer medianHersame
depth in samples taken 1/7/2010 at PB and 1/8/20¥0C. Large increases in Yk
the top 2cm of the fertilized plots due to fert@dion are not shown.
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Figure 3.7 Changes in Nilconcentrations relative to the summer medianHersame
depth in samples taken 2/12/2010 at PB and 2/1/20¥0C. One very large increase in
NH4 in the top 2cm at both PB and WC is not shown.
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Figure 3.8 Changes in Nilconcentrations relative to the summer medianHersame
depth in samples taken 4/29/2010 at PB and 5/6/20¥0C. Three very large increases
in NHy4 in the top 2cm of PB and WC are not shown.
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Figure 3.9 NO; and NH, measurements in deep cores taken in a controapbbta
fertilized plot at both WC and PB in Fall 2010.
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General Conclusions

The research discussed in this dissertation unoil&sthe critical role of the hydrological
cycle in determining the availability of nitrogem plants in arid ecosystems. Chapter 2
highlighted limitations in the applicability of hyalogical models developed for
agricultural soils to desert soils when estimatiggid water flow at moderate potentials
during the growing season. The van Genuchten-Mu@&sM) model, which is not
accurate at very low water contents, most likelgiarestimated the amount of water
required to raise the water potential from highdégative summer values at the beginning
of the growing season. This was hypothesizeddoltrén an overestimation by the
HYDRUS model of the amount of water removal neagsgacause potentials measured
by the sensors to decline below the measureabgraRainwater remaining in the soil
at the end of the growing season is likely lostvjoat very low potentials during the
summer, as was indicated by neutron probe measatemeéhe resulting inability of the
VGM model to simulate water flow in the moderatefgt range during the winter
demonstrates the impact of water loss during thenser at very low potentials on the

overall water flow in deserts.

A significant proportion of winter rainwater remaig during the summer at very low
potentials may also affect predictions for the desiérogen cycle. A smaller proportion
of rainwater available for uptake by plants duriihg growing season would presumably
result in a smaller proportion of nutrients disgalin that water being available for

uptake. Determining specifically how water is remed from the soil at low potentials
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during the summer may help clarify why a substaptiaportion of NQ remained in the
soils of Pinto Basin and Wide Canyon throughoutsineamer and why N£has

accumulated in the deep root zones of desertsghoui the Holocene.

Chapter 3 was focused on the analysis of how M@&asurements taken throughout the
top 100cm of the soil at two desert sites varieith wrecipitation. The anthropogenic
deposition of N@during the summer was determined to have a nbetgigffect on an
annual basis since the increase ingN@llowing the first precipitation indicated a rdpi
production of NQ that dwarfs deposition estimates. The greateease of N@in
fertilized plots relative to unfertilized plots aftthe first rains implied that some N from
fertilizer that was assimilated in previous yeaeswWweing mineralized. This shows the
potential for deposited N to accumulate, sincetgrdd availability resulting from

greater N uptake in previous years could be supgéed by continued deposition.

Leaching with subsequent rains appeared to limipibtential for uptake of the N@y
short-rooted annual plants. With later rain eveatisobserved to produce the rapid
increases in Ngthat followed the first, leaching was assesseddstrikely be a major
factor in N limitation among desert annuals. Twés ascertained to result in an
important role for deep-rooted desert shrubs imtaaing the availability of N@in the
root zones of the annuals since the uptake of Né®pcan restore it to the surface with
later mineralization. However, N@ached below the root zones of the annual plants
was not taken up entirely by the creosote bushleghwvas observed in the maintenance

of higher NQ measurements in the fertilized plots than the mah#ed plots throughout
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the summer. It was not clear if this resulted freubstantial water left in the soil at low
potential during the summer or if the fertilize@asote bushes are experiencing some
symptoms of N saturation. Based on consistengiidri concentrations of N@neasured
to 230cm in deep cores taken in fertilized plotsigaificant amount of N from fertilizer
appears to be lost to the desert nitrogen cyclenamdultimately accumulate in the deep
root zone. If the observed loss of N@eep into the root zone occurs naturally in sandy
arid soils, it would be expected to exacerbatenhitétion in deserts by necessitating
sufficient deposition or N-fixation to balance lead NQ. The strong dependence of
NO; availability to annual plants on precipitatiorikely to result in the desert N cycle
being highly susceptible to disruption by climabarge. How the N cycle is being
altered by climate change, as well as by the sppéad/asive species and the deposition

of anthropogenic N, requires further study.

The analysis of N[imeasurements was the focus of Chapter 4, witinzapy emphasis

on the role N may play in providing N to annual plants. Né&ppeared to adsorb to the
desert soils at the study sites more strongly litberature estimates suggest. The reasons
for the relatively strong adsorption were unclaad turther tests are needed, but the
adsorption was hypothesized to increase the oppbytior uptake by annual plants by
slowing leaching. With the leaching of N@om root zones of annual plants likely a

major factor in N limitation, NHlis likely very important to maintaining N availakfior
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plant uptake in the upper soil. The inhibitionedching may cause a higher proportion
of deposited Nhto contribute to the long term accumulation ofnNhe biomass and

organic matter relative to deposited NO

With the complexity of the role of NHn the N cycle, drawing conclusions from
measured Nklconcentrations is difficult. The lack of a sigo#int difference in Nk
concentration between the fertilized and unfeddiplots observed below the top 25cm
indicated that the NiHrom the fertilizer did not leach deep into thd.s@he
disappearance of NHrom the fertilizer after the rains in January QOikely resulted

from loss through nitrification followed by leackjiof NGs, volatilization, or uptake by
plants and microorganisms. Although fertilizedsoemained elevated relative to
unfertilized soils in the spring of 2010, fertilizadded in December 2009 did not cause a
further increase in Nitfelative to the previous summer, which suggeststtie timing

and amount of precipitation may be a factor in momch fertilizer remains in the soil.

Although further research is necessary to undeddtamintricacies of the hydrological
and nitrogen cycles in desert soils, this resedlidtrated some important connections
between them. Expanding the understanding of ydeotogical cycle in desert soils is
critical for improving comprehension of the nitrogeycle, which can influence the fire
cycle and shifts in species composition in desssgstems. With anthropogenic N
deposition affecting diverse ecosystems througtieitvorld, increasing the available
knowledge of the N cycle will be critical to undiersding and mitigating the

consequences.
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