DIFFERENTIAL USE OF SHALLOW AND DEEP SOIL MOISTURE IN A SEMIARID
SHRUBLAND: LINKING SAP FLOW AND STABLE ISOTOPE TECHNIQUES TO

QUANTIFY TEMPORAL VARIABILITY

By

Daphne J. Szutu

A Thesis Submitted to the Faculty of the

SCHOOLOF NATURAL RESOURCES AND THE ENVIRONMENT

In Partial Fulfillment of the Requirements

For the Degree of

MASTER OF SCIENCE

WITH A MAJOR IN WATERSHED MANAGEMENT AND ECOHYDROLOGY

In the Graduate College

THE UNIVERSITY OF ARIZONA

2015



STATEMENT BY AUTHOR

Thisthesis has been submitted in partial fulfillment of requirements for an advanced
degree at the University of Arizona and is deposited in the University Library to be made

available to borrowers under rules of the Library.

Brief quotations from this thes@ée allowable without special permission, provided that
an accurate acknowledgement of the source is made. Requests for permission for extended
guotation from or reproduction of this manuscript in whole or in part may be granted by the head
of the major épartment or the Dean of the Graduate College when in his or her judgment the
proposed use of the material is in the interests of scholatstaf) other instances, however,

permission must be obtained from the author.

SIGNED: Daphne J. Szutu

APPROVALBY THESIS DIRECTOR

This thesis has been approved on the date shown below:

Shirley Anne Papuga Date

Professor, Watershed Managemamtl Ecohydrology



ACKNOWLEDGEMENTS

This research is supported in part by NSF CAREER award-EZ#%01 and the NSF National

Critical Zone Observatories Program (EAR24958).

This work would not be possible without theidance andedication of my adeior, Dr. Shirley
Papuga. | am also grateful to my committee members for their feedback and suggestions: Dr.
Dave Breshears, Dr. Greg Barr@afford, and Dr. Ty Ferr&.hank you to Dr. Marek Zreda for

use of yousplit-core soil sampler.

Thank you to the &puga lab foyour camaraderie anigedback at our weekly lab meetirgsd
for innumerable hars of fieldand labassistanceClaudia QuilesfogeEsparza, James Garlant,
Daniel Wilcox,Lejon Hamman, AlexSchaller Erika Gallo,Matt RotunnoNatasha Kre|l
Rachel Wehr, Adam Killebrew, Vanessa Lentini, Ami Kidder, Zulia Sandheira, and Zack
Guido.J e n J o thaughtbuha8ssstance oteveloping and troubleshooting isotope analysis
methods wasindispensabléWorking groups irthe enthusiastic company Bfallory Barnes and
Sera Mirchandani at various cafes around town (mostly Raging Sage) helped make the writing
process much more palatalfénally, thank you to Mike Lum foyour unwaveringsupport and

the may nights together at Café Adelaide.

My time at the Auwahi dryland forest, Maui, Ha@wasparkedny graduate studie3o the
Leeward Hal eakal U Wat e ragithdJdS. GeelagitabSumeyi on Par

Unsaturated Zone Flow Projdéctnahab nui loa.



TABLE OF CONTENTS

LIST OF FIGURES. ..ottt e e e memnn e e e e e nnnnnee ] 6.

1. INTRODUCTION ....cuiiiiieiiiitiit it reeer ettt e e eamme e e sk bbbt e e e e e e e bbb e e aneme e e e e e e annbeeeaeas 9
1.1 Evapotranspiration Partitioning in Watkimited ECOSYStEMS..........ccovvvviiiiiiiiiiaannnn. 9
1.2 Sap Flow Technique for Measuring TranspiratiohMaterLimited Ecosystems......... 13
1.3 Stable Water Isotopes for Understanding Sources of Rlategr Use..................c..ee... 14
I O | o] [T o 1Y = SO 16
1.5 Our WaterLimited ECGBYSIEM......ccciiiii it 16
1.6 Structure of the FOIlOWIN@haPLers.........cooiiiiiiiiiiieeeeeeeee e 18

2. PRESENT STUDY....citiiiiiiitiiiia e iieeeiite e e aiee et e e e rmmee st e e e e e s ansbas e e e s emmme e e e aannneeeeeaas 20

2.1 Abstract of Appendix A: Differential use of shallow and deep soil moisture in a
semiarid shrubland: Linking sap flow and stable isotope techniques to quantify

temMPOralvariability ..o e 20
2.2 Appendix B: Picarro Analyzer and Induatidlodule Introduction..............cccceeeeennn.... 21
2.3 Appendix C: Protocol for Analyzing Samples on the Picarro L21&8alyzer with
INAUCTHION MOAUIE........uiiiiiiiiiiiiiiii e 22
2.4 Appendix D: Additional Protocol for Analyzing Stem Samplegstee Picarro Induction
170 T L8| = O 22
2.5 Appendix E: Additional Protocol for Analyzing Soil Samples on the Picarro Induction
MOAUIE. ...ttt e e e e e e e e e e e e e e emamaasaseeeeeeeeeeeeeennnnnes 22
2.6 Appendix F: Picarro Analyzer GBration TeSt..........ccviiiiiiiiiiiiiiieeceeeee 22
2.7 Appendix G: Precipitation Isotope Collection: Testing for Evaporation frortieBot
[©70]|1=Tox (o] PSP P PP PPERPUURRRRPR 23
2.8 SUMMArY Of RESUIS......uuiiiii et 23
2.9 Future Research OPPOMILIES............cccoiiiiiiiiiiiiieeee e e e 24
3. REFERENCES. ... et emmt e e e e e e e e et emnee e e eaa e e e eaa e e eennns 27

APPENDIX A: Differential use of shallow and deep soil moisture in a semiarid shrubland:
Linking sap flow and stable isotope techniques to gfyargmporal variability.......................... 34

APPENDIX B: Picarro Analyzer and Inductidviodule Introduction...........ccccceeeeeiiiiiiiccceeeenn. 85

APPENDIX C: Protocol for Analyzing Samples on the Picarro L2il80alyzer with Induction
1Y T o 11 ] PP PPPUPPPPP I PPPPPPRIS 93

APPENDX D: Additional Protocol for Analyzing Stem Samplestlee Picarro Induction
1Yo T 11 1 PRSPPI 107



APPENDIX E: Additional Protocol for Analyzing Soil SamplestbePicarro Induction Module

APPENDIX F: Pcarro Analyzer Calibration TeSt.......ccccoiiiiiiiiiiiiiieeeiic e 119

APPENDIX G: Precipitation Isotope Collection: Testing for Evaporation from Bottle Collectors



LIST OF FIGURES

Figure 1. Field sitein southern Arizona: a monsoaependent creosotebush ecosystem at The

Santa Rita Creosote (SRC) AmeriFluxeSit



ABSTRACT

Semiarid shrublands and other dryland ecosystems are Inggiplgnsive to precipitation pulses
that, depending on their size, differentially influence the distribution of moisture in the soll
profile. The spatiotemporal distribution of soil moisture is expected to change in association with
changes in the frequeneyd magnitude of dryland precipitation evéviany ecohydrological
studies that examine plant water use strategies have assumbe swit depths from which

plants derive their moisture is a function of the mextsity profile, i.e., higher root detsi
correlates with greater water uptake. However, recent field stoaiesshown that in dryland
ecosystems, transpiration dynamics and plant productivity are largely a function of deep soil
moisture available after large precipitation events regardfeskere the majority of plant roots
occur.Therefore, changes in precipitation pulses that alter the timing and magnitude of the
availability of deep soil moisture are expected to have major consequendegddnd
ecosystems/Ne suggest that adopting gdnologically defined twdayer conceptual framework

of the soil profile is more appropriate for understanding plant water use in dryland ecosystems
than a framework that is based on rooting deg#ing the hydrologically defined twiayer
framework, theobjective of this study is to show how transpiration dynamics vary with the
availability of deep soil moisture in dryland ecosystems and how the souha ofoisture

varies over timeWe present eddy covariance, soil moisture, and sap flow measurements taken
over 18 months in conjunction with precipitation, shallow soil, deep soil, and stem stable water
isotope samples taken biweekly at a creosotedoshinated shrubland ecosystemtet Santa

Rita Experimetal Range in southern ArizonBesults from both our sap flow measurements and
our stable isotope analysis support tinanspiration is associated with the aahility of deep

soil moistureWhile this is especially true in the somr when transpiration rates are highest,



our results suggest that transpiration can also be substantial in wet winters in which the deep soil
layer is wetter than averag&hen transpiration rates are highest, both deep moisture and stem
water are more @dopically similar to winter precipitation than summer precipitation, suggesting
that winter precipitation can play an important rolsupporting these ecosyster@ar study

suggests that integrating sap flow and stable isotope techniques with sailrenoisasurements

offers a better understanding of how plant water use strategies shift with changes in source water
and its availability than either tegique could offer on its owiwWe have contributed to

understanding where precipitation pulses areitigied in the soil moisture profile and when

these pulses are used by plants in dryland ecosystems. Ultimately these findings should help to
improve the representation of drylands within regional and global models of land surface

atmosphere exchange aneéitHinkages to the hydrologic cycle.



1. INTRODUCTION

1.1  Evapotranspiration Partitioning in Water -Limited Ecosystems

Waterlimited ecosystems, also called drylands, consist of subhww@mliarid, and arid regions.

In these ecosystems, annual potential evapotranspiggiterallyexceeds actual precipitation
[Newman et a).2006] Waterlimited ecosystems experience discrete pulses of rainfall that drive
plant productivityf Huxman et al.2004] Pulse size and frequency vary from event to event and
over the year, and these variations affect biological and physical progesisesiryland$Sala

and Lauenroth1982;Kurc and Smajl2007;Raz Yaseef et aR010] Research indicates that
climate change will affect pulseze and frequency in watémited ecosystemgEasterling et

al., 2000;Seager et al.2007] includingpossibé decreases in the amountrainsummer
precipitationfGoodrich et al. 2008]andless snowfal[e.g.,Knowles et al.2006;Barnett et al,
2008] These changes in precipitation pattern are likely to exacerbate changes in vegetation
dynamics, water resource partitionimgndwater supply in watelimited ecosystemfPotts et

al., 2006;Knapp et al. 2008] for examplevegetation community compaosition shifts between
shrubs and grassfBates et al.2006]and partitioning of precipitation into interception, runoff,
and infiltration[Loik et al, 2004] Waterlimited ecosystems currently comprise 40% of
terrestrial biomes, and this percentage is projected to grow with current climatd @&mdst

al., 2009] These drylands are also experiencing rapid [ajon growth[Reynolds et al2007]

so future water managesnt will need to balance water supply for both urban and ecological

demand.

Strategic management of the scarce water resources oflinated ecosystems requires an

understanding of how hydrological processes affect and are affected by biologicasgsoces



[Newman et a].2006] Ecological and hydrological processes interact with each other in-a two
way relationshigRodrigueziturbe, 2000;Newman et al.2006] Timing and amount of rainfall
affects vegetation cover and distribution at a particulafBages et al.2006;0dorico et al,

2010} In turn, vegetation cover affects hydrological processes such as infiltratidwig et al,
2005;Perkins et al.2014] interceptiof Owens et a).2006] and groundwater recharge
[Scanlon et a).2005;Newman et a].2006] The timing and amount of rainfall also affects soill
water storagg@Savenije 2004;Newman et a].2006;0dorico et al, 2010] which influences

ecosystem productivitjRodriguezlturbe, 2000;Scott et al.2009]

In studying how ecological and hydrological processes interact in-iraiexd systems,
researchers have focused on studying evapsgnation ET) because it is the dominant
component of the water budget in drylapdélcox et al, 2003] ET is the total amount of water
vapor efflux from the land surface to the atmosphere and accounts for two different processes:
evaporation ) from soil water and/or intercepted water vegetation surfaces and plant
transpiration 7). In the global water cycld; is a significant process, comprising about 61% of
ET and returning about 380% of precipitation back into the atmosphg3ehlesinger and

Jasechkp2014] Water lost throughli s fAproductived use of water

b

toward biomass aumulation, whereas water lostthrodlgh s consi dered fAwasted

because it does not contribute toward plant producfivenije 2004] In dryland systems,

total ET in dryland systembas been successfully estimated using open path eddy covariance
systemge.g.,Scott et al.2006; Kurc and Small2007;Scotf 2010] but the partitioning o

andT in response to precipitation pulse dynamics resyaaorly understoodistorically,

models ofET were developed in areas with dense canopy and minimal exposed &oilaso
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assumed negligibJesoT wasassumed to be equal to toal [Stannard 1993] Therefore ET
was considered good estimation of and productive water use in environments with limked
such as humid climates with full canopy coji®tannard 1993] In contrast,T can be a
relativelysmall component dET at sites with sparse canopies &axgosed soil like dryland
ecosystemge.g.,Huxman et al.2005;Yepez et al2007;Raz Yaseef et ak010] In these
waterlimited ecosystems with high evaporative demdhis, an important contributor 6T
[Kurc and Small2004] challenging the dense canopy historical perspectiveEfatan all be
attributed tor. In addition to separately evaluatitige longterm trends irE andT, these
processes also have significant seasonal variaflilyc and Smajl2004;Scott et al. 2006b;
Cavanaugh et al2011] For exampleE is high immediately following a rainfall event when
shallow soil moisture is availabj&cott et al.2006b;Kurc and Small2007;Moran et al,
2009] whereas greeuap and transpiration may not increase unless t@sedeen sufficient
accumulation of soil moisture in the active root zfikerc and Benton2010;Cavaraugh et al.
2011] As such separately evaluatingandE enables better assessment of water resource

partitioningand ecosystems productivity.

In evaluating water resource partitioning in wétanted systems,he soil moisture balance has
emerged as a powerful means to link the interactions and feedbacks bedgieral water
balance, vegetation distributicempdecosystem productivitjRodriguezlturbe, 2000;Weltzin et
al., 2003] Plants primarily interact with the soil and affect the soil moisture balance through
their root§ Denmead and Shaw962] which are the physical structures that partition
infiltration between plant water uptake and soil moisture. As climate changes ladfect t

precipitation regimes of the U.S. Southwigsasterling et al.2000;Seager et al.2007] these

11



changes in rainfall patterns will affect how water is distributed spatially and temporally within
the soil profile]Weltzin et al.2003;Loik et al, 2004] Understanding the baseline of root water
use strategewill help us better understand where these precipitation pulses are distributed in the

root profile and when the plants use these pulses for transpiration.

Shallow and deep soil moisture make distinct and separate contributions to the prodésses of
ard T. E is high immediately after a rain event, but decreases very quickly following the rain
event:Scott et al[2006b]found thatE peaked and then declined within two days of a rain event
in a semiarid shrublan&urc and Smal[2004 also found at both semiarid shrubland and
grasslanditesa relationship between shallow soil surfacé&¢n) andeT, but not between a

root zone average soil moisture &g indicating that in these watémited ecosystems with

high evaporative demanH,is an important contributor #T. Cavanaugh et a[201] used a
combination of ddy covariancand sap flow transpiration measurements to determine that after
the onset of summer monsoon raiBsiominatedeT, whereas only a series of large precipitation
events increased deep soil moisture and triggér8ecause the two layers have different
drydown dynamics and different controls BandT, land surfaceatmosphere models
representingoil moisture as a sihe, rootzone average bucket may not represent water cycling
dynamics in semiarid systems. Therefore, to address our research questions, we dggea two
soil moistureframework[SancheaMejia and Papuga2014]rather than a singlayer, root zoe
averaged soil moistufeameworkto better represent the temporal variations ingp@ration and

plant water use.
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1.2  Sap Flow Technique for Measuring Transpiration in WaterLimited Ecosystems
Transpiration can be estimated using a variety of methods including sap flow sistems
Dugaset al, 1993;Scott et al.2006a;Raz Yaseef et ak010]and stable isotope techniques
[e.g.,Yepez et al2005] Generally speaking, transpiration estimates based on sap flow systems
monitor the flux of heat in the stem or trunk of a pl&@gnock and Hani993;Kjelgaard et al,
1997] and then this flux is scaled up to the ecosystem using allometric relatiofesipSrelle

et al, 1997;Kurpius et al, 2003;Kume et al.2010] In the heat balance method of calculating
sap flow,two sets of thermocouples in each sensor measure heat lost by conduc@gy) apd
down (Qgown) the stemandheat lost radially@;aqia) away from the stefCavanaugh et al.

2011] Given a usesupplied parameter of heat inpQ,, the heat balance method uses an
energy balance concept to calculagat transported by convection in sap fl&.(,) (Equation

1) [Cavanaugh et al2011] The sap flow rateF) is a function of the convective heat flux, the
specific heat of watecy, and the temperature difference between sap flowing in and out of the
heated segment of the stedT) (Equation 2] Cavanaugh et al2011] The sap flow ratés then
scaled with stem crosection A0 ) and w ali.e) o calcalatessaptflydengity SFD)
(Equation 3) Finally, standevel transpiration is calculated by scaling the sap flux density with a

site-specific average stem densfBquation 4)

Heat balance equatiorQ = Qup+ Qdown+ Qradia+ Qtiow (1)
Sap flow rate [g H]: F = Qqow / ¢/ dT 2)
Sap flux density [cmH] SFD=F / Ad Jwater (3)
Transpiration [mm H]: T = SFD* Average stem density 4)

13



The advantages of sap flow estimated afe that thewre continuous;an be noanvasive and
do not affect the micralimatic conditions of the plant (relative to chamber measuremeii)s of
[Kool etal., 2014} One main challenge of sap flow estimate3 «f addressing uncertainty in
scaling fromindividual plantscalesap flow tostandlevel T[L e r m 8 k, 2084;Kurael et al.

2010]

1.3 Stable Water Isotopedor Understanding Sources of Plant Water Use

Stable isotope analysis is well established in hydrology to trace sources of water in groundwater
[Clark and Fritz 1997] andonly sincethe 1990shave stable water isotopes become more
commonly used to trace sources of wateslantsap to determine from where plants obtain their
moisture[Dawson 1998;Williams and Ehleringer2000;Corbin et al, 2005;Brooks et al.

2010] Plantwater samples, combined with soil water samples at different depths, can be
analyzed to determine where in the soil profile plants are obtaining their soil moisture. Isotopic
analysis of stable water isotopésl @nd*?0) can be used to determitie source of water (e.g.,
winter or summer precipitation) at different points in the soil prdfitecipitation that forms at
different times of the year has different isotopic signatures depending on the temperature at
which the precipitation was formé¢@lark and Fritz 1997} precipitation forming at colder
temperatures (i.e., winter precipitation) undergoes more fractionddm precipitation forming

at warmer temperatures (i.e., summer precipitation), allowing us to distinguish precipitation
formed during winter and summigz.g.,Wright, 2001] This mixing model theory depends on

the assumption that durifig there is no fractionation of stable water isotopes because shave i
mass preference of stable water isotopes during plant uptake of aveson and Ehleringer

1991;Thorburn et al, 1993] Two exceptions are that some halophytés and Sternberg

14



1993]and woody xerophytg€llsworth and Williams2007]discriminateagainstH during
uptake Our specificstudy specied,arreatridentatg doesnotshow evidence of discriminating

againstH during uptakdEllsworth and Williams2007]

Our precipitation, stem, and soil samples were analyzed for stable water isotopes on the Picarro
L2130 analyzer with an Induction Module peripheral. The Picarro analyzer uses the isotope
ratio infrared spectroscopy technique to quantify the concentmtidmsotopic composition of

water vapor. This technique leverages the distinct absorption spectra of the three most abundant
isotopeloguesf water vapor {HH*®0, *H?H®0, *H'H'®0). The precipitationplant and soil

samples are clamped into a metaldeolbefore being inserted into the Induction Module. The
Induction Module heats the sample inductivelth the length and intensity of heating

prescribed by usesupplied parametef{8erkelhnammer et gl2013] Theavailablewater vapor

is then passedyta zero air carrier gas ineminfrared absorbance cavifgerkelhammer et al.

2013] The oxygen and hydrogen isotope ratios are calculatedibyg the spectral absorance at
specific wavelengths and tlleree absorption peaks of the water isotopelofMestin-Gomez et

al., 2015] An ontline micre-combustion module oxidizesostorganic contaminants that may

cause spectral interferend@erkelhammer al., 2013;Martin-Gomez et a).2015] All values

are reported in standard delta notation in pe

Water (VSMOW):
| —— P WPTMTT (5)

whereR is the isotope ratio of the heavy and light isotope (¥@/:°0).
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14  Objectives

This thesis reports the research and data collected at the SRC field site from October 2013
through March 2015. This study addresses two objectives within-Eafjwoconceptual soil

moisture frameworkThe first objective was to examine the temporal dynamics of transpiration
and how the relativeontribution of transpiration to evapotranspirati®/&T) changes

seasonally in a monsodatependent semiarid shrubland. The second objective was to examine
seasonality of creosotebush water use strategies, i.e., the soil moisture depth at which plants
withdraw water.

Appendix A,Differential use of shallow and deep lsmioisture in a semiarid shrubland: Linking
sap flow and stable isotope techniques to quantify temporal varialpiigents research
addressing the following questions about plant water use strat@dgibsstranspiration limited to
periods when deep sonoisture is available, and how does this dependence vary throughout the
year?(2) Are shallow and deep soil moisture isotopically different, and how does this difference
vary throughout the yearand @) Are stable water isotopes an adequate measuletefmining

sources of plant water use in a semiarid shrubland?

1.5  Our Water-Limited Ecosystem

The work presented here takes places at a swaiged creosotebush shrubland at the Santa Rita
Experimental Range (SRER) in southern Ariz@gure 1) The SRER is located 60 km south

of Tucson, Arizona at the foot of the northwestern Santa Rita Mountains. Our research is
conducted at The Santa Rita Creosote (SRC) AmeriFlux Site (31.9083 N, 110.8395 W), located
in the northern portion of SRER at an egon of about 950 m. Since at least 1934,

creosotebush_@rrea tridentatg has been the dominant species near the northern border of

16



SRER[Humphrey and Mehrhqfi958] The SRC experiences caminters, warm summers, and

a bimodal precipitation pattern, wigtbhout 60% of the precipitation falling during thidorth

American Monsoon (July througbeptember) andbout 20%of the precipitation falling during

the winter (December through Februgri$anchedMejia and Papuga?2014] The average

annual precipitation is about 345 mm, and the average annual tempesatooat 20 °C
[SancheMejia and Papuga2014] Vegetation cover is about 24%, with creosotebush as the
dominant vegetation (14% cover) and the remaining 10% accounted for by small grasses, forbs,
and cactu$Kurc and Benton2010] The soil type is sandy loam with no caliche layer (to at least

1 m depth]Kurc and Benton2010] The estimated depth to groundwater near our site is greater

than 70 n{Eastoe et a).2004]

Arizona

100 m
—

Figure 1. Field site in southern Arizona: a monsed@pendent creosotebush ecosystem at The Santa Rita Creosote
(SRC) AmeriFlux Site

The SRC AmeriFlux Site has been continuously recording rmi@teorological andoil

moisture data since 2008n eddy covariance tower provides klatfurly micremeteorological
measuremenfsSancheaMejia and Papuga2014] Standardeddy covariance systems uses high
frequency measurements of momentum, temperature, and watetwaparacterize micro

meteorologicatonditions as well as water, carbon, and energy fl{iMescrieff et al, 2000;

17



Kool et al, 2014] Water and carbon dioxide fluxes are calculated using 10 Hz measurements
from an open path C£H,0 infrared gas analyzekl-7500,LI-COR Inc., LincolnNE, USA)

and a 3D sonic anemomete€CSAT-3, CampbelScientific Inc., Logan, UT, USA Incoming

and outgoing radiation are calculated from incoming and outgoing shortwave radiation, and
incoming and outgoing longwave radiation, meadwith a fourcomponent net radiometer
(CNR1, Kipp & Zonen, Inc., Delft, Netherland$recipitation is measured with a tipping bucket
rain gauge (TE525 exas Electronictnc., Dallax, TX, USA. Other variables measured include

relative humidity and teperaturg HMP 45C Vaisalg Helsinki, Finland.

Volumetric soil moisture contemtasmeasuredisingwater content reflectometer (CS 616,
CampbellScientific Inc., Logan, UT, USPAandis derived from the sensitivity of the probes to

the dielectric constant of the surrounding §Gihandler et al.2004] These sensors were

installed in six profiles, three under the creosotebush camagyhree in thenter-canopyareas,

at depths 2.5, 12.5, 22.5, 37.5, 52.5, 67.5, 82.5 cm. Average soil moisture at each depth were
calculated by using a weighted average based on percent cover to combine the bare and canopy
averages. To calculate average soil moisture in the twonsskure layers, we use weighted
averages based on the relative contribution of each sensor to the sha2@wn) or deep (20

40 cm) layers of the soil layer.

1.6  Structure of the Following Chapter
The following chapter consists ahabstracof my M.S. researcHpllowed bydescriptions of
the remaining appendicégchnical information about operatingtRicarro L2138 analyzer

with Induction Modulg, summary of results, arfdture research directions.

18



My M.S. research is presented as an indigidasearch paper in Appendix A of this document.
The manuscriptifferential use of shallow and deep soil moisture in a semiarid shrubland:
Linking sap flow and stable isotope techniques to quantify temporal varialslitypreparation
for submissiono the journaWater Resources Researdlables and figures associated with
Appendix A appear at the end of Appendix A. ApperdB through Gincludeprotocol about
running precipitation, stem, and soil samples on the Picarro Induction Module, asthell as
results of two testexamining analyzer calibration and precipitation isotope collection

methodology.
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2. PRESENT STUDY

The methods, results, and conclusions of this research are included in Appendix A. The
following abstracsummarizes our research investigating the temporal dynamics and plant water
use strategies at a semiarid shrublartee subsequent sections are descriptions of Appendices B
through G, technical notes on analyzing stable water isotope samples on thedPiabizer

with Induction Module.

2.1  Abstract of Appendix A: Differential use of shallow and deep soil moisture in a
semiarid shrubland: Linking sap flow and stable isotope techniques to quantify temporal
variability

Semiarid shrublands and other dndeaecosystems are highly responsive to precipitation pulses
that, depending on their size, differentially influence the distribution of moisture in the soll
profile. The spatiotemporal distribution of soil moisture is expected to change in association with
changes in the frequency and magnitude of dryland precipitation &lemy.ecohydrological
studies that examine plant water use strategies have assunibeé @t depths from which

plants derive their moisture is a function of the mensity profile i.e., higher root density
correlates with greater water uptake. However, recent field staiesshown that in dryland
ecosystems, transpiration dynamics and plant productivity are largely a function of deep soil
moisture available after large precgtibn events regardless of where the majority of plant roots
occur.Therefore, changes in precipitation pulses that alter the timing and magnitude of the
availability of deep soil moisture are expected to have major consequendegddnd
ecosystems/Ne suggest that adopting a hydrologically defined-tewer conceptual framework

of the soil profile is more appropriate for understanding plant water use in dryland ecosystems
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than a framework that is based on rooting deig#ing the hydrologically defined twlayer

framework, the objective of this study is to show how transpiration dynamics vary with the
availability of deep soil moisture in dryland ecosystems and how the souha ofoisture

varies over timeWe presenéddy covariance, soil moisture, and sap flow measurements taken
over 18 months in conjunction with precipitation, shallow soil, deep soil, and stem stable water
isotope samples taken biweekly at a creosotedoshinated shrubland ecosystem at the Santa

Rita Experimetal Range in southern ArizonResults from both our sap flow measurements and
our stable isotope analysis support tinahspiration is associated with the aahility of deep

soil moistureWhile this is especially true in the summer whengpration rates are highest,

our results suggest that transpiration can also be substantial in wet winters in which the deep soil
layer is wetter than averag&hen transpiration rates are highest, both deep moisture and stem
water are more isotopicallymsilar to winter precipitation than summer precipitation, suggesting
that winter precipitation can play an important rolsupporting these ecosyster@ar study

suggests that integrating sap flow and stable isotope techniques with soil moisture meggsurem
offers a better understanding of how plant water use strategies shift with changes in source water
and its availability than either tesique could offer on its owiwWe have contributed to

understanding where precipitation pulses are distributeciadi moisture profile and when

these pulses are used by plants in dryland ecosystems. Ultimately these findings should help to
improve the representation of drylands within regional and global models of land surface

atmosphere exchange and their linkaigethe hydrologic cycle.

2.2  Appendix B: Picarro Analyzer and Induction Module Introduction

21



This appendix introduces the theory behind the Picarro analyzer and Induction Module,

including internal and external corrections and calibrations.

2.3  Appendix C: Protocol for Analyzing Samples on the Picarro L2130 Analyzer with
Induction Module

This appendix describes the general protocohf@lyzing blank, standard, and unknown
samples on the Picarro Induction Module, as well as some troubleshopaagglures for

common problems.

2.4 Appendix D: Additional Protocol for Analyzing Stem Samples on the Picarro
Induction Module
This appendix describes how to analyze plant stem samples for stable water isotopes on the

Picarro Induction Module.

2.5 Appendix E: Additional Protocol for Analyzing Soil Samples on the Picarro
Induction Module
This appendix describes how to analyze soil samples for stable water isotopes on the Picarro

Induction Module.

2.6 Appendix F: Picarro Analyzer Calibration Test

This gppendix describes testing the calibration forRPhearro L2136 analyzer Serial #

HIDS2178.
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2.7  Appendix G: Precipitation Isotope Collection: Testing for Evaporation from Bottle
Collectors

This appendix describes how to construct bottle and funnel collectors that can be used to collect
precipitation samples for stable water isotope analysisnaedtigates thpotential of

evaporation from the precipitation collected in these bottle colkector

2.8  Summary of Results

Results from both continuous sap flow transpiration data and discrete isotopic sampling of
precipitation, soil, and stem samples suggest that plants are primarily using deep soil moisture
for transpirationFrom the isotopic saptes, | found that the shallow and deep soils were

i sotopically distinct, with t%e adHitlsaiideepw s oi |
soil.| n par t i’ wallea of shallovhseil séimples on each sampling day tended to be

more positive ta n  EHhveluesiof deep soil samples, except on days where a large,

isotopically depleted storm wetted the whole soil profile. Using sap flow and soil moisture data, |
showed that transpiration was generally more strongly correlated with deep moisteneasv
evaporation was more strongly correlated with shallow moisture. This was supported by analysis
of our isotopic data, from which | show that stem samples are isotopically similar to deep soil
samples, with stem samples clustering around a regrdssahrough deep soil samples. Using

a combined approach tmderstanghrub plant water use in semiarid areas offers us more

insights than simply using sap flow or isotopic techniques alone. This is in part because of the
complexity of isotopic patterria the rainfall and the conditions for fractionation. Using our
combined approach, we can confidently say that this semiarid shrubland depends on deep

moisture for growth and functioning and is therefore vulnerable to shifts in precipitation, such as
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a decease in the number of large storms, which would limit available soil moisture to the

shallow surface layer.

29  Future Research Opportunities
Based on the relia presented here, | identify thrdeections for future research of plant water

use strategies in watémited ecosystems.

29.1 Expanding the framework to a snowmettependent, watelimited ecosystem

One main research direction is to expand the present study questions to a dviiézelmited
ecosystm with a distinctly differenprecipitation regime, such as a snowntgpendent mixed
conifer site within the Santa Catalina Mountains Critical ZObservatory. Applying the two
layer conceptual soil moisture framewaakthis sitewhich experiences soil moisture pulses
through both snowmelt and summer rami help us expand our understanding of plant water
use strategies in watémited ecosystem®One potential site is the Mount Bigelow eddy
covariance tower site, at an elageatof 2570 m.This site has had continual eddy covariance,
soil moisture, and transpiration measurements the past few yearshave also collected
precipitation, plant, and soil samples down to 45 cm, every two weelgeenJune 2014nd
April 2015. The climate is semiarid and the site experiences bimodal precipitation: rain and
snowfall during the winter (December through March) and rain during the North American
Monsoon (July and AugustBrown-Mitic et al., 2007] The site generally experiences
ephemeral snowpack: snow will accumulate, then melt all away within dafgsvorweeks, a
new snowpack will begin to accumulate with fresh snowfall, and fitlakynew snapack may

again all melt way before the nexdnowfallevent[Nelson et al.2014] In these higer
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elevation ecosystems, changes in snow accumulation and melting may have profound
implications for ecosystem processes and downstream wate[smedges et al.2006;

Biederman et a).2014]

29.2 Investigatingimplications of hydraulic redistribution on plant water use strategies in
waterlimited ecosystems

A second direction for future work is investigating the potential of hydraulic redistribution in
semiarid shrublarsnd the effect of this redistribution prant water use strategiéhese
guestions could be addressed in a greenhouse expevitnerg ceosoeshrubareplantedin
specially designed twlayer planters that prevent water flow between a shallow soil layer and a
deep soil layerThen,the creostebush could bdifferentially irrigatel under several different
treatments, including deuterated wafét,Q) in the shallow layer only and deuterated water in
the deep layer onlyCollection and analysis of irrigation, soil, and plant water frondtfierert
irrigation treatment$or stable water isotope®uld be usetb test forevidence ohydraulic
redistribution between the shallow and deep soil layers. The phenomena of hydraulic
redistribution has been discovered only in the past dd&adgess et al.1998;Nadezhdina et
al., 2010] so it will be exciting to see how this biological process adds further detail in

understanding plant water use strategies in wWateted ecosystems.

29.3 Quantifying uncertainties of stable water isotope analysis in ecohydrologic studies
Finally, more work is needed in developing universally reliable and consistent methods for
analyzing stable water isotopes in soil and plant samples on the PicarroildtiB@zer with

Induction Module (Induction ModuleCavity Ring Down Spectroscopy) lthough the
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Induction Module in conjunction with theotope ratio infrared spectroscopy method can be
faster, more mobile, and less expensive than the classic vacuum distiliabtrpe ratio mass
spectroscopy method, the potentialéod correction fospectroscopic interference from organic
contaminants in biological samples is not well undersfydeist et al.2010;Schultz et a).2011;

Schmidt et a).2012;Martin-Gomez et a).2015]
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Abstract

Semiarid shrublands and other dryland ecosystems are highly responsive to precipitation pulses
that, depending on their size, differentially influence the distribution of moisture in the soll
profile. The spatiotemporal distribution of soil moisture is expected to change in association with
changes in the frequency and magnituddrgfand precipitation eveniiany ecohydrological

studies that examine plant water use strategies have assuntbe swhidepths from which

plants derive their moisture is a function of the mensity profile, i.e., higher root density
correlates with greater water uptake. However, recent field stoaiesshown that in dryland
ecosystems, transpiration dynamics andfgbeoductivity are largely a function of deep soil
moisture available after large precipitation events regardless of where the majority of plant roots
occur.Therefore, changes in precipitation pulses that alter the timing and magnitude of the
availability of deep soil moisture are expected to have major consequendegdod

ecosystems/Ne suggest that adopting a hydrologically defined-layer conceptual framework

of the soil profile is more appropriate for understanding plant water use in drylasysemms

than a framework that is based on rooting deg#ing the hydrologically defined twiayer
framework, the objective of this study is to show how transpiration dynamics vary with the
availability of deep soil moisture in dryland ecosystems andthewsource ofhat moisture

varies over timeWe present eddy covariance, soil moisture, and sap flow measurements taken
over 18 months in conjunction with precipitation, shallow soil, deep soil, and stem stable water
isotope samples taken biweekly atraasotebusiilominated shrubland ecosystem at the Santa
Rita Experimetal Range in southern ArizonBesults from both our sap flow measurements and
our stable isotope analysis support tinanspiration is associated with the aahility of deep

soil moigure.While this is especially true in the summer when transpiration rates are highest,
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our results suggest that transpiration can also be substantial in wet winters in which the deep soil
layer is wetter than averag&hen transpiration rates are highdstth deep moisture and stem

water are more isotopically similar to winter precipitation than summer precipitation, suggesting
that winter precipitation can play an important rolsupporting these ecosyster@ar study

suggests that integrating sap flawd stable isotope techniques with soil moisture measurements
offers a better understanding of how plant water use strategies shift with changes in source water
and its availability than either tegique could offer on its owiwWe have contributed to

undestanding where precipitation pulses are distributed in the soil moisture profile and when
these pulses are used by plants in dryland ecosystems. Ultimately these findings should help to
improve the representation of drylands within regional and globaéls ol land surface

atmosphere exchange and their linkages to the hydrologic cycle.

Key words: plant water use, transpiration, sap flow, deep soil moisture, stable water isotopes
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1. Introduction

Waterlimited ecosystems currently account &drout40 % of terrestrial biomes, and this area is
projected to expand with current climate tref@&in et al, 2009] These drylands also
experience high population growjtReynolds et al2007] and future water management will
need to balance water supply for both urban and ecological demand. Unlike theirlenikegy
counterparts that are driven by temperatures caatedimited ecosystems experience pulses of
moisture that drive plant productivififuxman et al.2004;Loik et al, 2004] Pulse size and
frequency vary from event to event and over the year, and these variations affect biological and
physical processes in the drylarj@sla and Lauenroth1982;Kurc and Small2007;Raz Yaseef
et al, 2010] Further, plant response to pulse rainfall is not lif€ale and Reynold2004]and
exhibits memory effectsvhere grassland systems may be more responsive to eyeant
drought and rainy periogdand woody systems may have a lagged response to eye@nt
precipitation patternglenerette et al2012;0gle et al, 2015] Climate models project loRg

term changes in the frequency and magnitude of precipitation events idivdtist ecosystems
[Easterling et al.2000;Seager et al.2007} specificallyin the Western U.S., this could include
decreases in the amountrafinsummerprecipitationfGoodrich et al. 2008]and less snowfall
[Knowles et al.2006;Barnett et al. 2008] These changes are likely to exacerbate changes in
vegetation dynamics and partitioning of water resouregs Potts et al. 2006] affect the water
supply in watedimited ecosystempe.g, Knapp et al. 2008] andaffect strategies for ecological

restoration in dryland systerfis.g, Merino-Martin et al, 2012]

Recently the soil moisture balance has emerged as a powerful means of linking the interactions

and feedbacks between ecosystem productivity, vegetation distribution, and regional water
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balancqd Rodrigueziturbe, 2000;Weltzin et al.2003;Scott et al.2014] In dryland ecosystems,
longterm changes in the frequency and magnitude of precipitation d#asterling et al.
2000;Seager et al.2007]are expected thave an effect on moisture distribution in the soll
profile [Weltzin et al.2003;Loik et al, 2004} For example,mincrease in the number lafger
rainfall evens couldoffer more occurrences in which tdeep soil moisture layés rechargegd
i.e. water that is out of reach of atmospheric evaporative demand egatlilyavailable for

plant water usgScott et al.2006b;Kurc and Small2007]

While plants primarily interact with the soil and affect the soil moisture balance through their
roots,quantifying from where in the sqprofile roots extract moisture has been challenging due

to limitations in monitoring technologi¢s.g, Zarebanadkouki et gl2013]and confounding

physical processes such as hydraulic redistribyBomgess et al.1998;Nadezhdinaet al,
2010]Despite these complexities, parlbayecul arl y i
Hypothesis of niche partitioningValter, 1939] in which deeperooted plants such as trees

generally make use of deeper soil moisture and shaHoveeed plants such as grasses generally

make use of shale soil moisture, has dominated ecohydrological thinkeg.,Ogle and
Reynolds2004;Holdo, 2013;Germino and Reinhardf014]. In fact, in a highlyeferenced
study,Ehleringer et al[1991]lma ke use of Walter ds Hmpgledt hesi s t
desert plants make use of deep soil moisture and shedloed desert plastmake use of

shallow soil moistureTheir andysis assumethat because degpoted desert plants look

isotopicaly similar to winter rains, therefoideeprooted desert plants are using winter moisture
available from the deep soil layers; conversebause shallowooted desert plants look

isotopicaly similar to summer rains, therefasballowrooted desert plants are using summer
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moisture availablérom the shallow soil layer$iowever, their study did not measure the
isotopic composition of the motge in tie shallow and deep soil layensd only asumedhe

use of water at specific depths based on root profiles.

Additional recent research has demonstrated that the density prgble@ndfrootsdoes not

necessarily correspond to the depth of wttat the plants are actively using for photosynthesis

and transpirationFor exampleregardless of their rooting profile, in shalleaoted desert

grassland and deepmyoted desert shrublands, plant response was always most strongly
associated with moiste deep in the soil profile (i,e> 37.5 cm)Kurc and Small2007;Kurc

and Benton2010;Cavanaugh et al2011] Furthermore, stable water isotope research has
illustrated that roots can tedraulically isolated from thsoll, i.e, root water was isotopically
different from that of the surrounding spllhorburn and Ehleringerl995] Clearly he presence

of roots alone does not indicate where plants are extracting water from inl jhe8ia, so
understanding plant water use strategies must go beyond understanding the physical distribution

of plant roots.

Based on previous ecohydrological research in watgted ecosystemssanchedVejia and
Papua [2014 proposedvorking within a hydrologicallydefined twalayer framework in which
shallow soil moisture (20 cm) is primarily lost td [Kurc and Small2004;Gowing et al,
2006] while deep soil moistur@@-60 cm) & primarilyused for transpiratiofkKurc and Small
2007 Cavanaugh et ak011] In this conceptual framework, four soil moisture cases are
possiblg SanchedVejia and Papuga2014} Case Iwith a dryshallowlayer and a drgeep

layer; Case #vith a wetshallowlayer and a dryleeplayer, Case 3with a wetshallowlayer and
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a wetdeeplayer, andCase 4with a dryshallowlayer and a wedeeplayer (Figure1d). This
framework shifts the focus of the two layers from the physical location of the plant roots such as
nWal ter6s Hypothesis to the |l ocation of soi

dominating the movement of soil moisture

To make use of thisydrologically defined two layer conceptual framewarke make the
assumption that there ameasureablesotopic differences between the shallow and deep soil
layers based on isotopic differences between small storms and large storms as a result of the
i a mo u n t [Dansghael 8 A64Rozanski et 1.1993]and as a resudif isotopic

fractionation that occurs during water efflux processes (FigurePtegipitation fallingduring a
small storm is e RO anditHealues) reiativedo apame stotmi becauseliof
the amount effedtDansgaard 1964;Rozanski et al.1993]caused by both evaporatifeg.,
Dansgaard 1964;Lee and Fung2008]and exchange procesdesy.,Friedman et al. 1962;

Field et al, 2010] Therefore we expecsmall stornsto have moisture with relatively higher

80 andiPH values compared to large storrasd that these small stormsll wet only the

shallow soil layefSala and Lauenrothil982;Kurc and Small2007] On the other hand, a large
storm will wet both the shallow and deep soil lajj&ancheaejia and Papuga2014]with a
moisture thathas e | a t i V% hngdiPH values EXraporation will deplet shallow soil

moisture and preferentially evaporate isotopically lighter water molecules, thus leaving water
wi t h r el at®0 aneifHyvaldesinghe shallowisoil layefe.g., Kulmatiski et al, 2006;
Newman et aJ.2010] We expecthe canbination of these processes through timile lead to a

soil profile that has isotopically distinct shallow and deep soil moisture layers, with the shallow

soil moisturetending to be more enriched {0 andH than the deep soil moistuMithin this
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framework,assuminghallow soil moisture and deep soil moisture differ in their water isotopic
signatures, the soil layer from which desert plants are drawing their moisture can be identified
and potentially linked to summer or winter precipitafi&hleringer et al. 1991;Ingraham et

al., 1991;Williams and Ehleringer2000]

In this study, we use the hydrologically defined #ager conceptual framework with a
combination of sap flow and stable wasatopes techniques over and®nth period in a
semiarid shrubland of southeastern Arizonariewer three main questions:
1. Is transpiration limited tperiodswhendeep soil moisture is available, and how does this
dependence vary throughout the year?
2. Are shallow and deep soil moisture isotopically differamid how does thisféerence
vary throughout the year?
3. Are stable water isotopes an adequate measure of determining sources of plant water use
in a semiarid shrubland?
Here, we combine discrete isotopic sampling with continuous measurements of transpiration and
soil moisture throughhe rooting zone. Combining these measurements yields a more detailed
image of plant water use, both spatially and temporally, than either sap flow or isotopic analyses
could provide alone. Understanding the differential water use of plants in deserteossgs
becoming increasingly important as we anticipate how they will be able to respond to changes in
the precipitation regime that will undoubtedly create changes in the depths at which soil moisture

is available and the timing of the soil moisture &lality associated with those depths.

2. Methods
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2.1 Study Site: Santa Rita Experimental Range

The Santa Rita Experimental Range (SRER) is located 60 km south of Tucson, Arizona at the
foot of the northwestern Santa Rita Mountains. Our reseegasitonducted at The Santa Rita
Creosote (SRC) AmeriFlux Site (31.9083 N, 110.8395 W), located in the northern portion of
SRER at an elevation of about 950 m. An eddy covariance tower pddwatfehourly micro
meteorological measuremefn&ancheaVejia and Papuga2014] Since at least 1934,
creosotebush_@rrea tridentata)has been the dominant species near the nortfweder of
SRER[Humphrey and Mehrhqfi958] The SRC experiences cool winters, warm summers, and

a bimodalprecipitation pattern, with about 608bthe precipitation falling during the North
American Monsoon (July through September) abdut 20%of the precipitation falling during

the winter rainy season (December through Febry&ancheiejia and Papuga2014] The

average annual precipitation is about 345 mm, and the average annual temperature is about 20 °C
[SancheaMejia and Papuga2014] Vegetation cover is about 24%, with creosotebush as the
dominant vegetation (14% cover) and the remaining 10% accounted for by small grasses, forbs,
and cactu$Kurc and Benton2010] The soil type is sandy loam with no caliche layer (to at least

1 m depth]Kurc and Benton2010] The estimated depth to groundwater near our sgeester

than 70m [Eastoe et a).2004]

2.2  Soil Moisture

At SRC, six soilmoisture profiles are located within the eddy covariance tower foograht

provided half hourly soil moisture data. Three profiles are located under creosotebush canopy

and three are located intheintem nopy fAbar e o wasmedsuredtowater moi st ur

content reflectometers (CS6XBampbell Scientificinc., Logan, UT, USHA with each sensor
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assumed to beneasuring a source are#h radius 7.5 cniSancheiVejia and Papuga2014]
At SRC, seven depthgeremeasured for soil moisture each profile: 2.5, 12.5, 22.5, 37.5, 52.5,

67.5,82.5 cm.

Soil moisture profilesvere averaged together and weighted basefilactional coveof canopy
and intercanopy spaced hen, the profilesveredivided into shallow(0 -20 cm)and deeg20-

60 cm)soil moisture layers per the twayer soil moisture concéyal framewor Sanchez

Mejia and Papuga2014] To calculate soil moisture in the two different soil moisture Ryee
used weighad averages based on the relative contributiaaoch sensor in thehallow or deep
layers of the soil layer. At SRC, average soil water content was calculated with the following

equationgSancheaMejia and Papuga2014]:

— e Td—g TP X3 (1)
— T b—g T Xbg T& XYg (2)
bsi s the soil w a t16is thecsoilnvater cohtentat 12.3 cmb etcc m, d

Soil moisture Cases for the conceptual framework are defined by soil moisture thresholds set in
SancheiMejia and Papug4§2014](0.1229%f 0 dhaiowdnd 0.101346f 0 deep, tBSUlting in N =

306 days for Case 1, n = 10 days for Case=22164 days for Case 3, and r68 daysor Case 4
overour 1&month study periadrurther, we divide each year into soil moisture seasons.
Following SancheaViejia and Papugd2014], we defined two distinct seasons: Winter

(Decemberi February, and Summer (JulySepembe}. All four soil moisure Cases were

found in bothWinter and Summer seasons. A total of 158 degee classified ag/inter: 51

days fell into Case 1 (32%), 4 ddgdl into Case 2 (4%), 97 days fell into Case 3 (61%, &
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days fell into Case 4 (4% totd of 79 days were classified as Sumnig:days fell into Case 1
(33%), 2 days fell into Case 2 (2%), 25 days fell into Case 3 (32%), and 26 days fell into Case 4

(33%).

23  Transpiration and Evaporation

Heat balance sap flow sensors (Dynagauge, DynamaxHaaston, TX, USAwere used to

measure half hourly sap flow rate and to continuously monitor transpiration. These sensors use
an energy budget to interpret heat fluxes from a constant heat §8armxk and Haji993]

Eight sap flow sensors were installed on four creosotebush shrultiywisiensors on each

shrub The sizes of the sensors were 5 mm, 9 mm, and 16 mm (designed to be installed on stems
with the respective diameters). Two shrubs had two 16 mm sensors each, and the other two
shrubs each had one 5 mm and one 9 mm sensor. To tedusféect of irradiation heat on the
sensors, the sensors were covered with reflective bubble wrap, and the length of trunk below the
sensor were wrapped with several layers of hehity aluminum foil[J. Ji, pers. comm.;
Langensiepen et al2012] Standlevel transpiration was calculated by scaling the sap flow rate
with a sitespecific average stem density and percent c@vavanaugh et al2011]

Evaporation wa estimated by subtracting transpiration (measured from the sap flow system)

from evapotranspiration (measured by the eddy covariance tower).

24  Isotopic Field Campaigns
From July2014 through March 2015, plant tissue, soil samples, and precipitation samples were
collected approxnately everytwo weeks at three collection sitegthin the footprint of the eddy

covariance towerThese three collections sites werelecated withthree installed timelapse
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phenologicatameragKurc and Benton2010] and all isotopic samplegere collected within

10m of the plenological camera at each collection site. Nine plants total, three at each collection
site,of an intermediate size class (height between 1.5 anphere sampled on each collection
date; different plants were chosdreach collection date. On each plantya@ure, suberized

stem wagollected with clippersto minimize effects of sterwater evaporatiofDawson and
Ehleringer, 1993] Soil samples were collected destructiveliery 5 cm down to 45 cm depth
using a 5 cm diameter sptibre soil sampler (AMS, IncAmerican Falls, IDUSA) [e.g.,

Williams and Ehleringer2000] Two soil cores wersampled on each collection date, one under
the canopy and orne the intercanopy spacd he stemand soilsamples were immediately
sealedn a 20 ml glass vial witlh polycone capandthe vial wasvrapped with parafilmEour
precipitation samplewere aso collected within the tower footprint, two samples located under
the creosotebush canopy and two samples located intéreanopyspaceThe collection
bottles(250mI HDPE bottles with a funnel inserted into the capye prepped with a 5 mm

layer ofmineral oil to minimize isotopic enrichment through evapordtg.,Williams and
Ehleringer, 2000;West et a].2007] All samples collected were placed immediatelg icooler

with ice until transported back to the lab where theyeastored im refrigeratoruntil analysis
[e.g.,Hopkins et al.2014] In the lab, pproximately 20ml of precipitation from eachDPE
collection bottle was filtered through a cellulose filtgo a 20 ml glass vial with polycone cap

The vial was wrapped with pdilan and stored in thé&ab refrigerator.

Samples were analyzed using an isotopic water analyzer (Picarro-)2hd30uses an Induction

Module-Cavity RingDown Spectroscopy (IMCRDS) systenfe.g.,Crosson 2008;Leffler and
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Welker 2013]and calibrated against the primary isotopic standards of Vienna Standard Mean

Ocean Water 2 and Standard Light Antarctic Pigation 2.

3. Results

31 Time Series

Summer precipitation fasur study period totaled 237 mur observation period included two
Winter seasons (De2013- Feb 2014Dec 2014 Feb 2015). These two Winteeasons had
quite different precipitation patterns. In Winter 26414, the total precipitation wakout 25
mm, distributed acros¥day of precipitation, but in Winter 2012D15, the total precipitation
wasabout 115nmm, distributed acrosk3 days of pecipitation(Figure2a). Winter 20142015

had more frequent rain events wah average smaller magnitude (FigBag Vapor pressure
deficit (VPD) waslow during and immeidtely following rainfall and wagenerally higher in the
summer than inhie winter (Figurea), which is expectebecause higher temperatures in the

summer raisethe saturation vapor pressure.

Shallow soil moisture ranged frofn06to 0.21 nf m™, and deep soil moisture ranged frorH8

to 0.16m> m>. Shallow soil moisturencreased after both small and large rain ev@figure2b,

see November and December 2Q1Rjt deep soil moisture increased only after large rain events
only (Figure2b, see March 2014)r afte a series of small rain ever{tSgure2b, see January

2015. Overall, there were no substanhiitfferences between average shallow (~ 0.2&) or

deep (~ 0.11 m™®) soil moisture in the Summer and Winter seasons for our study period
However, dfferences in precipitation resultedwery different range®f soil moisturebetween

the two Winter seasons themset/énter 20132014 had a maximum shallow and deep soil
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moisture 0f0.16and0.11 n? m*, respectively, whereas Winter 202815 had a maximum

shallow and deep soil moisture@®1and0.16 nf m™ (Figure 2b).

ET averaged.5 mmday’ over the observation period, with a maximun8&mm day®. T
averagd 0.4mmday*, with a maximum of.8mmday* (Figure2c). While ET always
increasd immediately following rairevents the contribution off to ET, i.e,, the ratioT/ET, was
low immediatelyfollowing a rain eventonly increasing few daysafterthe rain evenfFigure
2c). As expectedSummer averages (0.5 mm day) andET (1.2 mmday) werehigher than
Winter averages of (0.3 mm day) andET (0.5 mmday?). Interestingly, the different
precipitation patterns of our two Winter seasons resulted in different aefdge similar
averagerl. The "drier" Winter in 2012014had an averageT about 0.2 mm lower than the

"wetter" Winter in 2142015 while the average& was only about 0.02 mm lower

TheH values of precipitation arstem samples haah increasing trenfilom July through the
middle of SeptembeF{gure2d). Later inSegember and irfDctober, precipitation values of

0 a n dH dibppedFigure2d, ii®0 values not shownreflecing the influence ofsotopically

light tropical stormst that timg Gedzelman and Lawrencg990;Eastoe et a).2015] The’H
values of stem samples tended ézmrasén conjunction with the precipitation beforecreasing
again, a pattern which appears to continue throughout the whigeré2d). T h éH values of
shallowsoil samples were generally higher and temporally dynamic than for deep soil samples
(Figure2e). T h éH values of shallow soil samples were only lower than for deep soil samples
when associated with pestonsoon isotopicalliighter precipitation events (e,gdrigures 3d and

3e late Sept, early Dec, early Feb), suggesting those events mairdygecthe shallow soil
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Deuteriumexcesgd-excespisdefined ad) Qo w'Qfi {'O Yz] O [Dansgaard 1964]

Points that fall on th&lobal Meteoric Water lineGMWL) have ad-exceso f 10 a, and
variations away from this inchte variation away from the GMWIDawson and Simonjr2011;

Zhao et al. 2014] Thed-exces®f stemsamplesKigure2f) appear to converge towattae d-

exces®f precipitation samples after large precipitation events and then deviate away from the
precipitationd-excessn between these large precipitation evebtexces®f the shallow soil
samples was more positive and closeal-exces®f precipitation samles than thel-exces®f

the deep soil samples from rrikcember through early FebruaRidure2g), possibly

suggesting that shallow soil moisture is most similar to precipitation and least influenced by

evaporation or other external factors during ffesod[Gat and Airey 2006]

3.2 Reationships between Soil Moisture and Transpiration

In both Winter and Summeeasonsmore of the variation if is explained bwdeep(RZ:O.ZO in
Winter and B=0.36 in Summerjhan gnaiow (R*=0.02 in Winter and R=0.08 in Summer)
(Figures 3a and 3pTable 1). In addition, more of the variationkns explained byghaiow
(R*=0.37 in Winter and R=0.45 in Summer}than gueep(R°=0.30 in Winter and R=0.17 in
Summer)Figures 3c and 3d'able 1). However, the relationship betwé&ehand ghaiowandET
and gueepdiffer between Winter and Summer. In Winter, more of the variati@Tiis explained
by qdeep(R2:0.44) thangsnaiow (R=0.25); in Summer, more of the variationB is explained by
Gshallow (R*=0.48) thangueep(R?=0.29) (Figures 4e and 4; Table 1) These results suggest that

different processes are dominant at different times of the ipgdfinter, T is the dominant

process irET, but in SummerE: is the dominant process Hir.
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Very few dayaere classified as Case 2 (wet shallow layer, dry deep laygs 9 4; Nummer

2) or Case 4 in the winter (dry shallow layer, dry deep laygfet* 6). Although the number of
days classified as Case 1 (dry shallow layer, dry deep laygksr = 51; Nsumme— 26) would not
necessarily exclude it from data analysig, @ not expect to make meaningful interpretations
because there is not muwater available for eithdror E. Thereforewe focus on Case 3 (wet
shallow layer and wet deep lay@inter = 97; Nsummer= 25) (Figure 5 Table 1), but also include

analysedor Case 4 (Table 1)

For Winter Case 3he linear regression relationgk between the two independent variables

(Gshaowand gueep and the three response variables, (T, E) were similar tahe linear regression
relationshipgor thewhole Winter seasoffFigures3 and 4 Table 1) Variation ingueep€Xxplained

more of the variation iET andT (R?=0.32 and 0.35, respectively) relative to variatiomiiow

(R?=0.04 and 0.13, respectively); variationgaiow (R? = 0.16) explained slightly more of the

variation inEthanqdee,[,(R2 = 0.14). Additonally, for Winter Case 3, all of the six linear
relationships anal yzed had=&0b(@able1)Incompartiso;r egr es
for Summer Case 3, most of the linear regression relationshipsmwetreveaker: only two of

the linearrelationships analyzed @nd Gnaiow E and GnaiowW € 1 € s i g rei0.05iacdaomet at C
linear regressionT(andguee) Was s i g=n0ild. Thesa statistically wedker relationships

could be because we had more data to analyze in Winter (ntka@vin Summer (n = 25)

(Table 1) Interestingly in Summer Case Bknaiow(R* = 0.28) explained more of the variation in
Tthanqdee,[,(R2 =0.11), and the linear regression relationship betwggmwandT hada

significant, negative slope (m-3.61, pvalue = 0.01). This is in contrastttte analysis of all of
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Summer, wheregeepexplained about 32% more of the variatioithan gshaiow and the linear
regression relationship betweghaiowandT had asignificant, positive slope (m = 1.47,value

= 0.01) This seems to indicate that during Summer Case 3 @laysiot necessarily limited by

the amount of soil moisture available, but by meteorological conditions (i.e., temperature and
VPD) as shallovsoil moisture evaporates, decreases VPD above the soil, and decreases
atmospheric demand of water at the plant ston@t8ummer Case 4, there are significant

relationships betweeBT and Ghaiow T and Gueep aNdE and Graowa t W5 = 0 .

Notably, for Case 3 there is a significant, negative relationship betwggg,andT for both
Winter (m =-3.61, pvalue = 0.01) and Summer (m-2.25, pvalue <0.01peasonsThis
relationship can be explained by examining the relationship betgggfn, VPD, andT (Figure
5). Immediately following a rain event, the shallow soil moisture will be rechgeygdFigure
2b). However, in the following few days as most of the shallow soil moisture is evaporated,
relative humidity increases aMPD decreases: the linear regression between shallow soll
moisture and VPD has a significantly negative slopd 068 (pvalue <0.01; Figur&a). As

VPD increases, the rate diincreasebecause there greateratmospheric demand of water
from the stomatathe linear regression between VPD dnlaas a significantly positive slope of

0.07 (pvalue <0.01; Figuréb). This relationship betweegnaiows VPD, andT offers an

explanation for the negative relationship betwggri,wandT.

3.3  Analysis of Stable Water Isotopes
Theoverall average gbrecipitation samples hadi#O value of-5.44 a n @H value bf-

464 . The averagef Summer precipitatiosampleshada %0 value of-46& a n dH valuel
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of-45&, wher e a s of Winterprecipigtiomsampleshada °0 value of764 and a
¥H value of-57 & (Figure6; note: wlumeweighted averageof Summer and Winter
precipitationsamplesrespectivelyhada @ valueof4 . 6 &7 an da ‘Hvablleck U

49 & -5a&)Average Summer precipitatimasmore enriched in°O and®H. These

averagesire consistenwith other published values of lostfgrm Tucson precipitation: Summer

%0 averages6 . Oa @ dH atierages4 3 andWi n t*®maveriges8 . 9 & *H and i

averagesb6a [Wright, 2001]

Theoverall average a$hallow soilsamples had i*°0 value 0f5.04 a n @H value bf-53

& . The average of Summer and Winter shallow soil sangleespectivelyhada '@ value of
254 awBa andHvauedf-484 a 6314 (Figure6). Average Summer shallow
soil samples werenore enriched iAH than average Winter shallow sedmplesThis also holds
true when only considering Case 3,,itbe averageof Case Jhallow soilsamplesasahigher
¥H valuein the Summer than in the Wimt@Figure7). Becaus&Summer precipitébn is more
enriched irfH than Winter precipitatiarSummer shallow soil moistureligely recharged by
Summer precipitation, whereas the Winter shallow soil moistuilely recharged by Winter

precipitation.

Theoverall averagef deep soisampleshada ii'®0 value of-2.6& a n @H value ©f-514 .

The average of Summer and Winter deep soil sangpiespectivelywerea %0 value of-2.9

& ad 4 & “Hvallech598 amd &a. Unli ke thesamplegr age sbh
the Summedeep soisamples werenore depleted ifH than the Winter deep saiamples

Again, this also holds true when only considering Case 3thesaverageof Case 3 deepoil
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samples has a lowéfH valuein the Summer than in the WimtgFigure 3. Becaus Summer
precipitationis more enriched iAH than Winter precipitatiorSummerdeep soil moistures
likely rechargedn partby Winter precipitation anwinter deep soil moisture igely recharged

in partby Summer precipitation

Theoverall averagef plant s$em smples hadi'®0 value of 2.3 a n dH value ®f-394 .

The average of Summer and Wintestemsampls, respectivelyhadii®O valusof 3. 0 & and
1.5 &°Haalussofi39a amd a. | n swWinmampl,ed htead 281 i ght |
values relative to SummstemsamplesHowever, vhen only Case 3 dawere consideredhe

average oBummerstemsample had | i g h t I1°H/vallies them the averagéWinter stem
samplegFigure7). This unexpected difference could be caused bytenpal plant sample
Aoutliero in “walgef-71 &.h aWi thhadala UCas ersd cpoonisnitder
pulls the Summer steaverage moregsitive, therefore the Summer stemerage has a higher

’H value than the Winter steaveraje. The merage stem values 6t°0 a AHJdid &ot fall

between shallow and deep soil stoire as expected; average stéf® a AHdvalues were

hi gher than aver ag%® alftaMalliesT™h ea nrda e po fslostleni s @
valueswere63to-7 ®Hut i f we exclude t heHyvaluerherstiempl e w
range of <Hvalneswsesed3o-2e5 U4 . | n t % aanhge of hoshaleep d0ih e U
samples{73t0-37 &) and p-63@aon2t5 saa)mphl aed$H aéngs of aboud & r & U

T h €H réinge of both precipitation sampleqlto-16 &) and shal-110ter soi |

Y o)

26 4&4) hadHarshmel af about 85 &.
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Using an unpairedtest assuming unequal variance, the only statistically significantly different
averagesvere between deep soil samples and stem samplegdiail (pvalue <0.01) and in
Summer (pvalue <001).Ho we v er , a g a i’Hhvalues of deeprsailsamplesarid stém
sampl es over | app e iH valesohstermnmsamees compared w@lldvesoil U
samples or precipitation sampl&ost of the variables tested under different time-geihods
(Winter season, all of Case 2 and Case 4, and most of Case 1 and Caye€id dataneet
normality assumptions or had less than the minimum nuofl@yservations required for the

AndersonDarling normality est[e.g.,Hedberg et al.2012;Reyes Gomez et a2015]

Precipitation samples fell close to theIWL, with the summer samples tending more to the
right of the LMWL (Figure 8a)which we expect because precipitation arriving during the
warmer summer months is more enriched in the heavy isottpemnd®H relative to

precipitation during the cooler winter monflizansgaard 1964} An overall precipitation
regression line i§°H = 7.8 %0 -3.8(Table 2). The shallow soil samples were similar to the
precipitation isotope samples in that they fell along the LMWL, with the summer shallow soill
samples tending more to the right of the winter shallow soil sanfalpsr€8b). Again, this is
what we @pect because the shallow soil undergoes more evaporative enrichment during the
warmer summer months than during the cooler winter mght 1996] Theoverall shallow

soil regression line i§H = 5.1* i"%0 -28 (Table 2). The daily deep soil isotope samples all fell
to the right of the LMWL Figure8c), which seems to indicate that shallow and deep soil
moisture are isotopically different and that deep soil moisture may be influenced by processes
such as plant discrimination against heavier isotoji€sand?H) during water uptakge.qg.,Lin

and Sternbergl1993;Ellsworth and Williams2007] In addition the overall deep soil regression
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| i néH=i2® B0 -43(Table 2), and regression slope of about 3 can indicate water
exposed to a low humidity, evaporative environment, such as soil water inlvwated
environmentgGat, 1996;West et al.2007] The stem samples fell along the deep soil regression
line, and similar to the deep soil samples, and do not disglagsastent seasonal bias like the

precipitation and shallow soil sampl@sgure &l).

3.4  Relationship between Transpiration and Stable Water Isotopes

To integrate transpiration and stable water isotopes, we examined the linear regressions between
’H values of precipitation, shallow soil, deep soil, and plant samples anetityeams off

(the two days prior to and including the isotope sampling dBie)*H range of precipitation

and shallow soil were similar (Figuwé&a anddb), while theiH range of deep soil and plant
samples are similag s peci al ly if the plan¥ saifthbde? (Wi th
&) i s ¢Rigark9n ahdad). Precipitation’H values have a positive trend with increasing

T (Figure9a); this is expecteddeause of the high@rduring Summer whet’H values of

precipitation are generally more positive relative to Winter precipitation. The shallotoil

values do not seem to have any linear trend Witigure9b). The only statistically significant

linear regression is betweéfH values of deep soil arfl(p-value < 0.01; Figuréc, Table 3).

The negative slope of the regression line indicates that higtvenich occurs in the Summer) is
correlated with a more negatilitH whereas loweT is correlated with a more positivéH.

Because Winter precipitation tends to have a more neg#tivealue than Summer

precipitation, higheT is associated with deep s&ifH values that are more similar to Winter

precipitation than to Summer precigitan (Figure 6 and 9c)rhis result seems to indicate that

high Summeil is associated with deep soil moisture that has been recharged by Winter
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precipitation. The slightly negative slope of st&H values withT (Figure9d), indicate that
higherT is corelated with more negativi€H values in the stem water. Taking the deep soil and
stem regressions together, the plant appears to be using deep soil water during period of high
(Summer), and that this deep soil water available in the summer was redhakyater

precipitation.

4. Discussion

4.1  Deep Soil Moisture Influence on Transpiration Dynamics

Overall, periods of high deep soil moisture were associated with periods af aighperiods of
high shallow soil moisture were associated with periods of Bi(figures 2, 3 and)4This is
consistent with other studies in dryland ecosystigfnsc and Small2004, 2007Scott et al.
2006b;Cavanaugh et a12011] Additionally, the *H values of thestem samples all fell along
the regression linfor the®H values of theleep soikamplesfurther suggesting that plants are
largely dependent on deep soil moistj\Mest et al.2007] In combining our transpiration data
and ou stable isotope dataiffure 9, we are able to further refine our understanding of plant
source water us®uring periods associated with hig{Summer from Figure ¥ shrubs appear
to be dependent on moisture from the deep soil layer (K8bretb, &), and this deep Summer
soil moisture is likely recharged by Winter precipitation based on the similarity in isotopic
composition of Winter precipitation (i,&”H of -57 & ) with those of deep soil watand stem
water sampleat highT (Figures 9c and ). Because the shrubseadependent on deep soil
moisture for transpiration and biomass productividyric and SmalR007;Kurc and Benton
2010;Cavanaugh et ak011],a hypothetical decrease in large precipitation events would

decrease deep soil moisture, which could reduderveaailable for transpiration and biomass

55



accumulation, with major consequences for the health and functioning of these dryland

ecosystems.

Previous studies have tended to emphasize summer transpiration dyjeagnj¥epez et a|.

2003, 20055cott et al.2006b;Cavanaugh et al2011] However, our study suggests that under
certain conditions, Wintdranspiration may be an important component of the water budget in
desert shrubland ecosyster@air results showed th&fTi n t h e @ dwad deminateddy nt e r
E, but i ndo tWientfewe twaest. Tdhoemi findéntee2dl 3204 had a
averageshallow and deep soil moistup&0.11 and 0.10 Am?, respectively, whereas the
Awetter o -ilhadean averdséallow and deep soil moisture ol®and 0.2 m®

m 3 which were both higher than the Surer or Winter averages (Figurb)3 This suggests that
transpiration can indeed occur in the Winter and may be largely limited by soil moisture
Because we found that in the Adriero Winter
decreasingbut t he i n t he singdeepseilMmoistié wascerrelatediwithc r e a
increasingl, we suspect this has more to do with availability of deep soil moisture than with

shallow soil moisture.

4.2  Implications of Complexities in Stable Water Isotopes for Understanding Shrub
Plant Water Use

In hydrological research using stable isotopes;rarthber nxing modelshave beemsed to
determine the source waters for reservoirs such as groundegteGat and Dansgaardl972;
Connolly et al. 1990] lake watefe.g.,Dincer et al, 1974;Krabbenhoft et aJ.1990] or stream
water[e.g.,Hooper et al. 1990;Kendall and ©@plen 2001} An important implication resulting

from this type of mixing model analysis is in understanding how changes in the climate regime
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that impact the source waters will further impact the resefegr, Palmer and Raisaner2002;
Kundzewicz et 312008] Increasinglyin ecohydrological research, stable water isotopes have
also been used for understanding the source waters for anpi®awson and Ehleringer
1991;Ehleringer et al. 1991;Flanagan and Ehleringerl991;Dawson et aJ.1993;Snyder and
Williams, 2000;Williams and Ehleringer2000;Schwinning et al.2002;Brooks et al.2010]
Isotopicallydistinct source wateme-memberssuch as groundwater or shallow soil moisttaia
becombined in a linear function to determine the contributibeach endnember to the
isotopic composition of the mixg@ant componeritDawson 1998;Phillips and Gregg2001;

Dawson et a].2002;Corbin et al, 2005]

In our study, we hypothesized that shallow soil moisture and deep soil moisture would be
isotopically distinct from each other because they would be recharged by isotopically distinct
precipitation events, i.e., Winter precipitation would be isotopicadiyrett from Summer
precipitation[Clark and Fritz 1997;Dutton et al, 2005] andthatthese isotopically distinct
events wouldecharge different layef&hleringer et al. 1991;Williams and Hleringer, 2000]

or becausasmall events would be isotopically distinct from large ev@vitler et al., 2006} and
that these differently sized events wotddharge different layef$ala and Lauenrothil982;

Kurc and Small2004, 2007Huxman et al.2005] In addition, evaporation of shallow soil
moisture would fractionate the shallow soil moisture andiead h i'%p h a AHdvéliesin

the shallow soil moisture than the deep soil moistuie.g.,Kulmatiski et al. 2006;Newman et
al., 2010] As such, shallow soil moisture and deep soil moistored serve as the two end
members for the mixed plant component of our desert shrubland ecosystem where groundwate

is assumed to be out of the reach of the shiBypsvorking within this context, we can develop
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an understanding about the implications of changes in precipitation regime on the plant water use

of this ecosystem.

During this particular study period, southern Arizexgeriencedour tropical storms during
August, September, and October 2014 (FigurevBgreas tropical storms this regionusually
average one evetfireeyeas (C. Eastoepers.comm). Becauserbpical storm precipitation is
generallydepleted relative to the average summer precipit@hibitter et al., 2006] ther %0
andiH values tend to be more similar to winter precipitatilan summer precipitation (which
tends to be more enricheayhich was the case for the tropical storms that feiing) our study
period (Figure 2 Because these isotopically light tropical storms fell during the Summer season,
averages in Winter ancuSimer precipitation were not isotopically distinatritig our study
period (Figure f We expect that this in part l¢d the lack of isotopic distinction between
averages in shallow arttep soil moisture (Figure.@n addition,even though the daily shaw
soil moisture isotope valudsll close to the LMWL (Figure 8bjhe daily deep soil moisture
%0  a AHdvaluesunexpectediyell to the righ of the LMWL (Figure 8c)One explanation of
this deep soil moisture isotopic characteristic is thatdep soil moisture, rather than reflecting
only the isotopic signature of large precipitation events, is instead a mix of precipitation with
tightly bound soil water that could be relatively enrichetf@ and®H [e.g.,Robertson and

Gazis 2006;Brooks et al.2010] Another possibility is thathis deep soil moisture reflects
subsurface mixing of infiltrating precipitation with antecedent soil moigBaenes and Turner
1998;Gazis and Feng2004] e.g.,preciptation from isotopically light anthrge stormsnixes,
during infiltration to the deep soil layer, with shallow soil moisture that had been ennictied i

and in’H because of evaporative fractionation
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Stable water isotope values associated with plants are complex to intBgwsbn et al.2002;
Meil3ner et al.2013;Gessler et a).2014] Notably, stem samples were on average more
enriched in botH?0 and’H relative to the shallow and deep soil samples,the.stem samples
did not fall between the expected emeémbers otonceptual lineamixing modelframework

Plant samples of stable water isotopes may be affected through both mixing processes and
fractionation processg¢&essler et al.2014] Therefore that the stem sample average does not
fall between the expestl endmembers could indicate that we did not consider all possible end
memberge.g.,Brooks et al.2010]or did not recognize the effect of fractionation processes
between the soil water and the sampled plant jatgr,Gessler et a).2014] Our sampling
technique could also lead uncertainty associated with certain artFactisistance, we know

that il moistureis exceptionallyspatiallyheterogeneous dryland ecosystenig.g.,Weltzin et
al., 2003;D6 Od o r i ,2@D7] an part bdcause of soil differences related to pore distribution
and soil microtopographie.g, Brunel et al, 1995] Our sampling design assumed thaertical
soil coreunder the canopy aravertical soil core in thenter-canopyspacewererepresentative

of overall soil moisture conditions of the ecosystem. We also assumed that the uncertainty
associated withme of sampling soil ostemwaterwas negligible because the diurnal variation

would be smaller than the seaal variatiorjZhao et al, 2014}

Despitethese complications, we were able to identify some isotopic distinction between the
shallow soil and deep soil sampldase slope of the deep soil regression line (m=2Fgure 8c
and Table?) is much less positive than the shallow soil regression line slope (m=5.05; &igure

and Table?), possibly indicating a greater effect of evaporative enrichment or diffeigimy
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process in the two soil layef$ang and Feng2001] Using different regression lines for shallow
soil and deep soil samples, we did see thastdrasamples fell along the desoil regression
line (Figure &8l), indicating that the plants are primarily drawing from deep soil moisture rather
than shallow soil moisture. Furthermore, similar to the deep soil samplesetmeamples do

not display a consistent seasonal bias like the precipitatidsizallow soil samples.

5. Conclusions

Results from both continuous sap flow transpiration data and discrete isotopic sampling of
precipitation, soil, and stem samples suggest that plants are primarily using deep soil moisture
for transpirationFrom the isotopic samplese foundthat the shallow and deep soils were
isotopically distinct, with the shallowod generally more enriched O and?H than deep sail

| n par t i’tvallea of shallbvhseil séimples on each sampling day tendedrmre
posi ti v é&H valhea of deephseil samples, except on days where a large, isotopically
depleted storm wetted the whole soil profile. Ussag flow and soil moisture datag showed

that transpiration was generally more strongly correlaféd deep moisture, whereas
evaporation was more strongly oelated with shallow moistur&@his was supported by analysis
of our isotopic data, from whiclve show that stem samples are isotopically similar to deep soll
samples, with stem samples clustgraround a regressiomé through deep soil sampléssing

a combined approach to understand shrub plant water use in semiarid areas oftees

insights than simply using sap Woor isotopic techniques alorighis is in parbecause othe
complexityof isotopic patterns in the rainfall and ttenditions for fractionatiorlJsing our
combined approach, we can confidently say that this semiarid shrubland depends on deep

moisture for growth and functioning and is therefore vulnerable to shifts in pagoip, such as
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a decreasm the number of large storms, which wolildit available soimoisture to the

shallow surface layer.
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Table 1.Linear regression statistics{Rlope, and slopeyalue) for regression analysi8ase 1 (dry shallow layer and dry deep

layer) was excludeffom the analysis because there was limited water availableTf@@ase 2 was excluded from the analysis

becausdew days fell into Case 2 (4 days in Winter and 2 days in Sumidetg:* denotes a fwvalue<0.05, ** denotes a p

value<0.01
All Cases Case 3 Case 4
Winter (n = 158) Summer (n = 79) Winter (n = 97) Summer (n = 25) Winter (n = 6) Summer (n = 26)
R? Slope R? Slope R? Slope R? Slope R? Slope R? Slope
ET anddhaiiow 0.25 4.3+ 0.48 14,2+ 0.04 2.9 0.10 7.0 0.52 8.3 0.35 35.4*
ET anddjeep 0.44 7.9 0.29 37.2* 0.32 8.1%* 0.05 13.1 0.21 27.1 0 0.1
T anddshaiiow 0.02 -0.41 0.08 1.5 0.13 -2.3* 0.28 -3.6* 0.32 4.7 0.01 1.1
T anddyeep 0.21 2.0¢* 0.36 10.6* 0.35 3.6 0.11 6.0 0.39 16.7 0.26 12.2
E anddypaiow 0.37 4.7+ 0.45 12.7+* 0.16 5.1 0.21 10.6¢ 0.10 3.6 0.34 34.3*
E anddyeep 0.30 5.9+ 0.17 26.6* 0.14 4.5 0.01 7.1 0 0.4 0.01 -12.1
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Table 2 Linear regression statistics {Rlope, and slope-yalue) for regression analysis
betweeni*®0 andiH values for precipitation, shallow soil, deep soil, and stem santyxis:

*denotes a fvalue <0.05, ** denotes aymalue<0.01

Overall
n R? Slope Y -intercept
Precipitation 16 0.88 7.8** -3.8
Shallow Soil 12 0.76 5.1** -28
Deep Soil 12 0.45 2.9 -4
Stem 30 0.69 3.9 -48
Summer
n R? Slope Y-intercept
Precipitation 9 0.97 8.1 -7.3
Shallow Soil 6 0.76 4.2 -35
Deep Saoll 6 0.07 0.7 -55
Stem 11 0.81 5.0%* -53
Winter
n R’ Slope Y -intercept
Precipitation 4 0.93 9.6* 18
Shallow Saoil 6 0.85 6.8* -10
Deep Saoll 6 0.87 4.0 -36
Stem 10 0.59 4.3* -10
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Table 3 Linear regression statistics for regression analysis bettheeadayT a n dH vélues

for precipitation, shallow soil, deep soil, and stem samplete:* denotes a fvalue<0.05

n R? Slope
Precipitation 16 0.10 0.0065
ShallowSoil 12 0.0079 0.0019
Deep Soil 12 0.47 -0.036
Stem 30 0.021 -0.0061
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Figure Captions

Figure 1. (a) Two-layerhydrologically defined soil conceptual framewp@ase 1 (dry/dryyvith

dry shallow sdilayer and dry deep soil laygCase 2 (wet/dryvith wet shallow soil layer and

dry deep soil layerCase 3 (wet/wetyith wet shallow and deep soil laygf3ase 4 (dry/wet)

with wet deep soil layer artty shallow soil layer(b) Conceptual figure of how the

hydrologically defined sillow and deep soil layers become isotopically distinct through
precipitation and evaporati oneg( i mafHvaliesor ms h
and wet only the shallow soil ple@3uesrandwie ar ge st
both the shallow and deep soil layers; and evaporation causes enrichiygpt\dlues in the

shallow layer. These three types of events lead to an isotopic distinction between the shallow and

deep solil layers.

Figure 2. Time series of (a) daily prgatation [mm], vapor pressure deficit (VPD) [kPa]; (b)

shallow and deep volumetric soil moistueg [(n®*m™]); (c) transpiration T) [mm day'], the

relative contribution oT to ET(T/ET) ; Hdy atiues [&] of precipitati
®H values [&] of shal | dewessrad ukcesed 490 iolf amrerli o

stem samples; (g}excesy al ues [ a] of shallow and deep soi

Figure 3. Linear regressions between (BaiowandET; (b) dyeepandET; (C) UshaiowandT; (d)
dyeepandT; (€) shaiow@ndET; and (f)dgeepandE. Solid lines represent Summer regression and

dotted lines represent Winter regression

Figure 4. Linear regressionfor Case 3 days betweéa) dshaiow@NdET; (b) dheepandET; (C)
Ushallow@NdT; (d) dyeepandT; (€) dshaiowa@NdET; and (f)dyecpandE. Solid lines represent Summer

regression and dotted lines represent Winter regression
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Figure 5. Linear regressions between (&)aiowandVPD and (b) VPD and.

Figure 6. (PH values of precipitation, shallow soil, deep soil, and stem samples. Daily samples

are indicated by a circle aride averages are indicated by an asteft¥k

Figure 7. (PH values of precipitation, shallow soil, deep soil, and stem sarfsleach Case
considered separately. Daily samples are indicated by a circtb@aderages are indicated by

an asterisk*) . Note: No isotope samples collected on a Casayor on a Case 4 Winter day.

Figure 8. Daily precipitation, shallow soil, deep soil, and stem samples plotted with the global

meteoric water line (gray dotted line), and the local meteoric water line (gray dashed line,

1 ( o ¥\ / zogp [Gallo etal, 2012)).

Figure 9. Linear egressiosof 3-day transpiration [mm-8ay*] versusd a i “H yaludis of (a)

precipitation, (b) shallow soil, (c) deep soil, andgmsamples.
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Figure 3.
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Figure 4.
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Figure 5.
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