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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 soil 

profile. The spatiotemporal distribution of soil moisture is expected to change in association with 

changes in the frequency and magnitude of dryland precipitation event. Many ecohydrological 

studies that examine plant water use strategies have assumed that the soil depths from which 

plants derive their moisture is a function of the root density profile, i.e., higher root density 

correlates with greater water uptake. However, recent field studies have shown that in dryland 

ecosystems, transpiration dynamics and plant productivity 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 consequences for dryland 

ecosystems. We suggest that adopting a hydrologically defined two-layer 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 depth. Using the hydrologically defined two-layer 

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 source of that moisture 

varies over time. We 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 creosotebush-dominated shrubland ecosystem at the Santa 

Rita Experimental Range in southern Arizona. Results from both our sap flow measurements and 

our stable isotope analysis support that transpiration is associated with the availability of deep 

soil moisture. 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 average. When transpiration rates are highest, both deep moisture and stem 

water are more isotopically similar to winter precipitation than summer precipitation, suggesting 

that winter precipitation can play an important role in supporting these ecosystems. Our study 

suggests that integrating sap flow and 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 technique could offer on its own. We have contributed to 

understanding 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 global models of land surface 

atmosphere exchange and their linkages to the hydrologic cycle. 
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1. INTRODUCTION 

1.1 Evapotranspiration Partitioning in Water-Limited Ecosystems 

Water-limited ecosystems, also called drylands, consist of subhumid, semiarid, and arid regions. 

In these ecosystems, annual potential evapotranspiration generally exceeds actual precipitation 

[Newman et al., 2006]. Water-limited ecosystems experience discrete pulses of rainfall that drive 

plant productivity [Huxman 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 drylands [Sala 

and Lauenroth, 1982; Kurc and Small, 2007; Raz Yaseef et al., 2010]. Research indicates that 

climate change will affect pulse size and frequency in water-limited ecosystems [Easterling et 

al., 2000; Seager et al., 2007], including possible decreases in the amount of non-summer 

precipitation [Goodrich et al., 2008] and less snowfall [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 partitioning, and water supply in water-limited ecosystems [Potts et 

al., 2006; Knapp et al., 2008], for example vegetation community composition shifts between 

shrubs and grasses [Bates et al., 2006] and  partitioning of precipitation into interception, runoff, 

and infiltration [Loik et al., 2004]. Water-limited ecosystems currently comprise 40% of 

terrestrial biomes, and this percentage is projected to grow with current climate trends [Okin et 

al., 2009]. These drylands are also experiencing rapid population growth [Reynolds et al., 2007], 

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

demand. 

 

Strategic management of the scarce water resources of water-limited ecosystems requires an 

understanding of how hydrological processes affect and are affected by biological processes 
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[Newman et al., 2006]. Ecological and hydrological processes interact with each other in a two-

way relationship [Rodriguez-Iturbe, 2000; Newman et al., 2006]. Timing and amount of rainfall 

affects vegetation cover and distribution at a particular site [Bates et al., 2006; Odorico et al., 

2010]. In turn, vegetation cover affects hydrological processes such as infiltration [Ludwig et al., 

2005; Perkins et al., 2014], interception [Owens et al., 2006], and groundwater recharge 

[Scanlon et al., 2005; Newman et al., 2006]. The timing and amount of rainfall also affects soil 

water storage [Savenije, 2004; Newman et al., 2006; Odorico et al., 2010], which influences 

ecosystem productivity [Rodriguez-Iturbe, 2000; Scott et al., 2009]. 

 

In studying how ecological and hydrological processes interact in water-limited systems, 

researchers have focused on studying evapotranspiration (ET) because it is the dominant 

component of the water budget in drylands [Wilcox 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 (E) from soil water and/or intercepted water on vegetation surfaces and plant 

transpiration (T). In the global water cycle, T  is a significant process, comprising about 61% of 

ET and returning about 30-50% of precipitation back into the atmosphere [Schlesinger and 

Jasechko, 2014]. Water lost through T is “productive” use of water because it is water used 

toward biomass accumulation, whereas water lost through E is considered “wasted” water 

because it does not contribute toward plant productivity [Savenije, 2004]. In dryland systems, 

total ET in dryland systems has been successfully estimated using open path eddy covariance 

systems [e.g., Scott et al., 2006a; Kurc and Small, 2007; Scott, 2010], but the partitioning of E 

and T in response to precipitation pulse dynamics remains poorly understood. Historically, 

models of ET were developed in areas with dense canopy and minimal exposed soil, so E was 
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assumed negligible, so T was assumed to be equal to total ET [Stannard, 1993]. Therefore, ET 

was considered a good estimation of T and productive water use in environments with limited E 

such as humid climates with full canopy cover [Stannard, 1993]. In contrast, T can be a 

relatively small component of ET at sites with sparse canopies and exposed soil like dryland 

ecosystems [e.g., Huxman et al., 2005; Yepez et al., 2007; Raz Yaseef et al., 2010]. In these 

water-limited ecosystems with high evaporative demand, E is an important contributor to ET 

[Kurc and Small, 2004], challenging the dense canopy historical perspective that ET can all be 

attributed to T. In addition to separately evaluating the long-term trends in E and T, these 

processes also have significant seasonal variability [Kurc and Small, 2004; Scott et al., 2006b; 

Cavanaugh et al., 2011]. For example, E is high immediately following a rainfall event when 

shallow soil moisture is available [Scott et al., 2006b; Kurc and Small, 2007; Moran et al., 

2009], whereas green-up and transpiration may not increase unless there has been sufficient 

accumulation of soil moisture in the active root zone [Kurc and Benton, 2010; Cavanaugh et al., 

2011]. As such, separately evaluating T and E enables better assessment of water resource 

partitioning and ecosystems productivity. 

 

In evaluating water resource partitioning in water-limited systems, the soil moisture balance has 

emerged as a powerful means to link the interactions and feedbacks between regional water 

balance, vegetation distribution, and ecosystem productivity [Rodriguez-Iturbe, 2000; Weltzin et 

al., 2003]. Plants primarily interact with the soil and affect the soil moisture balance through 

their roots [Denmead and Shaw, 1962], which are the physical structures that partition 

infiltration between plant water uptake and soil moisture. As climate changes affect the 

precipitation regimes of the U.S. Southwest [Easterling et al., 2000; Seager et al., 2007], these 
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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 strategies will 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 processes of E 

and T. E is high immediately after a rain event, but decreases very quickly following the rain 

event: Scott et al. [2006b] found that E peaked and then declined within two days of a rain event 

in a semiarid shrubland. Kurc and Small [2004] also found at both semiarid shrubland and 

grassland sites a relationship between shallow soil surface (0-5cm) and ET, but not between a 

root zone average soil moisture and ET, indicating that in these water-limited ecosystems with 

high evaporative demand, E is an important contributor to ET. Cavanaugh et al. [2011] used a 

combination of eddy covariance and sap flow transpiration measurements to determine that after 

the onset of summer monsoon rains, E dominated ET, whereas only a series of large precipitation 

events increased deep soil moisture and triggered T. Because the two layers have different 

drydown dynamics and different controls on E and T, land surface-atmosphere models 

representing soil moisture as a single, root zone average bucket may not represent water cycling 

dynamics in semiarid systems. Therefore, to address our research questions, we use a two-layer 

soil moisture framework [Sanchez-Mejia and Papuga, 2014] rather than a single-layer, root zone 

averaged soil moisture framework to better represent the temporal variations in transpiration and 

plant water use. 
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1.2 Sap Flow Technique for Measuring Transpiration in Water-Limited Ecosystems 

Transpiration can be estimated using a variety of methods including sap flow systems [e.g., 

Dugas et al., 1993; Scott et al., 2006a; Raz Yaseef et al., 2010] and stable isotope techniques 

[e.g., Yepez et al., 2005]. Generally speaking, transpiration estimates based on sap flow systems 

monitor the flux of heat in the stem or trunk of a plant [Senock and Ham, 1993; Kjelgaard et al., 

1997], and then this flux is scaled up to the ecosystem using allometric relationships [e.g., Grelle 

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 conduction up (Qup) and 

down (Qdown) the stem and heat lost radially (Qradial) away from the stem [Cavanaugh et al., 

2011]. Given a user-supplied parameter of heat input, Qin, the heat balance method uses an 

energy balance concept to calculate heat transported by convection in sap flow (Qflow) (Equation 

1) [Cavanaugh et al., 2011]. The sap flow rate (F) is a function of the convective heat flux, the 

specific heat of water (c), and the temperature difference between sap flowing in and out of the 

heated segment of the stem (dT) (Equation 2) [Cavanaugh et al., 2011]. The sap flow rate is then 

scaled with stem cross-section (A’) and water density (ρwater) to calculate sap flux density (SFD) 

(Equation 3). Finally, stand-level transpiration is calculated by scaling the sap flux density with a 

site-specific average stem density (Equation 4).  

Heat balance equation: Q = Qup + Qdown + Qradial + Qflow  (1) 

Sap flow rate [g h
-1

]: F = Qflow / c / dT    (2) 

Sap flux density [cm h
-1:

] SFD = F / A’/ ρwater    (3) 

Transpiration [mm h
-1

]: T = SFD * Average stem density   (4) 
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The advantages of sap flow estimates of T are that they are continuous, can be non-invasive and 

do not affect the micro-climatic conditions of the plant (relative to chamber measurements of T) 

[Kool et al., 2014]. One main challenge of sap flow estimates of T is addressing uncertainty in 

scaling from individual plant-scale sap flow to stand-level T [Čermák et al., 2004; Kume et al., 

2010].  

 

1.3 Stable Water Isotopes for 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], and only since the 1990s have stable water isotopes become more 

commonly used to trace sources of water in plant sap to determine from where plants obtain their 

moisture [Dawson, 1998; Williams and Ehleringer, 2000; Corbin et al., 2005; Brooks et al., 

2010]. Plant water 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 isotopes (
2
H and 

18
O) can be used to determine the source of water (e.g., 

winter or summer precipitation) at different points in the soil profile. Precipitation that forms at 

different times of the year has different isotopic signatures depending on the temperature at 

which the precipitation was formed [Clark and Fritz, 1997]: precipitation forming at colder 

temperatures (i.e., winter precipitation) undergoes more fractionation than precipitation forming 

at warmer temperatures (i.e., summer precipitation), allowing us to distinguish precipitation 

formed during winter and summer [e.g., Wright, 2001]. This mixing model theory depends on 

the assumption that during T, there is no fractionation of stable water isotopes because there is no 

mass preference of stable water isotopes during plant uptake of water [Dawson and Ehleringer, 

1991; Thorburn et al., 1993]. Two exceptions are that some halophytes [Lin and Sternberg, 
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1993] and woody xerophytes [Ellsworth and Williams, 2007] discriminate against 
2
H during 

uptake. Our specific study species, Larrea tridentata, does not show evidence of discriminating 

against 
2
H during uptake [Ellsworth and Williams, 2007]. 

 

Our precipitation, stem, and soil samples were analyzed for stable water isotopes on the Picarro 

L2130-i analyzer with an Induction Module peripheral. The Picarro analyzer uses the isotope-

ratio infrared spectroscopy technique to quantify the concentration and isotopic composition of 

water vapor. This technique leverages the distinct absorption spectra of the three most abundant  

isotopelogues of water vapor (
1
H

1
H

16
O, 

1
H

2
H

16
O, 

1
H

1
H

18
O). The precipitation, plant, and soil 

samples are clamped into a metal holder before being inserted into the Induction Module. The 

Induction Module heats the sample inductively, with the length and intensity of heating 

prescribed by user-supplied parameters [Berkelhammer et al., 2013]. The available water vapor 

is then passed by a zero air carrier gas into an infrared absorbance cavity [Berkelhammer et al., 

2013]. The oxygen and hydrogen isotope ratios are calculated by using the spectral absorance at 

specific wavelengths and the three absorption peaks of the water isotopelogues [Martín-Gómez et 

al., 2015]. An on-line micro-combustion module oxidizes most organic contaminants that may 

cause spectral interference [Berkelhammer et al., 2013; Martín-Gómez et al., 2015]. All values 

are reported in standard delta notation in per mil (‰) notation relative to Vienna Mean Ocean 

Water (VSMOW):  

  𝛿 =  (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1)  𝑥 1000    (5) 

where R is the isotope ratio of the heavy and light isotope (e.g., 
18

O/
16

O). 
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1.4 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 a two-layer conceptual soil 

moisture framework. The first objective was to examine the temporal dynamics of transpiration 

and how the relative contribution of transpiration to evapotranspiration (T/ET) changes 

seasonally in a monsoon-dependent 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 soil moisture in a semiarid shrubland: Linking 

sap flow and stable isotope techniques to quantify temporal variability, presents research 

addressing the following questions about plant water use strategies, (1) Is transpiration limited to 

periods when deep soil moisture 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 year?, and (3) Are stable water isotopes an adequate measure of determining 

sources of plant water use in a semiarid shrubland? 

 

1.5 Our Water-Limited Ecosystem 

The work presented here takes places at a water-limited creosotebush shrubland at the Santa Rita 

Experimental Range (SRER) in southern Arizona (Figure 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 elevation of about 950 m. Since at least 1934, 

creosotebush (Larrea tridentata) has been the dominant species near the northern border of 
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SRER [Humphrey and Mehrhoff, 1958]. The SRC experiences cool winters, warm summers, and 

a bimodal precipitation pattern, with about 60 % of the precipitation falling during the North 

American Monsoon (July through September) and about 20% of the precipitation falling during 

the winter (December through February) [Sanchez-Mejia and Papuga, 2014]. The average 

annual precipitation is about 345 mm, and the average annual temperature is about 20 °C 

[Sanchez-Mejia and Papuga, 2014]. Vegetation cover is about 24%, with creosotebush as the 

dominant vegetation (14% cover) and the remaining 10% accounted for by small grasses, forbs, 

and cactus [Kurc and Benton, 2010]. The soil type is sandy loam with no caliche layer (to at least 

1 m depth) [Kurc and Benton, 2010]. The estimated depth to groundwater near our site is greater 

than 70 m [Eastoe et al., 2004]. 

 

 

Figure 1. Field site in southern Arizona: a monsoon-dependent creosotebush ecosystem at The Santa Rita Creosote 

(SRC) AmeriFlux Site.  

 

The SRC AmeriFlux Site has been continuously recording micro-meteorological and soil 

moisture data since 2008. An eddy covariance tower provides half-hourly micro-meteorological 

measurements [Sanchez-Mejia and Papuga, 2014]. Standard eddy covariance systems uses high-

frequency measurements of momentum, temperature, and water vapor to characterize micro-

meteorological conditions as well as water, carbon, and energy fluxes [Moncrieff et al., 2000; 
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Kool et al., 2014]. Water and carbon dioxide fluxes are calculated using 10 Hz measurements 

from an open path CO2/H2O infrared gas analyzer (LI-7500, LI-COR Inc., Lincoln, NE, USA) 

and a 3-D sonic anemometer (CSAT-3, Campbell Scientific Inc., Logan, UT, USA). Incoming 

and outgoing radiation are calculated from incoming and outgoing shortwave radiation, and 

incoming and outgoing longwave radiation, measured with a four-component net radiometer 

(CNR1, Kipp & Zonen, Inc., Delft, Netherlands). Precipitation is measured with a tipping bucket 

rain gauge (TE525, Texas Electronics Inc., Dallax, TX, USA). Other variables measured include 

relative humidity and temperature (HMP 45C, Vaisala, Helsinki, Finland).  

 

Volumetric soil moisture content was measured using water content reflectometer (CS 616, 

Campbell Scientific Inc., Logan, UT, USA) and is derived from the sensitivity of the probes to 

the dielectric constant of the surrounding soil [Chandler et al., 2004]. These sensors were 

installed in six profiles, three under the creosotebush canopy and three in the inter-canopy areas, 

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 two soil moisture layers, we use weighted 

averages based on the relative contribution of each sensor to the shallow (0-20 cm) or deep (20-

40 cm) layers of the soil layer. 

 

1.6 Structure of the Following Chapter 

The following chapter consists of an abstract of my M.S. research, followed by descriptions of 

the remaining appendices (technical information about operating the Picarro L2130-i analyzer 

with Induction Module), summary of results, and future research directions.  
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My M.S. research is presented as an individual research paper in Appendix A of this document. 

The manuscript, Differential use of shallow and deep soil moisture in a semiarid shrubland: 

Linking sap flow and stable isotope techniques to quantify temporal variability, is in preparation 

for submission to the journal Water Resources Research. Tables and figures associated with 

Appendix A appear at the end of Appendix A. Appendices B through G include protocol about 

running precipitation, stem, and soil samples on the Picarro Induction Module, as well as the 

results of two tests examining 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 abstract summarizes our research investigating the temporal dynamics and plant water 

use strategies at a semiarid shrubland. The subsequent sections are descriptions of Appendices B 

through G, technical notes on analyzing stable water isotope samples on the Picarro analyzer 

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 dryland ecosystems are highly responsive to precipitation pulses 

that, depending on their size, differentially influence the distribution of moisture in the soil 

profile. The spatiotemporal distribution of soil moisture is expected to change in association with 

changes in the frequency and magnitude of dryland precipitation event. Many ecohydrological 

studies that examine plant water use strategies have assumed that the soil depths from which 

plants derive their moisture is a function of the root density profile, i.e., higher root density 

correlates with greater water uptake. However, recent field studies have shown that in dryland 

ecosystems, transpiration dynamics and plant productivity 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 consequences for dryland 

ecosystems. We suggest that adopting a hydrologically defined two-layer 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 depth. Using the hydrologically defined two-layer 

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 source of that moisture 

varies over time. We 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 creosotebush-dominated shrubland ecosystem at the Santa 

Rita Experimental Range in southern Arizona. Results from both our sap flow measurements and 

our stable isotope analysis support that transpiration is associated with the availability of deep 

soil moisture. While this is especially true in the summer 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 average. When transpiration rates are highest, both deep moisture and stem 

water are more isotopically similar to winter precipitation than summer precipitation, suggesting 

that winter precipitation can play an important role in supporting these ecosystems. Our study 

suggests that integrating sap flow and 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 technique could offer on its own. We have contributed to 

understanding 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 global models of land surface 

atmosphere exchange and their linkages to the hydrologic cycle. 

 

2.2 Appendix B: Picarro Analyzer and Induction Module Introduction 
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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-i Analyzer with 

Induction Module 

This appendix describes the general protocol for analyzing blank, standard, and unknown 

samples on the Picarro Induction Module, as well as some troubleshooting procedures 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 appendix describes testing the calibration for the Picarro L2130-i 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 analysis and investigates the potential of 

evaporation from the precipitation collected in these bottle collectors.  

 

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 transpiration. From the isotopic samples, I found that the shallow and deep soils were 

isotopically distinct, with the shallow soil generally more enriched in δ
18

O and δ
2
H than deep 

soil. In particular, the δ
2
H values of shallow soil samples on each sampling day tended to be 

more positive than the δ
2
H values of deep soil samples, except on days where a large, 

isotopically depleted storm wetted the whole soil profile. Using sap flow and soil moisture data, I 

showed that transpiration was generally more strongly correlated with deep moisture, whereas 

evaporation was more strongly correlated with shallow moisture. This was supported by analysis 

of our isotopic data, from which I show that stem samples are isotopically similar to deep soil 

samples, with stem samples clustering around a regression line through deep soil samples. Using 

a combined approach to understand shrub 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 patterns in 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 decrease in the number of large storms, which would limit available soil moisture to the 

shallow surface layer. 

  

2.9 Future Research Opportunities 

Based on the results presented here, I identify three directions for future research of plant water 

use strategies in water-limited ecosystems.  

 

2.9.1 Expanding the framework to a snowmelt-dependent, water-limited ecosystem 

One main research direction is to expand the present study questions to a different water-limited 

ecosystem with a distinctly different precipitation regime, such as a snowmelt-dependent mixed 

conifer site within the Santa Catalina Mountains Critical Zone Observatory. Applying the two-

layer conceptual soil moisture framework at this site, which experiences soil moisture pulses 

through both snowmelt and summer rains will help us expand our understanding of plant water 

use strategies in water-limited ecosystems. One potential site is the Mount Bigelow eddy 

covariance tower site, at an elevation of 2570 m. This site has had continual eddy covariance, 

soil moisture, and transpiration measurements over the past few years. I have also collected 

precipitation, plant, and soil samples down to 45 cm, every two weeks, between June 2014 and 

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 August) [Brown-Mitic et al., 2007]. The site generally experiences 

ephemeral snowpack:  snow will accumulate, then melt all away within a few days or weeks, a 

new snowpack will begin to accumulate with fresh snowfall, and finally this new snowpack may 

again all melt away before the next snowfall event [Nelson et al., 2014]. In these higher-
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elevation ecosystems, changes in snow accumulation and melting may have profound 

implications for ecosystem processes and downstream watersheds [Knowles et al., 2006; 

Biederman et al., 2014].  

 

2.9.2 Investigating implications of hydraulic redistribution on plant water use strategies in 

water-limited ecosystems 

A second direction for future work is investigating the potential of hydraulic redistribution in 

semiarid shrublands and the effect of this redistribution on plant water use strategies. These 

questions could be addressed in a greenhouse experiment where creosoteshrub are planted in 

specially designed two-layer planters that prevent water flow between a shallow soil layer and a 

deep soil layer. Then, the creosotebush could be differentially irrigated under several different 

treatments, including deuterated water (
2
H2O) in the shallow layer only and deuterated water in 

the deep layer only. Collection and analysis of irrigation, soil, and plant water from the different 

irrigation treatments for stable water isotopes could be used to test for evidence of hydraulic 

redistribution between the shallow and deep soil layers. The phenomena of hydraulic 

redistribution has been discovered only in the past decade [Burgess 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 water-limited ecosystems.  

 

2.9.3 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 Picarro L2130-i analyzer with 

Induction Module (Induction Module - Cavity Ring Down Spectroscopy). Although the 
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Induction Module in conjunction with the isotope ratio infrared spectroscopy method can be 

faster, more mobile, and less expensive than the classic vacuum distillation - isotope ratio mass 

spectroscopy method, the potential for and correction of spectroscopic interference from organic 

contaminants in biological samples is not well understood [West et al., 2010; Schultz et al., 2011; 

Schmidt et al., 2012; Martín-Gómez et al., 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 soil 

profile. The spatiotemporal distribution of soil moisture is expected to change in association with 

changes in the frequency and magnitude of dryland precipitation event. Many ecohydrological 

studies that examine plant water use strategies have assumed that the soil depths from which 

plants derive their moisture is a function of the root density profile, i.e., higher root density 

correlates with greater water uptake. However, recent field studies have shown that in dryland 

ecosystems, transpiration dynamics and plant productivity 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 consequences for dryland 

ecosystems. We suggest that adopting a hydrologically defined two-layer 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 depth. Using the hydrologically defined two-layer 

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 source of that moisture 

varies over time. We 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 creosotebush-dominated shrubland ecosystem at the Santa 

Rita Experimental Range in southern Arizona. Results from both our sap flow measurements and 

our stable isotope analysis support that transpiration is associated with the availability of deep 

soil moisture. 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 average. When transpiration rates are highest, both deep moisture and stem 

water are more isotopically similar to winter precipitation than summer precipitation, suggesting 

that winter precipitation can play an important role in supporting these ecosystems. Our study 

suggests that integrating sap flow and 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 technique could offer on its own. We have contributed to 

understanding 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 global models of 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 

Water-limited ecosystems currently account for about 40 % of terrestrial biomes, and this area is 

projected to expand with current climate trends [Okin et al., 2009]. These drylands also 

experience high population growth [Reynolds et al., 2007], and future water management will 

need to balance water supply for both urban and ecological demand. Unlike their energy-limited 

counterparts that are driven by temperature cues, water-limited ecosystems experience pulses of 

moisture that drive plant productivity [Huxman 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 drylands [Sala and Lauenroth, 1982; Kurc and Small, 2007; Raz Yaseef 

et al., 2010]. Further, plant response to pulse rainfall is not linear [Ogle and Reynolds, 2004] and 

exhibits memory effects, where grassland systems may be more responsive to current-year 

drought and rainy periods, and woody systems may have a lagged response to current-year 

precipitation patterns [Jenerette et al., 2012; Ogle et al., 2015]. Climate models project long-

term changes in the frequency and magnitude of precipitation events in water-limited ecosystems 

[Easterling et al., 2000; Seager et al., 2007]; specifically in the Western U.S., this could include 

decreases in the amount of non-summer precipitation [Goodrich 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 resources [e.g., Potts et al., 2006], affect the water 

supply in water-limited ecosystems [e.g., Knapp et al., 2008], and affect strategies for ecological 

restoration in dryland systems [e.g., Merino-Martín 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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balance [Rodriguez-Iturbe, 2000; Weltzin et al., 2003; Scott et al., 2014]. In dryland ecosystems, 

long-term changes in the frequency and magnitude of precipitation events [Easterling et al., 

2000; Seager et al., 2007] are expected to have an effect on moisture distribution in the soil 

profile [Weltzin et al., 2003; Loik et al., 2004]. For example, an increase in the number of larger 

rainfall events could offer more occurrences in which the deep soil moisture layer is recharged, 

i.e. water that is out of reach of atmospheric evaporative demand and is readily available for 

plant water use [Scott et al., 2006b; Kurc and Small, 2007].  

 

While plants primarily interact with the soil and affect the soil moisture balance through their 

roots, quantifying from where in the soil profile roots extract moisture has been challenging due 

to limitations in monitoring technologies [e.g., Zarebanadkouki et al., 2013] and confounding 

physical processes such as hydraulic redistribution [Burgess et al., 1998; Nadezhdina et al., 

2010]. Despite these complexities, particularly in desert ecosystems, Walter’s Two-Layer 

Hypothesis of niche partitioning [Walter, 1939], in which deeper-rooted plants such as trees 

generally make use of deeper soil moisture and shallower-rooted plants such as grasses generally 

make use of shallow soil moisture, has dominated ecohydrological thinking [e.g., Ogle and 

Reynolds, 2004; Holdo, 2013; Germino and Reinhardt, 2014]. In fact, in a highly referenced 

study, Ehleringer et al. [1991] make use of Walter’s Hypothesis to support that deep-rooted 

desert plants make use of deep soil moisture and shallow-rooted desert plants make use of 

shallow soil moisture. Their analysis assumed that because deep-rooted desert plants look 

isotopically similar to winter rains, therefore deep-rooted desert plants are using winter moisture 

available from the deep soil layers; conversely, because shallow-rooted desert plants look 

isotopically similar to summer rains, therefore shallow-rooted desert plants are using summer 
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moisture available from the shallow soil layers. However, their study did not measure the 

isotopic composition of the moisture in the shallow and deep soil layers and only assumed the 

use of water at specific depths based on root profiles. 

 

Additional recent research has demonstrated that the density profile of plant roots does not 

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

and transpiration. For example, regardless of their rooting profile, in shallow-rooted desert 

grassland and deeper-rooted desert shrublands, plant response was always most strongly 

associated with moisture deep in the soil profile (i.e., > 37.5 cm) [Kurc and Small, 2007; Kurc 

and Benton, 2010; Cavanaugh et al., 2011]. Furthermore, stable water isotope research has 

illustrated that roots can be hydraulically isolated from the soil, i.e., root water was isotopically 

different from that of the surrounding soil [Thorburn and Ehleringer, 1995]. Clearly the presence 

of roots alone does not indicate where plants are extracting water from in the soil profile, so 

understanding plant water use strategies must go beyond understanding the physical distribution 

of plant roots.  

 

Based on previous ecohydrological research in water-limited ecosystems, Sanchez-Mejia and 

Papuga [2014] proposed working within a hydrologically defined two-layer framework in which 

shallow soil moisture (0-20 cm) is primarily lost to E [Kurc and Small, 2004; Gowing et al., 

2006], while deep soil moisture (20-60 cm) is primarily used for transpiration [Kurc and Small, 

2007; Cavanaugh et al. 2011]. In this conceptual framework, four soil moisture cases are 

possible [Sanchez-Mejia and Papuga, 2014]: Case 1 with a dry shallow layer and a dry deep 

layer; Case 2 with  a wet shallow layer and a dry deep layer; Case 3 with a wet shallow layer and 
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a wet deep layer; and Case 4 with a dry shallow layer and a wet deep layer (Figure 1a). This 

framework shifts the focus of the two layers from the physical location of the plant roots such as 

in Walter’s Hypothesis to the location of soil moisture availability and the physical processes 

dominating the movement of soil moisture.  

 

To make use of this hydrologically defined two layer conceptual framework, we make the 

assumption that there are measureable isotopic differences between the shallow and deep soil 

layers based on isotopic differences between small storms and large storms as a result of the 

“amount effect” [Dansgaard, 1964; Rozanski et al., 1993] and as a result of isotopic 

fractionation that occurs during water efflux processes (Figure 1b). Precipitation falling during a 

small storm is enriched (more positive δ
18

O and δ
2
H values) relative to a large storm because of 

the amount effect [Dansgaard, 1964; Rozanski et al., 1993] caused by both evaporation [e.g., 

Dansgaard, 1964; Lee and Fung, 2008] and exchange processes [e.g., Friedman et al., 1962; 

Field et al., 2010]. Therefore, we expect small storms to have moisture with relatively higher 

δ
18

O and δ
2
H values compared to large storms, and that these small storms will wet only the 

shallow soil layer [Sala and Lauenroth, 1982; Kurc and Small, 2007]. On the other hand, a large 

storm will wet both the shallow and deep soil layers [Sanchez-Mejia and Papuga, 2014] with a 

moisture that has relatively low δ
18

O and δ
2
H values. Evaporation will deplete shallow soil 

moisture and preferentially evaporate isotopically lighter water molecules, thus leaving water 

with relatively higher δ
18

O and δ
2
H values in the shallow soil layer [e.g., Kulmatiski et al., 2006; 

Newman et al., 2010]. We expect the combination of these processes through time will lead to a 

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

soil moisture tending to be more enriched in 
18

O and 
2
H than the deep soil moisture. Within this 
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framework, assuming shallow 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 precipitation [Ehleringer et al., 1991; Ingraham et 

al., 1991; Williams and Ehleringer, 2000]. 

 

In this study, we use the hydrologically defined two-layer conceptual framework with a 

combination of sap flow and stable water isotopes techniques over an 18-month period in a 

semiarid shrubland of southeastern Arizona to answer three main questions: 

1. Is transpiration limited to periods when deep soil moisture 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 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 through the 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 desert ecosystems is 

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 availability 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 research was conducted 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 provided half-hourly micro-

meteorological measurements [Sanchez-Mejia and Papuga, 2014]. Since at least 1934, 

creosotebush (Larrea tridentata) has been the dominant species near the northern border of 

SRER [Humphrey and Mehrhoff, 1958]. The SRC experiences cool winters, warm summers, and 

a bimodal precipitation pattern, with about 60% of the precipitation falling during the North 

American Monsoon (July through September) and about 20% of the precipitation falling during 

the winter rainy season (December through February) [Sanchez-Mejia and Papuga, 2014]. The 

average annual precipitation is about 345 mm, and the average annual temperature is about 20 °C 

[Sanchez-Mejia and Papuga, 2014]. Vegetation cover is about 24%, with creosotebush as the 

dominant vegetation (14% cover) and the remaining 10% accounted for by small grasses, forbs, 

and cactus [Kurc and Benton, 2010]. The soil type is sandy loam with no caliche layer (to at least 

1 m depth) [Kurc and Benton, 2010]. The estimated depth to groundwater near our site is greater 

than 70 m [Eastoe et al., 2004]. 

 

2.2 Soil Moisture  

At SRC, six soil moisture profiles are located within the eddy covariance tower footprint and 

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

and three are located in the inter-canopy “bare” soil. Soil moisture was measured with water 

content reflectometers (CS616, Campbell Scientific, Inc., Logan, UT, USA), with each sensor 
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assumed to be measuring a source area with radius 7.5 cm [Sanchez-Mejia and Papuga, 2014]. 

At SRC, seven depths were measured for soil moisture in each profile: 2.5, 12.5, 22.5, 37.5, 52.5, 

67.5, 82.5 cm.  

 

Soil moisture profiles were averaged together and weighted based on fractional cover of canopy 

and inter-canopy spaces. Then, the profiles were divided into shallow (0 -20 cm) and deep (20-

60 cm) soil moisture layers per the two-layer soil moisture conceptual framework [Sanchez-

Mejia and Papuga, 2014]. To calculate soil moisture in the two different soil moisture layers, we 

used weighted averages based on the relative contribution of each sensor in the shallow or deep 

layers of the soil layer. At SRC, average soil water content was calculated with the following 

equations [Sanchez-Mejia and Papuga, 2014] :  

 𝜃𝑠ℎ𝑎𝑙𝑙𝑜𝑤 = 0.33𝜃2.5 + 0.5𝜃12.5 + 0.17𝜃22.5   (1) 

             𝜃𝑑𝑒𝑒𝑝 = 0.25𝜃22.5 + 0.375𝜃37.5 + 0.375𝜃52.5  (2) 

θ2.5 is the soil water content at 2.5 cm, θ12.5 is the soil water content at 12.5 cm, etc.  

 

Soil moisture Cases for the conceptual framework are defined by soil moisture thresholds set in 

Sanchez-Mejia and Papuga [2014] (0.1229 % for θshallow and 0.1013 % for θdeep), resulting in n = 

306 days for Case 1, n = 10 days for Case 2, n = 164 days for Case 3, and n = 68 days for Case 4 

over our 18-month study period. Further, we divide each year into soil moisture seasons. 

Following Sanchez-Mejia and Papuga [2014], we defined two distinct seasons: Winter 

(December – February), and Summer (July - September). All four soil moisture Cases were 

found in both Winter and Summer seasons. A total of 158 days were classified as Winter: 51 

days fell into Case 1 (32%), 4 days fell into Case 2 (4%), 97 days fell into Case 3 (61%), and 6 
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days fell into Case 4 (4%). A total of 79 days were classified as Summer: 26 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%).  

 

2.3 Transpiration and Evaporation 

Heat balance sap flow sensors (Dynagauge, Dynamax Inc., Houston, TX, USA) were 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 source [Senock and Ham, 1993]. 

Eight sap flow sensors were installed on four creosotebush shrub, with two sensors 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 reduce the effect 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 heavy-duty aluminum foil [J. Ji, pers. comm.; 

Langensiepen et al., 2012]. Stand-level transpiration was calculated by scaling the sap flow rate 

with a site-specific average stem density and percent cover [Cavanaugh et al., 2011]. 

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

from evapotranspiration (measured by the eddy covariance tower). 

 

2.4 Isotopic Field Campaigns 

From July 2014 through March 2015, plant tissue, soil samples, and precipitation samples were 

collected approximately every two weeks at three collection sites within the footprint of the eddy 

covariance tower. These three collections sites were co-located with three installed time-lapse 
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phenological cameras [Kurc and Benton, 2010], and all isotopic samples were collected within 

10 m of the phenological camera at each collection site. Nine plants total, three at each collection 

site, of an intermediate size class (height between 1.5 and 2 m) were sampled on each collection 

date; different plants were chosen at each collection date. On each plant, a mature, suberized 

stem was collected with clippers to minimize effects of stem-water evaporation [Dawson and 

Ehleringer, 1993]. Soil samples were collected destructively every 5 cm down to 45 cm depth 

using a 5 cm diameter split-core soil sampler (AMS, Inc., American Falls, ID, USA) [e.g., 

Williams and Ehleringer, 2000]. Two soil cores were sampled on each collection date, one under 

the canopy and one in the inter-canopy space. The stem and soil samples were immediately 

sealed in a 20 ml glass vial with a polycone cap, and the vial was wrapped with parafilm. Four 

precipitation samples were also collected within the tower footprint, two samples located under 

the creosotebush canopy and two samples located in the inter-canopy space. The collection 

bottles (250 ml HDPE bottles with a funnel inserted into the cap) were prepped with a 5 mm 

layer of mineral oil to minimize isotopic enrichment through evaporation [e.g., Williams and 

Ehleringer, 2000; West et al., 2007]. All samples collected were placed immediately in a cooler 

with ice until transported back to the lab where they were stored in a refrigerator until analysis 

[e.g., Hopkins et al., 2014]. In the lab, approximately 20 ml of precipitation from each HDPE 

collection bottle was filtered through a cellulose filter into a 20 ml glass vial with polycone cap. 

The vial was wrapped with parafilm and stored in the lab refrigerator.  

 

Samples were analyzed using an isotopic water analyzer (Picarro L2130-i) that uses an Induction 

Module-Cavity Ring-Down Spectroscopy (IM-CRDS) system [e.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 Precipitation 2.  

 

3.  Results  

3.1  Time Series  

Summer precipitation for our study period totaled 237 mm. Our observation period included two 

Winter seasons (Dec 2013 - Feb 2014; Dec 2014 - Feb 2015). These two Winter seasons had 

quite different precipitation patterns. In Winter 2013-2014, the total precipitation was about 25 

mm, distributed across 3 day of precipitation, but in Winter 2014-2015, the total precipitation 

was about 115 mm, distributed across 18 days of precipitation (Figure 2a). Winter 2014-2015 

had more frequent rain events with an average smaller magnitude (Figure 2a). Vapor pressure 

deficit (VPD) was low during and immediately following rainfall and was generally higher in the 

summer than in the winter (Figure 2a), which is expected because higher temperatures in the 

summer raises the saturation vapor pressure.  

 

Shallow soil moisture ranged from 0.06 to 0.21 m
3
 m

-3
, and deep soil moisture ranged from 0.08 

to 0.16 m
3
 m

-3
. Shallow soil moisture increased after both small and large rain events (Figure 2b, 

see November and December 2013), but deep soil moisture increased only after large rain events 

only (Figure 2b, see March 2014) or after a series of small rain events (Figure 2b, see January 

2015). Overall, there were no substantial differences between average shallow (~ 0.13 m
3 

m
-3

) or 

deep (~ 0.11 m
3
 m

-3
) soil moisture in the Summer and Winter seasons for our study period. 

However, differences in precipitation resulted in very different ranges of soil moisture between 

the two Winter seasons themselves: Winter 2013-2014 had a maximum shallow and deep soil 
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moisture of 0.16 and 0.11 m
3
 m

-3
, respectively, whereas Winter 2014-2015 had a maximum 

shallow and deep soil moisture of 0.21and 0.16 m
3
 m

-3
 (Figure 2b). 

 

ET averaged 0.5 mm day
-1

 over the observation period, with a maximum of 3.3 mm day
-1

. T 

averaged 0.4 mm day
-1

, with a maximum of 0.8 mm day
-1

 (Figure 2c). While ET always 

increased immediately following rain events, the contribution of T to ET, i.e., the ratio T/ET, was 

low immediately following a rain event, only increasing a few days after the rain event (Figure 

2c). As expected, Summer averages of T (0.5 mm day
-1

) and ET (1.2 mm day
-1

) were higher than 

Winter averages of T (0.3 mm day
-1

) and ET (0.5 mm day
-1

). Interestingly, the different 

precipitation patterns of our two Winter seasons resulted in different average ET but similar 

average T. The "drier" Winter in 2013-2014 had an average ET about 0.2 mm lower than the 

"wetter" Winter in 2014-2015, while the average T was only about 0.02 mm lower.    

 

The δ
2
H values of precipitation and stem samples had an increasing trend from July through the 

middle of September (Figure 2d). Later in September and in October, precipitation values of 

δ
18

O and δ
2
H dropped (Figure 2d, δ

18
O values not shown), reflecting the influence of isotopically 

light tropical storms at that time [Gedzelman and Lawrence, 1990; Eastoe et al., 2015]. The δ
2
H 

values of stem samples tended to decrease in conjunction with the precipitation before increasing 

again, a pattern which appears to continue throughout the winter (Figure 2d). The δ
2
H values of 

shallow soil samples were generally higher and temporally dynamic than for deep soil samples 

(Figure 2e). The δ
2
H values of shallow soil samples were only lower than for deep soil samples 

when associated with post-monsoon isotopically lighter precipitation events (e.g., Figures 3d and 

3e; late Sept, early Dec, early Feb), suggesting those events mainly recharge the shallow soil.  
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Deuterium excess (d-excess) is defined as 𝑑 − 𝑒𝑥𝑐𝑒𝑠𝑠 = 𝛿2𝐻 − 8 ∗ 𝛿18𝑂 [Dansgaard, 1964]. 

Points that fall on the Global Meteoric Water line (GMWL) have a d-excess of 10 ‰, and 

variations away from this indicate variation away from the GMWL [Dawson and Simonin, 2011; 

Zhao et al., 2014]. The d-excess of stem samples (Figure 2f) appear to converge toward the d-

excess of precipitation samples after large precipitation events and then deviate away from the 

precipitation d-excess in between these large precipitation events. D-excess of the shallow soil 

samples was more positive and closer to d-excess of precipitation samples than the d-excess of 

the deep soil samples from mid-December through early February (Figure 2g), possibly 

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

evaporation or other external factors during this period [Gat and Airey, 2006]. 

 

3.2  Relationships between Soil Moisture and Transpiration 

In both Winter and Summer seasons, more of the variation in T is explained by deep (R
2
=0.20 in 

Winter and R
2
=0.36 in Summer) than shallow (R

2
=0.02 in Winter and R

2
=0.08 in Summer) 

(Figures 3a and 3b; Table 1). In addition, more of the variation in E is explained by shallow 

(R
2
=0.37 in Winter and R

2
=0.45 in Summer) than deep (R

2
=0.30 in Winter and R

2
=0.17 in 

Summer) (Figures 3c and 3d; Table 1). However, the relationship between ET and shallow and ET 

and deep differ between Winter and Summer. In Winter, more of the variation in ET is explained 

by deep (R
2
=0.44) than shallow (R

2
=0.25); in Summer, more of the variation in ET is explained by 

shallow (R
2
=0.48) than deep (R

2
=0.29) (Figures 4e and 4f; Table 1). These results suggest that 

different processes are dominant at different times of the year: in Winter, T is the dominant 

process in ET, but in Summer, E is the dominant process in ET.  
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Very few days were classified as Case 2 (wet shallow layer, dry deep layer; nwinter = 4; nsummer
 
= 

2) or Case 4 in the winter (dry shallow layer, dry deep layer; nwinter = 6). Although the number of 

days classified as Case 1 (dry shallow layer, dry deep layer; nwinter = 51; nsummer = 26) would not 

necessarily exclude it from data analysis, we do not expect to make meaningful interpretations 

because there is not much water available for either T or E. Therefore, we focus on Case 3 (wet 

shallow layer and wet deep layer; nwinter = 97; nsummer = 25) (Figure 5; Table 1), but also include 

analyses for Case 4 (Table 1).  

 

For Winter Case 3, the linear regression relationships between the two independent variables 

(shallow and deep) and the three response variables (ET, T, E) were similar to the linear regression 

relationships for the whole Winter season (Figures 3 and 4; Table 1). Variation in deep explained 

more of the variation in ET and T (R
2
=0.32 and 0.35, respectively) relative to variation in shallow 

(R
2
=0.04 and 0.13, respectively); variation in shallow (R

2
 = 0.16) explained slightly more of the 

variation in E than deep (R
2
 = 0.14). Additionally, for Winter Case 3, all of the six linear 

relationships analyzed had significant regression line slopes at α = 0.05 (Table 1). In comparison, 

for Summer Case 3, most of the linear regression relationships were much weaker: only two of 

the linear relationships analyzed (T and shallow, E and shallow were significant at α = 0.05 and one 

linear regression (T and deep) was significant at α = 0.10. These statistically weaker relationships 

could be because we had more data to analyze in Winter (n = 97) than in Summer (n = 25) 

(Table 1). Interestingly, in Summer Case 3, shallow (R
2
 = 0.28) explained more of the variation in 

T than deep (R
2
 = 0.11), and the linear regression relationship between shallow and T had a 

significant, negative slope (m = -3.61, p-value = 0.01). This is in contrast to the analysis of all of 



50 
 

Summer, where deep explained about 32% more of the variation in T than shallow, and the linear 

regression relationship between shallow and T had a significant, positive slope (m = 1.47, p-value 

= 0.01). This seems to indicate that during Summer Case 3 days, T is not necessarily limited by 

the amount of soil moisture available, but by meteorological conditions (i.e., temperature and 

VPD) as shallow soil moisture evaporates, decreases VPD above the soil, and decreases 

atmospheric demand of water at the plant stomata. In Summer Case 4, there are significant 

relationships between ET and shallow, T and deep, and E and shallow at α = 0.05. 

 

Notably, for Case 3 there is a significant, negative relationship between shallow and T for both 

Winter (m = -3.61, p-value = 0.01) and Summer (m = -2.25, p-value <0.01) seasons. This 

relationship can be explained by examining the relationship between shallow, VPD, and T (Figure 

5). Immediately following a rain event, the shallow soil moisture will be recharged (e.g., Figure 

2b). However, in the following few days as most of the shallow soil moisture is evaporated, 

relative humidity increases and VPD decreases: the linear regression between shallow soil 

moisture and VPD has a significantly negative slope of -10.68 (p-value <0.01; Figure 5a). As 

VPD increases, the rate of T increases because there is greater atmospheric demand of water 

from the stomata: the linear regression between VPD and T has a significantly positive slope of 

0.07 (p-value <0.01; Figure 5b). This relationship between shallow, VPD, and T offers an 

explanation for the negative relationship between shallow and T. 

   

3.3  Analysis of Stable Water Isotopes 

The overall average of precipitation samples had a δ
18

O value of -5.4 ‰ and a δ
2
H value of -

46‰. The average of Summer precipitation samples had a δ
18

O value of -4.6 ‰ and a δ
2
H value 
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of -45 ‰, whereas the average of Winter precipitation samples had a δ
18

O value of -7.6 ‰ and a 

δ
2
H value of -57 ‰ (Figure 6; note: volume-weighted averages of Summer and Winter 

precipitation samples, respectively, had a δ
18

O value of -4.6 ‰ and -7.2 ‰ and a δ
2
H value of -

49 ‰ and -53 ‰). Average Summer precipitation was more enriched in 
18

O and 
2
H. These 

averages are consistent with other published values of long-term Tucson precipitation: Summer 

δ
18

O averages -6.0 ‰ and δ
2
H averages -43 ‰, and Winter δ

18
O averages -8.9 ‰  and  δ

2
H 

averages -56 ‰ [Wright, 2001].  

 

The overall average of shallow soil samples had a δ
18

O value of -5.0 ‰ and a δ
2
H value of -53 

‰. The averages of Summer and Winter shallow soil samples, respectively, had a δ
18

O value of -

2.5 ‰ and -7.5 ‰ and a δ
2
H value of -48 ‰ and -63 ‰ (Figure 6). Average Summer shallow 

soil samples were more enriched in 
2
H than average Winter shallow soil samples. This also holds 

true when only considering Case 3, i.e., the average of Case 3 shallow soil samples has a higher 

δ
2
H value in the Summer than in the Winter (Figure 7). Because Summer precipitation is more 

enriched in 
2
H than Winter precipitation, Summer shallow soil moisture is likely recharged by 

Summer precipitation, whereas the Winter shallow soil moisture is likely recharged by Winter 

precipitation.  

 

The overall average of deep soil samples had a δ
18

O value of -2.6 ‰ and a δ
2
H value of -51 ‰. 

The averages of Summer and Winter deep soil samples, respectively, were a δ
18

O value of -2.9 

‰ and -2.4 ‰ and a δ
2
H value of -59 ‰ and -47 ‰. Unlike the average shallow soil samples, 

the Summer deep soil samples were more depleted in 
2
H than the Winter deep soil samples. 

Again, this also holds true when only considering Case 3, i.e., the average of Case 3 deep soil 
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samples has a lower δ
2
H value in the Summer than in the Winter (Figure 7). Because Summer 

precipitation is more enriched in 
2
H than Winter precipitation, Summer deep soil moisture is 

likely recharged in part by Winter precipitation and Winter deep soil moisture is likely recharged 

in part by Summer precipitation.  

 

The overall average of plant stem samples had δ
18

O value of 2.3 ‰ and a δ
2
H value of -39 ‰. 

The averages of Summer and Winter stem samples, respectively, had δ
18

O values of 3.0 ‰ and 

1.5 ‰ and δ
2
H values of -39 ‰ and -41 ‰. In Winter, the stem samples had slightly lower δ

2
H 

values relative to Summer stem samples. However, when only Case 3 data were considered, the 

average of Summer stem sample had slightly lower δ
2
H values than the average of Winter stem 

samples (Figure 7). This unexpected difference could be caused by a potential plant sample 

“outlier” in Case 1 that had a δ
2
H value of -7 ‰. With all Cases considered, this “outlier” point 

pulls the Summer stem average more positive, therefore the Summer stem average has a higher 

δ
2
H value than the Winter stem average. The average stem values of δ

18
O and δ

2
H did not fall 

between shallow and deep soil moisture as expected; average stem δ
18

O and δ
2
H values were 

higher than average shallow and deep soil δ
18

O and δ
2
H values. The range of stem sample δ

2
H 

values were -63 to -7 ‰, but if we exclude the stem sample with the highest δ
2
H value, then the 

range of stem sample δ
2
H values were -63 to -25 ‰. In that case, the δ

2
H range of both deep soil 

samples (-73 to -37 ‰) and plant samples (-63 to -25 ‰) had a similar δ
2
H range of about 37 ‰. 

The δ
2
H range of both precipitation samples (-101 to -16 ‰) and shallow soil samples (-110 to -

26 ‰) had a similar δ
2
H range of about 85 ‰. 
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Using an unpaired t-test assuming unequal variance, the only statistically significantly different 

averages were between deep soil samples and stem samples for overall (p-value <0.01) and in 

Summer (p-value <0.01). However, again, the range of δ
2
H values of deep soil samples and stem 

samples overlapped much more than the δ
2
H values of stem samples compared to shallow soil 

samples or precipitation samples. Most of the variables tested under different time sub-periods 

(Winter season, all of Case 2 and Case 4, and most of Case 1 and Case 3 data) did not meet 

normality assumptions or had less than the minimum number of observations required for the 

Anderson-Darling normality test [e.g., Hedberg et al., 2012; Reyes Gómez et al., 2015].  

 

Precipitation samples fell close to the LMWL, 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 isotopes 
18

O and 
2
H relative to 

precipitation during the cooler winter months [Dansgaard, 1964]. An overall precipitation 

regression line is δ
2
H = 7.8* δ

18
O -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 soil 

samples tending more to the right of the winter shallow soil samples (Figure 8b). Again, this is 

what we expect because the shallow soil undergoes more evaporative enrichment during the 

warmer summer months than during the cooler winter months [Gat, 1996]. The overall shallow 

soil regression line is δ
2
H = 5.1* δ

18
O -28 (Table 2). The daily deep soil isotope samples all fell 

to the right of the LMWL (Figure 8c), 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 isotopes (
18

O and 
2
H) during water uptake [e.g., Lin 

and Sternberg, 1993; Ellsworth and Williams, 2007]. In addition, the overall deep soil regression 
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line is δ
2
H = 2.9* δ

18
O -43 (Table 2),  and a regression slope of about 3 can indicate water 

exposed to a low humidity, evaporative environment, such as soil water in water-limited 

environments [Gat, 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 display a consistent seasonal bias like the 

precipitation and shallow soil samples (Figure 8d).  

 

3.4  Relationship between Transpiration and Stable Water Isotopes 

To integrate transpiration and stable water isotopes, we examined the linear regressions between 

δ
2
H values of precipitation, shallow soil, deep soil, and plant samples and three-day sums of T 

(the two days prior to and including the isotope sampling date). The δ
2
H range of precipitation 

and shallow soil were similar (Figures 9a and 9b), while the δ
2
H range of deep soil and plant 

samples are similar, especially if the plant sample with an unusually high δ
2
H value (δ

2
H = -7 

‰) is excluded (Figure 9c and 9d). Precipitation δ
2
H values have a positive trend with increasing 

T (Figure 9a); this is expected because of the higher T during Summer when δ
2
H values of 

precipitation are generally more positive relative to Winter precipitation. The shallow soil δ
2
H 

values do not seem to have any linear trend with T (Figure 9b). The only statistically significant 

linear regression is between δ
2
H values of deep soil and T (p-value < 0.01; Figure 9c, Table 3). 

The negative slope of the regression line indicates that higher T (which occurs in the Summer) is 

correlated with a more negative δ
2
H whereas lower T is correlated with a more positive δ

2
H. 

Because Winter precipitation tends to have a more negative δ
2
H value than Summer 

precipitation, higher T is associated with deep soil δ
2
H values that are more similar to Winter 

precipitation than to Summer precipitation (Figure 6 and 9c). This result seems to indicate that 

high Summer T is associated with deep soil moisture that has been recharged by Winter 
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precipitation. The slightly negative slope of stem δ
2
H values with T (Figure 9d), indicate that 

higher T is correlated with more negative δ
2
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 T 

(Summer), and that this deep soil water available in the summer was recharged by Winter 

precipitation.  

 

4.  Discussion 

4.1  Deep Soil Moisture Influence on Transpiration Dynamics 

Overall, periods of high deep soil moisture were associated with periods of high T and periods of 

high shallow soil moisture were associated with periods of high E (Figures 2, 3 and 4). This is 

consistent with other studies in dryland ecosystems [Kurc and Small, 2004, 2007; Scott et al., 

2006b; Cavanaugh et al., 2011]. Additionally, the δ
2
H values of the stem samples all fell along 

the regression line for the δ
2
H values of the deep soil samples, further suggesting that plants are 

largely dependent on deep soil moisture [West et al., 2007]. In combining our transpiration data 

and our stable isotope data (Figure 9), we are able to further refine our understanding of plant 

source water use. During periods associated with high T (Summer from Figure 2), shrubs appear 

to be dependent on moisture from the deep soil layer (Figures 3b, 4b, 8d), and this deep Summer 

soil moisture is likely recharged by Winter precipitation based on the similarity in isotopic 

composition of Winter precipitation (i.e., δ
2
H of -57 ‰) with those of deep soil water and stem 

water samples at high T (Figures 9c and 9d). Because the shrubs are dependent on deep soil 

moisture for transpiration and biomass productivity [Kurc and Small 2007; Kurc and Benton 

2010; Cavanaugh et al. 2011], a hypothetical decrease in large precipitation events would 

decrease deep soil moisture, which could reduce water available for transpiration and biomass 
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accumulation, with major consequences for the health and functioning of these dryland 

ecosystems. 

 

Previous studies have tended to emphasize summer transpiration dynamics [e.g., Yepez et al., 

2003, 2005; Scott et al., 2006b; Cavanaugh et al., 2011]. However, our study suggests that under 

certain conditions, Winter transpiration may be an important component of the water budget in 

desert shrubland ecosystems. Our results showed that ET in the “drier” Winter was dominated by 

E, but in the “wetter” Winter was dominated by T.  The “drier” Winter 2013-2014 had an 

average shallow and deep soil moisture of 0.11 and 0.10 m
3
 m

-3
, respectively, whereas the 

“wetter” Winter 2014-2015 had an average shallow and deep soil moisture of 0.14 and 0.12 m
3
 

m
-3

 which were both higher than the Summer or Winter averages (Figure 3b).  This suggests that 

transpiration can indeed occur in the Winter and may be largely limited by soil moisture. 

Because we found that in the “drier” Winter increasing deep soil moisture was correlated with 

decreasing T but the in the “wetter” Winter, increasing deep soil moisture was correlated with 

increasing T,  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, end-member mixing models have been used to 

determine the source waters for reservoirs such as groundwater [e.g., Gat and Dansgaard, 1972; 

Connolly et al., 1990], lake water [e.g., Dincer et al., 1974; Krabbenhoft et al., 1990], or stream 

water [e.g., Hooper et al., 1990; Kendall and Coplen, 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 reservoir [e.g., Palmer and Räisänen, 2002; 

Kundzewicz et al., 2008]. Increasingly in ecohydrological research, stable water isotopes have 

also been used for understanding the source waters for plants [e.g., Dawson and Ehleringer, 

1991; Ehleringer et al., 1991; Flanagan and Ehleringer, 1991; Dawson et al., 1993; Snyder and 

Williams, 2000; Williams and Ehleringer, 2000; Schwinning et al., 2002; Brooks et al., 2010]. 

Isotopically distinct source water end-members such as groundwater or shallow soil moisture can 

be combined in a linear function to determine the contribution of each end-member to the 

isotopic composition of the mixed plant component [Dawson, 1998; Phillips and Gregg, 2001; 

Dawson et al., 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 isotopically distinct from Summer 

precipitation [Clark and Fritz, 1997; Dutton et al., 2005], and that these isotopically distinct 

events would recharge different layers [Ehleringer et al., 1991; Williams and Ehleringer, 2000], 

or because small events would be isotopically distinct from large events [Miller et al., 2006], and 

that these differently sized events would recharge different layers [Sala and Lauenroth, 1982; 

Kurc and Small, 2004, 2007; Huxman et al., 2005]. In addition, evaporation of shallow soil 

moisture would fractionate the shallow soil moisture and lead to higher δ
18

O and δ
2
H values in 

the shallow soil moisture than in the deep soil moisture [e.g., Kulmatiski et al., 2006; Newman et 

al., 2010]. As such, shallow soil moisture and deep soil moisture could serve as the two end-

members for the mixed plant component of our desert shrubland ecosystem where groundwater 

is assumed to be out of the reach of the shrubs. By working within this context, we can develop 



58 
 

an understanding about the implications of changes in precipitation regime on the plant water use 

of this ecosystem. 

 

During this particular study period, southern Arizona experienced four tropical storms during 

August, September, and October 2014 (Figure 3), whereas tropical storms in this region usually 

average one every three years (C. Eastoe, pers. comm.). Because tropical storm precipitation is 

generally depleted relative to the average summer precipitation [Miller et al., 2006], their δ
18

O 

and δ
2
H values tend to be more similar to winter precipitation than summer precipitation (which 

tends to be more enriched), which was the case for the tropical storms that fell during our study 

period (Figure 2). Because these isotopically light tropical storms fell during the Summer season,   

averages in Winter and Summer precipitation were not isotopically distinct during our study 

period (Figure 6). We expect that this in part led to the lack of isotopic distinction between 

averages in shallow and deep soil moisture (Figure 6). In addition, even though the daily shallow 

soil moisture isotope values fell close to the LMWL (Figure 8b), the  daily deep soil moisture 

δ
18

O and δ
2
H values unexpectedly fell to the right of the LMWL (Figure 8c). One explanation of 

this deep soil moisture isotopic characteristic is that the deep 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 enriched in 
18

O and 
2
H [e.g., Robertson and 

Gazis, 2006; Brooks et al., 2010]. Another possibility is that this deep soil moisture reflects 

subsurface mixing of infiltrating precipitation with antecedent soil moisture [Barnes and Turner, 

1998; Gazis and Feng, 2004], e.g., precipitation from isotopically light and large storms mixes, 

during infiltration to the deep soil layer, with shallow soil moisture that had been enriched in 
18

O 

and in 
2
H because of evaporative fractionation.  



59 
 

 

Stable water isotope values associated with plants are complex to interpret [Dawson et al., 2002; 

Meißner et al., 2013; Gessler et al., 2014]. Notably, stem samples were on average more 

enriched in both 
18

O and 
2
H relative to the shallow and deep soil samples, i.e., the stem samples 

did not fall between the expected end-members of conceptual linear mixing model framework. 

Plant samples of stable water isotopes may be affected through both mixing processes and 

fractionation processes [Gessler et al., 2014]. Therefore that the stem sample average does not 

fall between the expected end-members could indicate that we did not consider all possible end-

members [e.g., Brooks et al., 2010] or did not recognize the effect of fractionation processes 

between the soil water and the sampled plant water [e.g., Gessler et al., 2014]. Our sampling 

technique could also lead uncertainty associated with certain artifacts. For instance, we know 

that soil moisture is exceptionally spatially heterogeneous in dryland ecosystems [e.g., Weltzin et 

al., 2003; D’Odorico et al., 2007], in part because of soil differences related to pore distribution 

and soil microtopography [e.g., Brunel et al., 1995]. Our sampling design assumed that a vertical 

soil core under the canopy and a vertical soil core in the inter-canopy space were representative 

of overall soil moisture conditions of the ecosystem. We also assumed that the uncertainty 

associated with time of sampling soil or stem water was negligible because the diurnal variation 

would be smaller than the seasonal variation [Zhao et al., 2014].  

 

Despite these complications, we were able to identify some isotopic distinction between the 

shallow soil and deep soil samples: the slope of the deep soil regression line (m=2.91; Figure 8c 

and Table 2) is much less positive than the shallow soil regression line slope (m=5.05; Figure 8b 

and Table 2), possibly indicating a greater effect of evaporative enrichment or different mixing 
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process in the two soil layers [Tang and Feng, 2001]. Using different regression lines for shallow 

soil and deep soil samples, we did see that the stem samples fell along the deep soil regression 

line (Figure 8d), indicating that the plants are primarily drawing from deep soil moisture rather 

than shallow soil moisture. Furthermore, similar to the deep soil samples, the stem samples do 

not display a consistent seasonal bias like the precipitation and shallow 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 transpiration. From the isotopic samples, we found that the shallow and deep soils were 

isotopically distinct, with the shallow soil generally more enriched in 
18

O and 
2
H than deep soil. 

In particular, the δ
2
H values of shallow soil samples on each sampling day tended to be more 

positive than the δ
2
H values of deep soil samples, except on days where a large, isotopically 

depleted storm wetted the whole soil profile. Using sap flow and soil moisture data, we showed 

that transpiration was generally more strongly correlated with deep moisture, whereas 

evaporation was more strongly correlated with shallow moisture. This was supported by analysis 

of our isotopic data, from which we show that stem samples are isotopically similar to deep soil 

samples, with stem samples clustering around a regression line through deep soil samples. Using 

a combined approach to understand shrub 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 patterns in 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 decrease in the number of large storms, which would limit available soil moisture to the 

shallow surface layer. 
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Table 1. Linear regression statistics (R
2
, slope, and slope p-value) for regression analysis. Case 1 (dry shallow layer and dry deep 

layer) was excluded from the analysis because there was limited water available for ET. Case 2 was excluded from the analysis 

because few days fell into Case 2 (4 days in Winter and 2 days in Summer). Note: * denotes a p-value<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
2
 Slope R

2
 Slope R

2
 Slope R

2
 Slope R

2
 Slope R

2
 Slope 

ET and θshallow 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 and θdeep 0.44 7.9** 0.29 37.2** 0.32 8.1** 0.05 13.1 0.21 27.1 0 0.1 

T and θshallow 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 and θdeep 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 and θshallow 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 and θdeep 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 (R
2
, slope, and slope p-value) for regression analysis 

between δ
18

O and δ
2
H values for precipitation, shallow soil, deep soil, and stem samples. Note: 

*denotes a p-value <0.05, ** denotes a p-value<0.01 

 Overall 

 n R
2
 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
2
 Slope Y-intercept 

Precipitation 9 0.97 8.1** -7.3 

Shallow Soil 6 0.76 4.2* -35 

Deep Soil 6 0.07 0.7 -55 

Stem 11 0.81 5.0** -53 

 Winter 

 n R
2
 Slope Y-intercept 

Precipitation 4 0.93 9.6* 18 

Shallow Soil 6 0.85 6.8* -10 

Deep Soil 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 between three-day T and δ
2
H values 

for precipitation, shallow soil, deep soil, and stem samples. Note: * denotes a p-value<0.05 

 n R
2
 Slope 

Precipitation  16 0.10 0.0065 

Shallow Soil 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-layer hydrologically defined soil conceptual framework: Case 1 (dry/dry) with 

dry shallow soil layer and dry deep soil layer; Case 2 (wet/dry) with wet shallow soil layer and 

dry deep soil layer; Case 3 (wet/wet) with wet shallow and deep soil layers; Case 4 (dry/wet) 

with wet deep soil layer and dry shallow soil layer. (b) Conceptual figure of how the 

hydrologically defined shallow and deep soil layers become isotopically distinct through 

precipitation and evaporation: small storms have a relatively higher δwater (δ
18

O and δ
2
H) values 

and wet only the shallow soil layer; large storms have a relatively lower δwater values and wet 

both the shallow and deep soil layers; and evaporation causes enrichment of δwater values in the 

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

deep soil layers. 

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

shallow and deep volumetric soil moisture (θ, [m
3 
m

-3
]); (c) transpiration (T) [mm day

-1
], the 

relative contribution of T to ET (T/ET); (d) δ
2
H values [‰] of precipitation and stem samples; (e) 

δ
2
H values [‰] of shallow and deep soil samples; (f) d-excess values [‰] of precipitation and 

stem samples; (g) d-excess values [‰] of shallow and deep soil samples. 

Figure 3. Linear regressions between (a) θshallow and ET; (b) θdeep and ET; (c) θshallow and T; (d) 

θdeep and T; (e) θshallow and ET; and (f) θdeep and E. Solid lines represent Summer regression and 

dotted lines represent Winter regression.  

Figure 4. Linear regressions for Case 3 days between (a) θshallow and ET; (b) θdeep and ET; (c) 

θshallow and T; (d) θdeep and T; (e) θshallow and ET; and (f) θdeep and E. Solid lines represent Summer 

regression and dotted lines represent Winter regression.  



75 
 

Figure 5. Linear regressions between (a) θshallow and VPD and (b) VPD and T.  

Figure 6. δ
2
H values of precipitation, shallow soil, deep soil, and stem samples. Daily samples 

are indicated by a circle and the averages are indicated by an asterisk (*).  

Figure 7. δ
2
H values of precipitation, shallow soil, deep soil, and stem samples for each Case 

considered separately. Daily samples are indicated by a circle and the averages are indicated by 

an asterisk (*). Note: No isotope samples collected on a Case 2 day or 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, 

δ H2 =  6.67 ∗ δ O18  – 3.7 ‰  [Gallo et al., 2012]).  

Figure 9. Linear regressions of 3-day transpiration [mm 3-day
-1

] versus daily δ
2
H values of (a) 

precipitation, (b) shallow soil, (c) deep soil, and (d) stem samples.  
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Figures 
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Figure 2. 
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Figure 4. 
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Figure 5.
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Figure 7.  
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1. Theory 

Stable water isotope analysis is well established in hydrology to trace sources of groundwater 

[Clark and Fritz, 1997], but it has recently emerged as a powerful tool in ecohydrologic studies 

to trace movement of water in the soil-plant-atmosphere continuum [Dawson et al., 2002; 

Herczeg and Leaney, 2011; Werner et al., 2012]. For example, isotopic analysis of stable water 

isotopes can be used to trace where in the soil the plants are getting their water [e.g., Dawson 

and Ehleringer, 1991; Brooks et al., 2010], the sources of that water [e.g., Williams and 

Ehleringer, 2000; West et al., 2007], as well as the relative effect of evaporation and 

transpiration on the remaining soil moisture [e.g., Yepez et al., 2003; Williams et al., 2004]. The 

Picarro L2130-i analyzer uses isotope ratio infrared spectroscopy (IRIS) technique to quantify 

the concentration and isotopic composition of water vapor. The three most common 

isotopologues of water vapor (
1
H

1
H

16
O, 

1
H

2
H

16
O, 

1
H

1
H

18
O) have distinct absorption spectra 

[Martín-Gómez et al., 2015]. The Picarro analyzer calculates δ
18

O and δ
2
H values by measuring 

spectral absorbance at specific wavelengths using cavity ring-down spectroscopy. All isotope 

values are reported in standard delta notation in per mil (‰) notation relative to Vienna Standard 

Mean Ocean Water (VSMOW):  

𝛿 =  (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1)  𝑥 1000     (1) 

where R is the isotope ratio of the heavy and light isotope (e.g., 
18

O/
16

O). 

 

The Picarro Induction Module peripheral can extract water vapor bound in a matrix, such as 

small (the size of a hole punch) samples of plant tissue, soil, or precipitation samples dispensed 

onto a piece of dry glass filter paper. The precipitation, plant, and soil samples are clamped into a 

metal holder before being inserted into the Induction Module, where the sample is heated 
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inductively, with the length and intensity of heating prescribed by user-supplied parameters 

[Berkelhammer et al., 2013]. The available water vapor is then passed by a zero air carrier gas 

into the analyzer’s infrared absorbance cavity [Berkelhammer et al., 2013]. 

 

Analytical precision in measuring δ
18

O and δ
2
H values are comparable in IRIS and the classical 

isotope ratio mass spectroscopy, especially when comparing pure water samples [Lis et al., 2008; 

Brand et al., 2009; Gupta et al., 2009]. One concern with IRIS analysis is the potential for 

spectral interference from organic contaminants, including some compounds commonly found in 

environmental samples such as plant and soil samples [West et al., 2010; Schultz et al., 2011; 

Schmidt et al., 2012; Martín-Gómez et al., 2015]. Picarro has developed an on-line micro-

combustion module that oxidizes some organic contaminants that may cause spectral 

interference [Berkelhammer et al., 2013; Martín-Gómez et al., 2015].  

 

2.  Corrections 

2.1 Memory 

Most gas analyzers experience memory effects, where residual water vapor remains in the 

instrument after analysis because water molecules adsorb to internal instrument surfaces; as a 

result, each analyzed samples contains a small percentage of the previous sample [Schmidt et al., 

2012; van Geldern and Barth, 2012]. Multiple memory correction methods are available [van 

Geldern and Barth, 2012], and the one I primarily used was to run each sample multiple times 

until the isotope values stabilized, then ignoring the first injections(s) and calculating the final 

value from the stabilized isotope values. The number of runs depended on difference in isotope 

values between adjacent samples [van Geldern and Barth, 2012], where adjacent samples that 
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were further apart in isotope values required more runs to stabilize than adjacent samples that 

were similar in isotope values. 

 

2.2 Vial Headspace 

After the sample vial is heated, all available water vapor is carried to the analyzer, and this water 

vapor includes both water vapor extracted from the sample and background water vapor present 

in the sample vial. This background water vapor causes headspace error, and the magnitude of 

headspace error depends on your sample concentration and on the isotopic difference between 

atmospheric air and your sample [Picarro, Inc., 2013]. There are two parts to reducing headspace 

error. The first part is to flush the sample vials with zero air before inserting the sample; this 

standardizes the background air in the sample vial during analysis. The second part is to run 

blanks before running standard or unknown samples, which involves running capped, empty 

vials at the beginning of the day. These blank runs capture the water content and isotopic values 

of the background air in the sample vials, and the Induction Module Coordinator software 

manages on-line calculation of the blank runs and automatically adjusts the concentration and 

isotopic concentration of water vapor in the subsequent sample runs.  

 

3. Analyzer Calibration  

3.1  Primary Standards 

In order to compare isotope values across studies, individual laboratories calibrate their isotopic 

values relative to international reference standards [Gonfiantini, 1978; Coplen, 1995]. The 

international water standard scale is the Vienna Standard Mean Ocean Water – Standard Light 

Antarctic Precipitation (VSMOW-SLAP). The two international water standards are VSMOW2, 
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defined as δ
18

O = 0 ± 0.02 ‰, δ
2
H = 0 ± 0.3 ‰ and SLAP2, defined as δ

18
O = -55.5 ± 0.02 ‰, 

δ
2
H =  -427.5 ± 0.3 ‰ [IAEA, 2009]. Since the primary standards VSMOW2 and SLAP2 waters 

are in limited supply, most laboratories use secondary (i.e., internal) standards for daily 

calibration after they calibrate the secondary standards against VSMOW2 and SLAP2. The two 

secondary standards we used are Shantz DI water (δ
18

O = -9.0 ± 0.8 ‰, δ
2
H = -70 ± 3 ‰) and 

Destiny Deep Sea Water (δ
18

O = 0 ± 0.8 ‰, δ
2
H = -1 ± 3 ‰). We analyzed the two primary 

standards and the two secondary standards on the same day to create a regression line for true 

versus apparent isotopic values. For example, our apparent δ
18

O value for VSMOW2 was 0.74 

‰, our apparent δ
18

O value for SLAP2 was -58.0 ‰, and our regression line 

is𝛿 Otrue =  0.95 ∗ 𝛿 Oapparent − 0.7018 .18  We then used this regression line to calculate δ
18

Otrue 

for the two secondary standards, and followed the same method for calculating δ
2
Htrue for the two 

secondary standards.  

 

3.2 Secondary Standards 

After the secondary standards were calibrated against the primary standards, we used daily runs 

of the secondary standards to correct the isotopic values of the unknown sample relative to the 

VSMOW-SLAP scale. One option was to run two secondary standards daily and to create a 

regression line between the two standards to correct the unknown samples (similar method as 

calibrating the primary standards). This first option accounts for shifts in both the slope and the 

intercept of the calibration regression line, but increases the daily time needed to run samples.  

The second option was to run one secondary standard daily and to do an offset correction. For 

example, if my apparent δ
18

OShantz  was -8.9 ‰ and my true δ
18

OShantz  was -9.0 ‰, then my offset 

of δ
18

O values for samples run that day would be 0.1 ‰. A similar method would be used to 



90 
 

calculate the offset of δ
2
H values for samples run that day. I chose this second option because it 

decreased the daily time needed to run samples by about one hour a day. The tradeoff was that 

this second option depended on the day-to-day stability of the analyzer because it assumed the 

slope of the calibration regression line remained constant and only accounted for changes in the 

intercept of the calibration regression line. This second option was limited to samples where δ
18

O 

values are within 15 ‰ and δ
2
H values are within 50 ‰ of the secondary standards [N. Saad, 

pers. Comm.]. 
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1.  Preparing to Analyze Samples 

1.1 Turning on the Induction Module 

1. If the pump and analyzer are off, turn on the vacuum pump first, then the analyzer. Let 

the analyzer run on ambient air until it is stabilized, then turn on the dry gas. The 

analyzer is stabilized once the Instrument Status windows are green and the Status log 

window says “Measuring…”. Important: When the analyzer is on, the vacuum pump 

MUST remain on and connected, otherwise there could be analyzer damage. 

2. Turn on the Induction Module (IM) using the physical switch at the back of the IM. The 

green power light at the front of the IM will turn on.  

3. Start the IM Coordinator by selecting the “Coordinator Launcher” icon on the Desktop 

and choosing “IM CRDS” from the drop-down menu. The Coordinator is the Picarro 

analyzer software that lets you view status and data of sample analysis as well as upload 

sample descriptions. 

4. Insert an empty, capped vial into the IM to help with analyzer drydown.  

5. If gas is not already flowing, turn on zero air gas to 2.5 psi. Note how much gas remains 

in the gas tank. 

6. On the analyzer Graphical User Interface (GUI), the top time series is H2O (ppm) 

measured inside the analyzer. After you start the IM Coordinator and turn on the gas, 

H2O (ppm) will start decreasing. When H2O (ppm) decreases to <250 ppm, you will 

be ready to run samples. This drydown takes about 15-20 minutes. 

7. In the meantime, take 2 empty, uncapped 4 ml IM glass vials and place them upside 

down on the vial flush apparatus to prepare them for sample analysis. 
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1.2 Run Sequence 

The objective is to run the blanks, standards, and unknown samples with the same recipe 

and with consistent sample loading technique. Blank runs account for headspace in the 4 ml 

IM vial and are included in the internal corrections run by the Coordinator. Therefore, the 

blanks must be run each time a new Coordinator window is started. Standards are used for 

external (i.e., user-directed) calibration of the sample isotopic values, so that values can be 

reported relative to the international VSMOW-SLAP standard. We run one standard sample 

for every five unknown samples. Assuming that the isotope values stabilize in six runs per 

sample, a typical daily run sequence is:  

 Runs 1-3: Blank  

 Runs 4-9: Standard sample (Shantz DI water or Destiny Deep Seawater) 

 Runs 10-15: Unknown 1  

 Runs 16-21: Unknown 2 

 Runs 22-27: Unknown 3 

 Runs 28-33: Unknown 4 

 Runs 34-39: Unknown 5 

 

 The Coordinator software distinguishes between “Blank” runs and “Sample” runs, so be 

sure to choose the correct option depending on if you are running a blank (choose “Blank” 

option) or a standard or unknown sample (choose “Sample” option). After the analyzer 

finishes a “Blank” run, the Coordinator window will ask you if you want to “Include” or 

“Exclude” the blank in its internal calculations. We “Exclude” the first run of the day and 

“Include” the second and third blank run if the peak shape appears normal. To run a blank, 
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flush a 4 ml vial with zero air for at least 6 minutes (the length of one sample run) and insert 

this flushed, empty, capped vial into the IM. To run a water standard or sample, dispense 3 

μl of sample onto the sample holder, insert the sample holder into the 4 ml IM vial, and 

insert the vial into the IM (see section 2.3).  

 

1.3 Avoiding Contamination  

Contamination of the sample (i.e., altering the isotopic values of the sample) mainly comes 

through two ways: adding foreign water vapor, or exposing the sample to evaporation. To 

prevent contamination through foreign water, make sure your hands and gloves are 

completely dry, and do not blow on any of the analysis materials because water vapor from 

your breath could condense onto the materials. For example, if you see a piece of lint on the 

vials, caps, or sample holders, use tweezers to remove the lint instead of blowing it off. To 

prevent evaporation, cap each sample vial after withdrawing the water sample or standard. 

In addition, we want to prepare the sample in the sample holder, insert the sample holder 

into the 4 ml IM vial, and immediately insert the vial into the IM to begin analysis.  

 

2.  Analyzing Samples 

2.1  Cleaning the syringe between liquid samples 

Cleaning the syringe at the beginning of the day and between water samples ensures that 

any residual water inside the syringe is rinsed out with your current water sample or 

standard. The IM syringe is stored in a beaker of distilled water to keep the syringe plunger 

lubricated and to prevent any salts or minerals that may have been in your samples from 

hardening inside the syringe. 
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1. Wipe off syringe needle and body with a dry kimwipe.  

2. Withdraw >6 μl of sample with the syringe and discard the sample onto a kimwipe.  

3. Repeat Steps 1 and 2 to rinse the syringe a total of two times. 

 

2.2  Preparing the vial, cap, and flat sample holder 

Before loading a water sample or standard, prepare your consumables:  

1. Flush a 4 ml IM vial with dry air for at least 6 minutes.  

2. Fit a plastic cap with a septum, with the shiny side of the septum facing outwards 

away from the vial.  

3. Using pliers and tweezers, insert 2 “paper dots” (glass filter paper cut into circular 

pieces using a hole punch) between the flaps of a flat sample holder (tri-fold metal 

strip) and line up the “paper dots” with the round outline on the sample holder so 

that they are centered over the small hole in the center. Close the sample holder, fold 

up the small triangles on the side, and crimp the middle and sides of the sample 

holder to ensure good contact of the “paper dots” with the metal sample holder.  

4. Fold one end of the strip (⅛”) up 90 degrees to help the metal strip rest flatly against 

the bottom of the vials. Place the strip down on the lab bench to make sure it lays flat 

and that the small hole in the center is facing up. 

 

2.3 Loading a water sample 

After the vial, cap, and sample holder are prepared, you can inject your water sample onto 

the sample holder.  
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1. From your 20 ml sample glass vial, use the syringe to withdraw exactly 3 μl of 

sample. Check that there are no bubbles in your syringe. Place the syringe gently 

down and close the 20 ml sample vial. 

2. With pliers, pick up the prepared tri-fold metal strip, with the small hole facing up.  

3. Place the syringe needle tip in the hole and slowly (over 5-8 seconds) inject the 

sample onto the paper dot and hold the syringe needle in place against the hole for 

several more seconds. Injecting the sample slowly ensures that the filter paper has 

time to absorb the sample and that the sample will not leak onto the metal strip. 

4. Remove a 4 ml glass IM vial from the vial flush apparatus. Using tweezers, gently 

place the loaded metal strip into the 4 ml glass vial with the folded end toward the 

bottom of the vial and with the small hole facing up.  

5. Securely tighten the cap, and immediately, but gently, insert the 4 ml glass vial into 

the IM. Check that the metal strip remains seated at the bottom of the vial.  

6. Immediately select “Ok” on the Coordinator window to begin analysis. 

 

For all samples, to reduce sample evaporation, we want to inject the sample immediately 

before we insert the vial into the IM and start the analysis. The Coordinator window gives 

you a 60-second delay between samples. It usually takes about 30 seconds to load a sample, 

so you may find yourself with a prepared sample, but the Coordinator window is not yet 

ready to start analysis. Therefore, during the 60-second delay, wait about 30 seconds, and 

then prep the water sample so that you can inject the sample onto the metal strip, place the 

metal strip into the vial, and immediately insert the vial into the IM to begin analysis.   
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2.4 Consumables 

For every sample (either standard or unknown), use a new sample holder with new “paper 

dots.” For every 2 samples, use 2 vials: this way, one vial is being flushed with zero air 

while the other vial is used for analysis. So, every other sample, change to 2 new vials to 

rotate between flushing and analysis. The cap and septum can be used 4-6 times until you 

reach septum capacity. Since each sample may require a different number of runs until you 

reach stable isotopic values, when you change the cap and septum will not be dependent on 

whether it is a new sample or not. 

 

2.5 Loading sample description .csv files 

Whenever the Coordinator is open, you can load a sample description .csv file and update 

the sample descriptions, even for past runs (as long as they are in your current Coordinator 

session.) After you close out of the Coordinator window, you can also manually change the 

description directly in the final .csv file. 

1. To load the sample description .csv file in the Coordinator window:  

a. In the Coordinator window, click “Load Sample Descriptions” button near 

top: 

b. Select file: 

C:/Picarro\G2000\AppConfig\Config\Coordinator\SAMPLETYPE_PERIPHERA

L_ANALYSISDATE.csv.  

i. SAMPLETYPE: e.g.,  “Precip”, “Soil”, or “Stem” 

ii. PERIPHERAL: e.g., “IM”, or “Vap” 

iii. ANALYSISDATE (yyyymmdd), e.g., 20150203 for Feb 3, 2015. 
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2. To update the .csv file: 

a. Open the file in Notepad++. The headers are “Vial, Description.” 

b. “Vial” is the overall run number for that specific Coordinator session. 

c.   “Description” is the sample name, followed by the sample-specific run 

number, e.g., “Shantz DI 01,” “MB1_E3_20141003 01.” 

 

2.6 Logging 

At the beginning of each day, write the date, operator, and the starting gas level in the gas 

tank (e.g., 500 psi). Note which recipe you are using, e.g., “High T – gas @ 2.5 psi” or 

“Woody Stem 180 – gas @ 3 psi.” For each run, record the overall run number for that 

Coordinator session, the sample name and sample-specific run number, estimated H2O 

volume (from Coordinator), H2O peak max (from Coordinator), and any other notes. 

Recording and checking the H2O volume and H2O peak max helps check your sample 

loading is consistent. A consistent sample loading technique will help produce consistent 

peak shapes. For example, when running water samples, H2O volume should be consistent 

(within 0.2 μl) from run to run. If the H2O volume is more variable, you may have bubbles 

in your syringe that are producing inconsistent sample volumes. If H2O peak max differs by 

more than 3,000 ppm or 4,000 ppm between runs, your sample holder may not be lying flat 

in the vial.  

 

2.7 Shutdown procedure at the end of the day 

1. After uploading the newest Sample Descriptions .csv file, close out of the 

Coordinator window. 
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2. Physically turn off IM (using switch at back of IM) and turn off the gas. We 

generally leave the analyzer itself running overnight.  

3. Record ending gas level in logbook. 

4. Place IM syringe back in storage beaker. 

 

2.8 Examples of stabilized isotopic values 

To determine the isotopic values of samples, we run each sample multiple times until the values 

stabilize. Because of the memory effect, the difference in δ
18

O or δ
2
H values should decrease 

with each run of any specific sample, until the values appear to converge on a stable value. To 

determine when the values of a water sample are stabilized, we look for both an oscillation in the 

values and for the last 3 runs to have a standard deviation less than the instrument (analyzer and 

Induction Module) long-term precision. Generally, with each run of a water sample, the isotopic 

values will monotonically increase toward a stabilized value, and then will begin oscillating 

around some value. This monotonic increase is caused by memory from the “paper dot”, which 

has atmospheric water vapor adsorbed onto the surface during storage. We look for both δ
18

O 

and δ
2
H values to oscillate at least once (Figure 1). It usually takes about 3-4 runs for δ

18
O 

values to oscillate, and then another 1-3 runs for δ
2
H values to oscillate. In addition to seeing this 

oscillation, we look for the last 3 runs to have δ
18

O values with a standard deviation less than 0.8 

‰ and δ
2
H values with a standard deviation less than 3 ‰ (Figure 1). For samples that don’t use 

a “paper dot”, e.g., stem and soil samples, we only need to use the standard deviation cut-offs to 

determine isotopic values stabilization because there is no “paper dot” memory effect (Figure 2).  
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Figure 1. δ
18

O values (left) and δ
2
H values (right) from a water sample that was run 6 times. Note how the first 

oscillation of δ
18

O and δ
2
H values appears on run number 4, but we analyze the sample an additional 2 times to so 

that the last 3 runs (in this case, run numbers 4, 5, 6) have values with standard deviations less than the long-term 

precision of the instrument. 

 

      
 

Figure 2. δ
18

O values (left) and δ
2
H values (right) from a stem sample that was run 9 times. Note how the values 

oscillate beginning on run number 4, but we analyze additional runs of the sample until the last 3 runs (in this case, 

run numbers 7, 8, 9)  have values with standard deviations less than the long-term precision of the instrument. 
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2.9 Tips 

1. Check gas flow every 3-4 runs for the first 12 runs of the day. The gas flow tends to 

slip a bit at the beginning of the day but then stabilizes. 

2. The minimum number of runs needed for one sample is 4 runs. The first run is 

always excluded because of the memory effect (from the previous sample, and from 

the “paper dots” if applicable), and we need at least 3 values to average together to 

calculate the sample isotopic values. 

3. When re-using the same septum between different runs, rotate the vial so that the IM 

needle pierces a fresh portion of the septa for each analysis run. If the needle re-

pierces a hole in the septa, this could cause a leak in the IM gas flow and produce 

inconsistent isotopic values. 

4. The inductive heating process of the Induction Module is affected by the relative 

position of the “paper dots” in the tri-fold metal strip and by the relative position of 

the sample holder in the IM vial. The more consistent your sample and vial loading 

techniques are, the more consistent your peak shape and data will be. 

 

3. Troubleshooting  

3.1 Safe Mode 

If the analyzer status log window says, “The instrument has been placed into Safe Mode,” 

try to restart the analyzer.  

1. From the Desktop, select the folder “Diagnostic.” Select “Stop Instrument”, and 

then select “Stop Software and drive." The Picarro GUI will close. 
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2. Take this opportunity to install any Microsoft or software updates that need 

computer restarts since this is a rare moment when the analyzer is restarted.  

3. Use the green power button in the front of the analyzer to shut down the 

analyzer.  

4. Wait 10 minutes, and then use the green power button to re-start the analyzer.  

5. If there is still an error after the analyzer restarts and warms ups, call Picarro 

technical support.  

 

3.2 Clogs or leaks in the IM 

If flow through the flowmeter is not normal, there could be a clog or leak in the IM 

plumbing. This could occur after you replace a needle assembly, carbon filter, or oxidation 

cartridge. To identify the location of the clog or leak:  

1.   First check if all IM valves are working by using Arduino to turn on valves one at a 

time. If the valves are working, you will hear an audible click sound when the valve 

turns on.  

2.   To determine if there is a clog or leak, disconnect the IM from the analyzer by sliding 

the IM output tube from the analyzer input tube so that you can access the IM outflow 

tube. Make sure the gas is set at 2.5 psi and that there is a vial with cap and fresh septum 

inserted into the IM.  

3.   Open Ardunio and check valve configuration 1011, both with the IM gas outflow 

unobstructed, and while blocking the IM gas outflow with your finger.  

4.    If there is low flow while the IM gas outflow is unobstructed, there may be a clog. 

Common sources of clogs are the bulkhead or the carbon filter.  
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a. One main source of clogs is the bulkhead. This is the first piece of plumbing the 

incoming gas travels through when entering the IM (half of bulkhead is inside 

IM and half of bulkhead is outside IM). With valves set at 1100 and gas at 2.5 

psi:  

i. Check flow before bulkhead: Disconnect flowmeter from bulkhead, and 

flow through flowmeter should be ~650 sccm. Cover flowmeter outflow 

with finger, and flow should drop to 0 sccm.  

ii. Check flow after bulkhead: Reconnect flowmeter to bulkhead. Open up the 

IM case and inside the IM, disconnect bulkhead outflow from 1/8” stainless 

steel tubing. Flow should be normal, ~140 sccm. If the flow is low, then the 

bulkhead is the source of clogs. Cover bulkhead outflow with finger. Flow 

should drop to 0 sccm.  

iii. If the problem was the bulkhead, remove the bulkhead and check that the 

orifice inside has not rotated. This rotation was the source of our IM clog 

from July 2014. When you hold the bulkhead up to the light, you should 

see a clear pinprick of light coming through the orifice. Otherwise, you 

may need a new bulkhead from Picarro.  

b. Another source of clogs in the carbon tube.  

i. Check flow before carbon tube by removing the carbon tube. Flow should 

be normal, ~140 sccm. If flow through bulkhead was normal, but is low at 

this step, the clog should be between bulkhead and carbon tube.  

ii. Check flow after carbon tube by reinstalling the carbon tube firmly but do 

not cover with the transfer tubing or spring. Flow should be normal, ~140 
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sccm. Cover outflow with an old septum (Caution: carbon tube will be very 

hot if the IM was on). Flow should drop to 0 sccm. If the flow before the 

carbon tube was normal but flow after carbon tube is low, then clog is 

likely in carbon tube, and the clog problem will hopefully be solved by 

replacing the carbon tube. 

5.   If there is positive flow through the flowmeter while you are blocking the IM gas 

outflow, then there may be a leak. Common sources of leaks are around the oxidation 

cartridge or at the needle assembly. The IM manual describes how to check the needle for 

leaks or clogs. If you recently changed the plumbing between the gas tank and the IM (e.g., 

if you disassembled the system and moved the instrument to a different room), the leak may 

also be in the Swagelok connections between the gas tank and the IM.  

 

3.3 Error: “First error at line 102” 

If you see the message, “Error Parsing failed with several errors. / First error at line 102. in 

state StateSetup / Exiting coordinator...” in the Coordinator window when starting up, the 

file RecipeMBW.ini may have a formatting error, which can happen after you adjust the 

recipes. Open RecipeMBW.ini and check that all recipes have all parameters defined, and 

that any recipes that are commented out are completely commented out.  
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1.   Stem analysis steps 

1. Remove sample vial from fridge. 

2. Shake out one stem sample onto the cutting surface, then close and parafilm the vial 

before returning the vial to the fridge.  

3. Handle the stem sample with gloves. Make sure the box cutter is clean. From the 

stem, cut off a cross-section about 3-5 mm thick and discard. This reduces 

evaporation effects from the exposed stem surface during storage. 

4. From the freshly exposed surface, cut another cross-section about 1-2 mm thick. 

Insert this stem “dot” into the flat sample holder (tri-fold metal strip), crimp the stem 

“dot” securely into the metal strip, and immediately place metal strip into an IM vial, 

cap vial, and insert vial into the IM.  

5. Run stem samples using recipe "Woody Stem 180" at 3 psi. (Important: your blanks 

and standards should also be run using this same recipe at the same gas flow!) 

6. The H2O volume extracted from each stem dot should be between 4 and 8 μl; keeping 

a consistent H2O concentration between samples will reduce concentration-

dependence effects. You can control this extracted volume through your cross-

section thickness (a thicker stem sample cross-section will have more water than a 

thinner stem sample cross-section). 

7. For each new stem sample run, cut off a cross-section about 2-3 mm thick and 

discard, before cutting a fresh cross-section about 1-2 mm thick. This will reduce 

evaporative effect from the exposed stem surface between runs.  

8. For each stem sample, use two new metal strips and alternate, so that one metal strip 

is being used for analysis while the other metal strip is cooling down to room 
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temperature. This way, you are always loading the stem “dot” into a cooled metal 

strip. Use a new metal strip when the triangles on the side of the metal strip fall off, 

or when the strip no longer lays flat. 

 

2.   Stem recipe used for creosotebush stem samples (“Woody Stem 180”) 

polyA = 0.00003 

polyB = 0.03 

polyC = 15 

h2oLowThreshold = 250 

preheatTime = 0 

heatTime = 180 

h2oEndHeatThreshold = 200 

 

3. Experiments to more quickly reach a stable isotopic value 

After working with Kate Dennis at Picarro to establish a preliminary stem recipe (one that 

extracts all water present in the sample matrix), we observed that the stem isotopic values 

were taking a longer time to reach a stable value. The water samples generally reached a 

stable isotopic value within 6 runs, but the stem samples in some cases needed more than 10 

runs to reach a stable value, and in some cases we could not determine a stable value even 

after 20 runs. To determine whether we could analyze stem samples as efficiently as water 

samples, we pursued several experiments to test different sample processing protocols. 

 

 



110 
 

3.1 Bark on vs. bark off experiment 

In March 2015, J. Garlant ran an experiment testing whether taking the bark off the stem 

would make a difference on how quickly the isotopic values stabilized or on the final 

stabilized isotopic value. The hypothesis was that taking the bark off before analysis may 

lead to the stem isotopic values stabilizing more quickly because the bark may contain water 

that had undergone evaporative enrichment during stem storage. J. Garlant ran the 

experiment using mixed-conifer stem samples collected at the Mount Bigelow phenocams 

site in the Santa Catalina Mountains Critical Zone Observatory. He analyzed 2 replicates 

each of 3 stem samples. For each stem sample, one replicate had the bark on during analysis 

and one replicate had the bark removed immediately before analysis. In addition, for each 

stem sample, he analyzed 20 runs of the sample.  

 

He did not find a difference in bark-on and bark-off samples in how quickly the isotopic 

values stabilized, and in fact many of the samples did not have stable isotopic values even 

after 20 runs (Figure 1). The result of this experiment is that we kept the bark on the stem 

sample when analyzing stem samples for our final stem sample analysis protocol because 

this allowed the stem cross-section to stay together more easily after cutting. 
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Figure 1. δ
18

O and δ
2
H values of 3 stem samples analyzed; each sample was analyzed both with bark on 

during analysis (“Bark On”) and with bark removed before analysis (“Bark Off’). 

 

3.2 Dry ice experiment 

The objective of this experiment was to see if we can improve how quickly the stem sample 

isotopic values stabilize. The hypothesis is that evaporation during stem sample prep reduced 

precision of the apparent isotopic values, so that reducing evaporation would cause the isotopic 

values to stabilize more quickly.  

 

To prevent evaporation, we tried preparing the stem sample over dry ice (solid carbon dioxide at 

-79 °C), with the idea that the air directly above the dry ice surface would remain cold enough 

that any liquid water in the stem sample would not evaporate. However, putting a sample or 

metal sample holder directly on the dry ice caused the sample and holder to become so cold that 

atmospheric air condensed onto the sample and holder and introduced foreign water into our 

sample.  
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We then tried to prevent atmospheric air condensation by separating the stem sample from the 

dry ice with 2-4 layers of plastic in addition to keeping a flowing air current running above the 

sample (by directing a table fan to blow air above the dry air). However, we still observed 

condensation on the sample within 5 minutes.  

Finally, we tried keeping the stem sample on dry ice, and keeping the dry ice and sample in a 

closed (but not sealed) styrofoam cooler. We again separated the stem sample and dry ice with 2 

layers of plastic, and did not see condensation on the sample within 15 minutes. Possibly, the off 

gassing of carbon dioxide inside the styrofoam cooler kept the air cold and dry enough that 

atmospheric water could not condense quickly onto the sample or sample holder. Using this 

method, L. Hamman did 12 runs of a single stem sample, but did not see a significant difference 

in how quickly the stem isotopic values stabilized (Figure 2).  

The result of these experiments with dry ice was that it did not significantly help increased stem 

sample analysis efficiency, so we did not include it as part of our final stem sample analysis 

protocol.  

 

Figure 2. δ
18

O and d
2
H values of one stem sample analyzed. The stem sample was stored over dry ice while 

not being actively prepared for analysis and the operator waited 15 minutes between each analysis run. 
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3.3 Concentration dependence experiment 

In analyzing water samples, we could precisely control the volume of water inserted into the 

IM because we used a syringe to withdraw water from the sample vial. However, because 

we used a box cutter to slice stem samples for analysis, and because it is difficult to 

precisely control the thickness of stem slices produced, the volume of water extracted varied 

between different stem samples, usually between 3 and 10 μl of water extracted. To test 

whether or not this difference in water extracted was impacting how quickly the isotopic 

values stabilized, we tested the concentration dependence of the analyzer. L. Hamman 

analyzed different concentrations of Shantz DI water: 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5, 8, 

8.5, 9, 9.5, and 10 μl. Although there were variations in the isotopic values across the range 

of water volumes, these variations were smaller than the long-term precision of the 

analyzer: 0.77 ‰ for δ
18

O and 2.4 ‰ for δ
2
H (Figure 3). The result of this experiment is that 

the magnitude of the concentration-dependence effect was within the magnitude of our 

analyzer precision, so we did not incorporate a concentration-dependence correction to our 

isotopic values.  

 

Figure 3. δ
18

O and δ
2
H values of our secondary standard water (Shantz DI water) analyzed at volumes 2-12 μl. 

The error bars represent the long-term precision of the analyzer. This figure shows that any concentration-

dependence variation present is smaller than the magnitude of the analyzer long-term precision.  
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3.4 Cutting a fresh surface 

Our final experiment to reduce the effects of evaporation was to cut and discard a stem 

cross-section slice each time before cutting and analyzing a stem cross-section slice with a 

freshly exposed surface. After we removed the stem segment from the sample vial, we cut 

off a 3-5 mm thick cross-section slice from one end and discarded that cross-section slice. 

This reveals a surface that had not been exposed to evaporation during storage. From that 

fresh surface, we then cut a 1-2 mm thick cross-section slice for analysis. For subsequent 

samples, we cut a 1-2 mm thick cross-section slice, discarded that slice, and cut a second 1-

2 mm thick cross-section slice for analysis. The result of this experiment was that stem 

samples isotopic values tended to stabilized within 10 analysis runs (Figure 4).  

 

 

Figure 4. δ
18

O and δ
2
H values of two stem samples following the stem analysis protocol of cutting a 2 mm 

thick cross-section, discarding that cross-section, then cutting a 1 mm thick cross-section to analyze. Using this 

protocol, the stem sample isotopic values tended to stabilize within 10 analysis runs. 
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1.   Soil analysis steps 

1. Prepare 2 sets of powder sample holders. One set is a 5 mm-diameter cylinder with 2 

steel wool stoppers. Hold the cylinders up to the light, look through the cylinder, and 

check that the cylinders are clean of dust.  

2. The steel wool stoppers prevent your soil sample from falling out of the cylinder, but 

still allow gas flow through the cylinder. Using tweezers, insert one of the steel wool 

stoppers at one end of the metal cylinder. Hold the cylinder up to the light and check 

that you can see some light passing through the steel wool stopper to check that gas 

can flow through.  

3. Remove sample vial from fridge. Use a small metal scoop to transfer some soil sample 

into the metal cylinder. The amount of sample will vary from sample to sample (i.e., 

less sample is needed if the sample is wetter, and more sample is needed if the soil is 

drier). We want the estimated volume of water extracted to be the similar to that 

extracted from the water standard (i.e., 4-10 μL of water extracted from each soil 

sample), which usually means enough soil to fill the cylinder 1/4 to 1/3 full.  

4. Once you are finished transferring sample into the metal cylinder, immediately cap the 

20 ml sample vial. Make sure to close it securely to prevent evaporation. 

5. Place the second steel wool stopper into the other end of the metal cylinder and 

visually check that there are spaces for airflow pathways.  

5. Gently shake the metal cylinder a few times to level out the soil sample inside. 

 6. Immediately place metal holder into the 4 ml IM vial, cap vial, and insert vial into the 

IM. Most soil samples can be analyzed using recipe “Sandy 25.4 480”, but drier soils 

may need a recipe with a longer heating time to extract all water. In that case, try 
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recipe “Sandy 25.4 600” or “Sandy 25.4 900.” (Important: your blanks and standards 

should also be run using this same recipe at same gas flow!) 

7. After the sample run is complete, remove steel wool stoppers from metal cylinder and 

discard the soil inside. Roll up a section of steel wool to thread through the metal 

cylinder to remove dust in the cylinder, and dust off the steel wool stoppers.  

8. Similar to the stem samples, alternate sample holders between sample runs so that you 

are always loading soil into a cooled sample holder. You can reuse the metal 

cylinders for different samples.  

9. When finished with the sample, parafilm the sample vial and return to fridge. 

 

2. Soil recipe used for creosotebush stem samples (“Sandy Test 25.4 480”) 

polyA = 0.00003 

polyB = 0.4 

polyC = 25 

h2oLowThreshold = 250 

preheatTime =0 

heatTime = 480 

h2oEndHeatThreshold = 200 

 

3.  Developing a satisfactory recipe to analyze soil samples 

I used the default recipes, but results (and Kate’s e-mails) showed that the recipe heating 

intensity and length needed to be increased in order to extract all water from the soil. To test 

different soil samples, I experimented with injecting a standard water (Shantz DI) into oven-
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dried soils and testing different recipes. I expected to find a recipe by comparing my 

apparent isotopic values with the true values of Shantz DI water analyzed that same day. 

However, this experiment did not work because during the sample processing time, 

atmospheric air would condense in the dry soil pores and add foreign water sample to the 

injected Shantz DI water signal. This foreign water sample would be as much as 1 μl,  about 

25% of the total extracted sample volume. In the end, I went with a recipe that vaporized all 

of the water out of the soil matrix. I determined this point by ensuring that the final water 

volume “flatlined” at the end of the sample analysis period, indicating that no more water 

vapor was being flushed from the sample vial into the analyzer.  
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To test the Picarro L2130-i analyzer and Induction Module calibration, I analyzed a water 

sample from Jen Johnson. Jen gave me a sample of water with a δ
18

O value of -14.18 +/- 0.09 ‰ 

and a δ
2
H value of -102.7 +/- 0.9 ‰ (analyzed by Chris Eastoe at the UA Geosciences 

Environmental Isotope Laboratory). I analyzed her sample and got an apparent δ
18

O value of 

13.74 ‰ and an apparent δ
2
H value of -101.6 ‰. I then corrected my apparent results with a 

linear offset calibration using my secondary standard, Shantz DI water (true δ
18

O = -9.00 ‰, true 

δ
2
H = -67.8 ‰), which that day had an apparent δ

18
O value of -8.56 ‰ and a δ

2
H value of -67.4 

‰. I calculated the true isotopic values of Jen’s sample to be δ
18

O = -14.2 ‰, δ
2
H = -102 ‰. 

Since my calculated values are within the precision of the true values (Figure 1), it seems that the 

analyzer calibration and linear offset technique are satisfactory. 

 

 

Figure 1. The same sample analyzed on our Picarro L2130-i analyzer and at the UA Geosciences Environmental 

Isotope Laboratory using isotope ratio mass spectroscopy (IRMS). The plotted error bars are the long-term precision 

of the IRMS analyzers (+/- 0.09 ‰ for δ
18

O and +/- 0.9 ‰ for δ
2
H). The sample δ

18
O and δ

2
H values, analyzed on 

the Picarro, fall within the IRMS analytical precision. 
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1.  Precipitation bottle construction 

I constructed a precipitation sampling bottle using a 250 ml or 500 ml HDPE bottle and an 8 ml 

plastic funnel (from Ace Hardware). In the middle of each bottle cap, I drilled a 5 cm diameter 

hole (this diameter is a little larger than the narrowest point of the funnel neck). I inserted the 

funnel neck through the hole and secured the funnel in place with silicone caulk. To prevent 

evaporative enrichment of my precipitation sample while the bottle is in the field, I prepared 

each 250 ml HDPE bottle with 25 ml of mineral oil and each 500 ml HDPE bottle with 35 ml of 

mineral oil, which produced a mineral oil layer about 5 cm thick. Every 2 weeks, if there has 

been precipitation, I collected the bottles of mineral oil and precipitation and replaced them with 

bottles of only mineral oil.  

 

2.  Testing bottles for evaporative enrichment 

To test whether the precipitation samples underwent evaporation during the 2-week collection 

period, I set out four 250 ml HDPE bottles with 25 ml of mineral oil and varying volumes of 

water of a known isotopic composition (a secondary standard, Shantz DI water). The four bottles 

had 0 ml, 10 ml, 25 ml, and 50 ml of Shantz DI water in addition to the 25 ml of mineral oil. I set 

these four bottles out on April 15, 2015, and collected the bottles almost two weeks later on 

April 27, 2015.  

 

During this period, there was about 15 mm of rain at the site, on April 26, 2015. To determine 

whether evaporation had affected the isotopic composition of the initial Shantz DI water, I used 

the isotope-mass balance and mass balance equations:  

𝑀𝐹𝑖𝑛𝑎𝑙 = 𝑀𝑆ℎ𝑎𝑛𝑡𝑧 + 𝑀𝑃𝑟𝑒𝑐𝑖𝑝       (1) 
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𝑀𝐹𝑖𝑛𝑎𝑙 ∗ 𝑅𝐹𝑖𝑛𝑎𝑙 = 𝑀𝑆ℎ𝑎𝑛𝑡𝑧 ∗ 𝑅𝑆ℎ𝑎𝑛𝑡𝑧 + 𝑀𝑃𝑟𝑒𝑐𝑖𝑝 ∗ 𝑅𝑃𝑟𝑒𝑐𝑖𝑝   (2) 

where M is the mass of water and R is the ratio δ
18

O or δ
2
H. 

 

My first step was to characterize the precipitation isotopic values: Bottle 4 (Table 1) initially had 

no Shantz DI water combined with the mineral oil, so I was able to measure 𝑅𝑃𝑟𝑒𝑐𝑖𝑝:  δ
18

O = -6.3 

± 0.8 ‰ and δ
2
H = -35 ± 3 ‰. For Bottles 1-3 (Table 1), I measured 𝑀𝐹𝑖𝑛𝑎𝑙 and 

𝑅𝐹𝑖𝑛𝑎𝑙−𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑, and I was able to calculate 𝑀𝑃𝑟𝑒𝑐𝑖𝑝 for each bottle using Equation 1. I then used 

Equation 2 to solve for 𝑅𝐹𝑖𝑛𝑎𝑙−𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 for Bottles 1-3 and compared  𝑅𝐹𝑖𝑛𝑎𝑙−𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 with 

𝑅𝐹𝑖𝑛𝑎𝑙−𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑. The differences between  𝑅𝐹𝑖𝑛𝑎𝑙−𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 and  𝑅𝐹𝑖𝑛𝑎𝑙−𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 were within 

analyzer precision (± 0.8 ‰ for δ
18

O , and ± 3 ‰ for δ
2
H), so I concluded that evaporation did 

not have a significant effect on the precipitation collected in the sampling bottles.  

 

Table 1. Mass and δ
18

O, δ
2
H values used to test for evaporative enrichment of collected precipitation.  

Bottle # 
MShantz 

[g] 

MFinal 

[g] 

MPrecip 

[g] 

RFinal-measured [‰] RFinal-calculated [‰] Difference [‰] 

δ
18

O δ
2
H δ

18
O δ

2
H δ

18
O δ

2
H 

1 10 25 15 -7.0 -47 -7.4 -49 -0.4 -2 

2 25 40 15 -8.0 -55 -8.0 -57 0.0 -2 

3 50 64 14 -8.5 -60 -8.4 -62 0.1 -2 

4 0 14 14 -6.3 -35 -- -- -- -- 

 

 

 


