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A B S T R A C T   

Evapotranspiration (ET) is the dominant water loss flux in mesic tallgrass prairie. Partitioning of ET into its two 
components—soil evaporation (E) and plant transpiration (T)—is challenging but critical for unraveling bio
physical processes underlying ecosystem functioning and sustainability in a changing environment. Because of 
the pulsed nature of ecophysiological processes in this water-limited ecosystem, we carried out two field cam
paigns during wetting–drying episodes following precipitation pulses. We applied a two-source isotopic mixing 
model for ET partitioning. The isotopic compositions of ET, E, and T (δET , δE, and δT) were determined by the 
Keeling-plot method, the Craig–Gordon model, and midday plant xylem water, respectively. We found that the 
ET partitioning results (T/ET) could be more accurately quantified with 2H than with 18O, because of (1) the 
better performance of 2H in Keeling-plot regressions of high-temporal-frequency isotopic measurements of water 
vapor, and (2) the stronger sensitivity of 2H to the equilibrium fractionation. Using 2H values, we found that the 
mean ± standard deviation of T/ET was 0.84 ± 0.05 and 0.92 ± 0.06 during two field campaigns. Soil water near 
the surface (especially the top 10 cm) responded actively during these two wetting–drying episodes and was the 
major source for the total ET flux during the initial drying periods. Only after shallow soil moisture had become 
substantially exhausted did deeper soil layers (up to 1 m) increasingly become the major source for the T flux, 
while the E flux declined progressively to a negligible level.   

1. Introduction 

The tallgrass prairie in the Great Plains of North America is an 
important but endangered ecosystem. This mesic grassland is charac
terized by high biodiversity (Chapman et al., 1990; Steinauer and 
Collins, 1996), and is central to agronomical development and biodi
versity conservation (Freese et al., 2014). As a result of historical agri
cultural conversion (Samson et al., 2004) and recent woody plant 
encroachment (Archer et al., 2017; McKinley and Blair, 2008; Zou et al., 
2014), the tallgrass prairie is now designated as an endangered 
ecosystem. Understanding the ecohydrological processes occurring in 
this ecosystem is fundamental for evaluating the ecophysiological 
properties and sustainability of this endangered ecosystem under land 
use/cover change and climate change (Knapp et al., 2008; Shafer et al., 
2014). 

A clear understanding of ecohydrological processes in water-limited 
ecosystems demands accurate quantification of evapotranspiration (ET) 
and its partitioning (Kool et al., 2014; Newman et al., 2006; Sutanto 
et al., 2014). Evapotranspiration is the largest water-loss flux in tallgrass 
prairie (Sun et al., 2019a; Wagle et al., 2017; Zou et al., 2014). The ET 
flux consists of soil evaporation (E) along the soil–atmosphere contin
uum, plant transpiration (T) along the soil–plant–atmosphere contin
uum, and direct evaporation of water intercepted by the plant canopy 
(I). These three components differ in their pathways, temporal dy
namics, and water use implications (Blyth and Harding, 2011). Because 
biological water use is inexorably coupled with ecosystem productivity 
(Good et al., 2015), ET partitioning is critical for quantifying biological 
water demand (Newman et al., 2006) and water-use efficiency (Zhou 
et al., 2016), and thus has important implications for predicting 
ecosystem functioning and sustainability in the context of a changing 
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environment (Fisher et al., 2017). The results of ET partitioning are 
usually expressed as the ratio T/ET, representing the role of plant 
physiological processes in the hydrologic cycle. 

Soil water availability, as a key link between hydrologic and 
ecological processes, strongly controls the dynamics of ET partitioning 
in water-limited ecosystems. Recharged by infiltrated precipitation, soil 
water supplies both E and T fluxes; E depletes soil water near the surface 
while T withdraws water across the active rooting zone (Scanlon and 
Kustas, 2010). No obvious effect of total precipitation on T/ET has been 
found at the annual or the growing-season scale (Berkelhammer et al., 
2016; Fatichi and Pappas, 2017; Gu et al., 2018; Li et al., 2019; Schle
singer and Jasechko, 2014). Besides long-term (seasonal, annual, and 
interannual) variations, soil moisture varies over the short term 
(sub-daily, daily, weekly) due to highly stochastic precipitation inputs 
(Knapp et al., 2008; Newman et al., 2006) and strong atmospheric water 
demand. Thus, ET partitioning during these dynamic wetting–drying 
episodes following individual water pulses warrants more attention for a 
mechanistic understanding of water diffusion from terrestrial ecosys
tems to the atmosphere. A few short-term studies have investigated ET 
partitioning in water-limited regions—e.g., grasslands (Good et al., 
2014; Yepez et al., 2005) and winter wheat (Aouade et al., 2016) 
following irrigation. But to our knowledge, no such study has been 
carried out in the tallgrass prairie grassland. 

Measuring E and T fluxes separately is methodologically challenging 
(Brooks, 2015). For this reason, the isotopic two-source mixing model, 
which is based on the fact that the isotopic composition of 
soil-evaporation water vapor is distinct from that of plant transpiration, 
has become an indispensable tool for ET partitioning (Sun et al., 2019b; 
Sutanto et al., 2014; Wang and Yakir, 2000; Zhang et al., 2010). Because 
one isotope is sufficient for solving the two-source mixing model, most 
studies on ET partitioning used only one isotope: either 2H (Good et al., 
2014; Wang et al., 2013; Wang et al., 2010; Yepez et al., 2005) or 18O 
(Dubbert et al., 2014; Hu et al., 2014; Wang and Yakir, 2000; Wen et al., 
2016; Zhang et al., 2018). Only a few studies have reported different 
results from the use of 2H and 18O in parallel (Gaj et al., 2016; Quade 
et al., 2019; Xu et al., 2008; Yepez et al., 2003). In addition, the criteria 
for selecting one isotope over the other (e.g., the applicability and un
certainties associated with each) have not been thoroughly investigated 
and evaluated. 

The overarching goal of our study is to present the short-term dy
namics of ET partitioning following precipitation events when this 
tallgrass prairie is approaching the peak growing season. Using the 
isotopic approach (both 2H and 18O), we investigated ET partitioning 
during two drying episodes characterized by a contrast in soil moisture 
profiles. Our objectives are  

• to compare the performance of 2H with that of 18O for isotopic ET 
partitioning;  

• to determine the pattern of daily T/ET during the two drying 
episodes;  

• to investigate the effects on the temporal pattern of ET partitioning of 
(a) soil water availability at different depths and (b) atmospheric 
processes. 

2. Materials and methods 

Our study consisted of two intensive field campaigns at a grassland 
site in a tallgrass prairie ecosystem. An eddy covariance (EC) system, 
coupled with various biometeorological sensors, was set up to measure 
the bulk ET flux, atmospheric processes, and soil hydrothermal prop
erties. Near the EC system, we also sampled waters from various eco
hydrological pools for isotopic analysis. We assumed the same 
contributing footprint for the EC measurement as for the isotopic sam
pling of atmospheric water vapor. All the measurements were recorded 
in local time (LT = UTC - 6 H), disregarding daylight-saving time. All 
isotopic data were reported in δ-notation as per mil units (‰), namely, 

as concentration ratios related to the Vienna Standard Mean Ocean 
Water (VSMOW). 

2.1. Study site 

This study was conducted at the Range Research Station 
(36◦3′24.6′ ′N, 97◦11′28.3′ ′W, elevation about 330 m above sea level) of 
Oklahoma State University, located in north-central Oklahoma, USA 
(Fig. 1). Long-term climate data (1997–2016) from the nearby Marena 
weather station (1.9 km away) show a subhumid climate, with an 
average air temperature of 15.63 ± 0.83◦C (mean ± standard deviation; 
all mean values are expressed this way unless otherwise specified) and 
mean annual precipitation of 875 ± 206 mm (see Figs. S1 and S2 in the 
Supplementary materials). 

The terrain is mostly flat, with slopes ranging from 1% to 8%, and the 
soil type is a mosaic of Coyle loam and Stephenville–Darnell complex 
(https://websoilsurvey.sc.egov.usda.gov/). Our analysis showed a 
loamy soil texture for the top 15-cm layer at our site. The grassland is 
dominated by perennial, warm-season (C4) grasses, including little 
bluestem (Schizachyrium scoparium} [Michx.] Nash), big bluestem 
(Andropogon gerardii Vitman), Indiangrass (Sorghastrum nutans [L.] 
Nash), switchgrass (Panicum virgatum L.), and tall dropseed (Sporobolus 
asper [Michx.] Kunth) (Limb et al., 2010). 

2.2. Micro–meteorological measurements 

An eddy covariance (EC) system with a standard suite of biometeo
rological sensors was installed to measure the energy and mass exchange 
between the ground surface and atmosphere (Fig. 1). An integrated CO2 
and H2O open-path gas analyzer and a three-dimensional sonic 
anemometer (EC100, IRGASON, Campbell Scientific Inc., Logan, Utah) 
were mounted 3 m above the ground for high-frequency measurement of 
turbulence fluxes. Low-frequency measurements include net radiation 

Fig. 1. Map of the study site. (a) Location of the study site in Oklahoma; (b) the 
footprint climatology for eddy covariance measurements (reprinted from Sun 
et al., (2019a) with permission); (c) 3-m tower equipped with the eddy 
covariance system and the WS-CRDS analyzer (in the vehicle) for in situ sam
pling of water vapor. 
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(Rn), air temperature (Tair), and relative humidity (hair) at this height. 
The average soil temperature (Tsoil) for the layer above 8 cm was 
measured with an averaging soil thermocouple (TCAV, Campbell Sci
entific Inc., Logan, Utah). Above-canopy precipitation (P) was also 
recorded. Detailed information on the configuration of these measure
ment devices and on data processing are described in Sun et al. (2019a). 

In close proximity to the EC tower, an array of additional biomete
orological sensors were installed on a steel post: a photo-synthetically 
active radiation (PAR) sensor (model QSO-S, Decagon Devices Inc., 
Pullman, WA) for measuring photosynthetic photon flux density (PPFD) 
above the plant canopy (mmol m−2 s−1) at approximately 1.5 m; a pair 
of spectral reflectance sensors (SRS, Decagon Devices Inc., Pullman, 
WA) for measuring the Normalized Difference Vegetation Index (NDVI); 
and a leaf wetness sensor (model LWS, Decagon Devices Inc., Pullman, 
WA), positioned 30 cm above the leaf surface and at an angle of 45◦ to 
the horizontal. Data from these sensors were stored in a datalogger 
(EM50, Decagon Devices Inc., Pullman, WA) with a frequency of 5 min, 
from which 30-min averages were subsequently calculated. In addition, 
the leaf area index (LAI) was recorded with a line ceptometer (AccuPAR 
LP-80, Decagon Devices Inc., Pullman, WA) along three transects under 
direct solar radiation on July 29, 2016. 

2.3. Soil moisture dynamics and soil hydraulic parameters 

Two soil-moisture stations were established within the footprint of 
the EC tower (Fig. 1b) to measure the volumetric soil water content 
(θsoil). Probes (ECH2O EC-5, Decagon, Pullman, WA) were inserted at 
depths of 5, 20, 45, and 80 cm for four depth intervals across the profile: 
0–10 cm, 10–30 cm, 30–60 cm, and 60–100 cm (Fig. 1). For each depth 
interval (i, 1–4), we calculated daily changes in soil water storage (ΔSi =

Δθi × zi, mm day −1), where, for layer i, Δθi is the variation in θ during a 
rain-free day (calculated as the difference between the first and the last 
observation in daily records), and zi is the depth increment (10 cm, 20 
cm, 30 cm, and 40 cm, respectively). 

Close to these soil-moisture stations, soil samples were collected with 
coil from three depth intervals (0–5 cm, 5–10 cm, and 10–15 cm) for 
analysis of soil texture and soil water retention properties, including 

volumetric water content at field capacity (-33 kPa, m3 m−3) and per
manent wilting point (-1500 kPa, m3 m−3). These data were used as 
inputs for the Rosetta pedotransfer function (Schaap et al., 2001) to 
enable estimation of soil hydraulic parameters—such as residual water 
content (θres) and saturation water content (θsat), both measured in m3 

m−3. 

2.4. Isotopic sampling 

During the peak growing season, we carried out two intensive field 
campaigns following precipitation events. Isotopic sampling was done at 
two-day intervals during Campaign 1 (June 4–12, 2016), and at daily 
intervals for Campaign 2 (June 27–30, 2016). Within each day, sampling 
lasted throughout most of the daylight hours and consisted of sampling 
waters of different ecohydrological pools (atmospheric vapor in the 
ecosystem boundary layer, bulk leaf and root xylems of grasses, and 
shallow soil layers) for analysis. The only exceptions were June 4 and 
June 27, when for logistic reasons measurements began at 13:30. 
Additionally, throughout 2016 we collected precipitation samples 
following rainfall events at the campus of Oklahoma State University (11 
km from the study site). 

2.4.1. Sampling of atmospheric water vapor 
To determine the isotopic composition of atmospheric water vapor 

(δV), we employed an in situ high-temporal-resolution (about 0.13 Hz) 
sampling apparatus (Fig. 2). Air samples were continuously drawn off 
through Gelman 1-μm filters (part # 9967-008, LI-COR, Nebraska) at 
three inlets (at heights of 1 m, 2 m, and 3 m on the EC mast). The system 
uses a computer-controlled, multiport rotary valve (EMT2SC10MWE, 
VICI, Houston, Texas) configured to draw an air sample into the 
measuring system from each of the three inlets in turn, while air from the 
other two inlets was pumped out as mixed exhaust via the common 
outlet. This bypass configuration was designed to ensure the "freshness" 
of the air samples from all inlets. A diaphragm pump (part #286-04198, 
LI-COR, Lincoln, Nebraska) was employed to remove the mixed exhaust 
at a flow rate of < 3.5 L min−1. Next, each selected air sample was routed 
to the sampling system for 9 min. During a switch between two heights, 

Fig. 2. Schematic of the field set-up for measuring the isotopic composition of atmospheric water vapor, including an automatic valve for switching among sources of 
water vapor from different heights, a water vapor concentration analyzer used for calibration, and the WS-CRDS analyzer. The three inlets for this sampling system 
are positioned on the eddy covariance mast. 
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air samples from a desiccant column were interposed for 1 min as a 
separation signal to label air samples from different heights. The tem
poral pattern of δV sampling is illustrated in the Supplementary mate
rials (Fig. S3). Thus, each three-level sampling cycle took 30 min, 
corresponding to the 30-min interval of ET data obtained from the EC 
system. 

Each selected air sample was then drawn through a flow control unit 
(LI-670, LI-COR, Lincoln, Nebraska) to an infrared gas analyzer (Li840A, 
LI-COR, Lincoln, Nebraska). The air sample was then split via a three- 
way valve and fed into the water isotope analyzer, an infrared wave
length-scanned cavity ring-down spectrometer (L1102-i, WS-CRDS, 
Picarro Inc., Santa Clara, California), at a rate of < 0.4 L min−1 under 
one standard atmosphere. 

High-density polytetrafluoroethylene (PTFE) tubing (1/8-inch outer 
diameter, 1/16-inch inner diameter) was used for this sampling system, 
because of its minimal memory effect (Sturm and Knohl, 2010) and its 
high thermal stability. To minimize wind distortion for the EC mea
surements, the sampling apparatus was placed about 8 m downwind 
along the prevailing wind direction (Fig. 1). We selected two liquid 
working standards encompassing the ranges of δV : one with a δ2H of 
-7.13 ± 0.75 ‰ and a δ18O of -6.76 ± 0.06 ‰, and the other with a δ2H of 
-213.84 ± 0.48 ‰ and a δ18O of -28.11 ± 0.11 ‰. Each standard was 
used in the field on alternate days, in the late afternoon following δV 
observation, when the WS-CRDS analyzer switched to liquid mode with 
the evaporator turned on. About eight analyses were done per day, and 
only the last 4 results were used for drift correction and quality assur
ance. The purge carrier gas used in calibration was supplied by a 
high-pressure, zero-air gas cylinder. 

The WS-CRDS analyzer measured the mixing ratio (w in mmol 
mol−1) and δV of atmospheric water vapor. We selected the middle 6- 
min data from the 10-min interval for each height because the w 
signal reached stability in two minutes after the switch from one inlet to 
the next (see Figs. S3 and S4 in the Supplementary materials). The w 
values from the WS-CRDS analyzer were crosschecked and calibrated by 
the parallel results of the online gas analyzer (Li840A). The δV data were 
corrected and calibrated in four steps: (1) for each 30-min interval, 
outliers having values two standard deviations or more from mean 
values (accounting for approximately 8.5%) were removed; (2) water 
vapor concentration effects were corrected (Schmidt et al., 2010) based 
on the water mixing ratio dependency for international standards (see 
Supplementary Fig. S5); (3) instrument drift was corrected, and quality 
assurance was achieved, through in-situ analysis of liquid working 
standards at the daily interval; and (4) standardization to the interna
tional VSMOW–Standard Light Antarctic Precipitation (SLAP) scale 
through indoor intensive testing of working and international standards 
before and after the field campaigns. The two working standards were 
intensively analyzed along with VSMOW-GISP (Greenland Ice Sheet 
Precipitation)-SLAP standards in the laboratory, usually with 30–40 
times of analysis for each standard, for water concentration dependency 
analysis and scaling of δV to VSMOW-SLAP standards. The drift was less 
than 5‰ and 0.5‰ for 2H and 18O, respectively, and the analytical 
uncertainty (standard deviation) was less than 1.74 ‰ and 0.17 ‰ for 2H 
and 18O, respectively. 

2.4.2. Sampling of water in surface soil, vegetation, and precipitation 
During the two in situ campaigns, we collected soil and plant samples 

three times each day (morning, noon, and afternoon) for subsequent 
extraction of water via cryogenic vacuum distillation. Using a shovel, we 
collected soil samples from the 0- to 15-cm layer, because for loamy soils 
the effective depth of bare-soil evaporation is usually located within the 
top 15 cm (Wythers et al., 1999). Another study in a temperate grassland 
also found that sampling the shallow soil layer within 15 cm in depth is a 
reasonable approach for δE (Hu et al., 2014). To better capture the δsoil at 
the evaporation front, the upper soil layer (about 3–5 cm in depth), if 
noticeably dehydrated, was excluded from the mixed soil samples taken 

from the 15-cm-depth soil layer. In addition, from areas close to the 
sampled soils, we collected samples (randomly selected) of the dominant 
grasses—upper root crowns and whole leaves from the upper canopy. 
We took samples of the thick, fleshy root crowns because this plant 
tissue is the least variable and best represents isotopic values of a 
well-mixed root water uptake from different depths (Barnard et al., 
2006; Durand et al., 2007). We did not differentiate between grass 
species in our sampling because studies of these species in other grass
lands found no difference in isotopic composition of the plant-root 
xylem water (δX) (Eggemeyer et al., 2009) and no complementary 
water use (Bachmann et al., 2015). 

All soil and plant samples were quickly transferred into gas-tight, 
screw-capped 12-mL glass vials (Fisherbrand, catalog # 14-955-310, 
Pittsburgh, PA), wrapped with Parafilm® M membrane (Bemis Com
pany, Inc., Neenah, WI, USA), and stored in a dark, cool box in the field 
until they could be transferred to a laboratory refrigerator (4 ◦C) to 
await vacuum extraction. Because of the large number of samples and 
the laborious process of cryogenic distillation, we did not collect repli
cates for soil and plant samples. 

2.4.3. Analysis of water samples 
Cryogenic vacuum distillation (Ehleringer et al., 2000; West et al., 

2006) was used to extract water from the plant and soil samples at the 
Stable Isotopes for Biosphere Science Laboratory at Texas A&M Uni
versity. The soil and plant samples were heated under vacuum (< 0.04 
hPa) with water baths maintained at 90◦C–100◦C. The water was 
evaporated from the sample by immersing the bottom of the tube in the 
bath, then condensed in a collection tube with its end immersed in a cold 
trap. The deposited ice sample was melted at room temperature and 
quickly transferred into a 2-mL vial, which was sealed and stored at 4 ◦C 
before isotopic analysis. Any extracted water with a noticeable smell or 
cloudy appearance was filtered through a 0.22-μm filter (catalog # 
09-720-002, Fisherbrand, Fisher Scientific, Pittsburg, PA) before trans
fer. Within two weeks after extraction, isotopic analysis was carried out 
with a mass spectrometry (IRMS) system, consisting of a 
high-temperature reactor (“Temperature Conversion/Elemental 
Analyzer”) coupled on-line to an isotope ratio mass spectrometer (Delta 
VTM IRMS) via a Conflo IV interface (all components from Thermo 
Fisher Scientific, Bremen, Germany). The analyzed results from this 
IRMS system were considered not affected by organic contaminants 
(spectral contamination by organic substances in plants could be a 
serious concern for laser spectrometer analysis (Penna et al., 2018; West 
et al., 2010; West et al., 2011)). Each batch of 30–40 samples was 
calibrated against in-house water standards: SIBS-wA (δ2H = −390.8 ±
1.6 ‰, δ18O = −50.09 ± 0.33 ‰) and SIBS-wP (δ2H = −34.1 ± 1.9 ‰, 
δ18O = −4.60 ± 0.24 ‰) (Adams et al., 2020). Quality control was 
performed using an in-house water standard, SIBS-wU (δ2H = −120.2 ±
1.5 ‰, δ18O = −15.95 ± 0.27 ‰), and the standard deviation for our 
samples was 1.3‰ for 2H and 0.14‰ for 18O. These in-house standards 
were calibrated and scaled to VSMOW-GISP-SLAP standards. 

The precipitation samples were analyzed for isotopic composition 
(δP) by means of the WS-CRDS analyzer in liquid mode. The two in-situ 
working standards used in calibrating the WS-CRDS analyzer during 
field campaigns were verified by the IRMS analyzer for cross-checking 
isotopic measurements of water vapor and precipitation samples ob
tained by laser spectroscopy and those of extracted liquid water ob
tained by mass spectroscopy. 

3. The isotopic two-source mixing model for ET partitioning 

The isotopic approach works on the principle that strong fraction
ation processes are involved in soil evaporation, but usually not in the 
uptake of water by plant roots during transpiration (Bowen et al., 2019; 
Gat, 1996; Yakir and Sternberg, 2000). If evaporation of water inter
cepted by the canopy is not taken into account, the isotopic composi
tions of bulk ET and of its two constituents (i.e., δET, δE, and δET) can be 
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used to estimate T/ET via a simple, two-source linear mixing model: 

T
ET

=
δET − δE

δT − δE
. (1)  

Of the terms in Eq. 1, only δET can be estimated via isotopic sampling of 
atmospheric water vapor (using a field-deployable laser spectrometer, 
such as the WS-CRDS analyzer). The values of δE and δT are usually 
calculated based on isotopic sampling of liquid water extracted from soil 
samples and plant xylem. We obtained daily values of δET and δE based 
on weights carried by the ET flux and the VPD variable, respectively. The 
errors in δET and δE were propagated accordingly. The daily δT value and 
its error were approximated by midday δX and its analysis error, 
respectively. Coupled with daily T/ET analysis (Eq. 1), the bulk ET flux 
measured by EC was used to calculate the individual fluxes of E and T at 
the daily scale as well. 

3.1. δET via the Keeling-plot method 

The value of δET from a terrestrial ecosystem is usually distinct from 
the isotopic composition of the ambient background air (δbg) above. The 
linear mixing of upward ET and background air creates a gradient in δV 
in the turbulent boundary layer (Xiao et al., 2018). This gradient can be 
used to extrapolate δET via the Keeling-plot method, a mass balance 
mixing equation (Keeling, 1958): 

δV = ωbg
(
δbg − δET

) 1
ω + δET, (2)  

where ωbg and ω stand for mixing ratios for the background air and the 
boundary layer, respectively. 

Two assumptions are involved: (1) that the values of ωbg, δbg, and 
δET—namely, the slope parameter in Eq. 2—remain constant during the 
analysis period (Wu et al., 2017); and (2) that water vapor losses come 
only from turbulent mixing between the two source layers, and not from 
other factors (e.g., condensation). In other words, turbulent mixing is 
the only process in the upward transport of water vapor (Quade et al., 
2019; Yakir and Sternberg, 2000). 

To meet the first assumption, we applied the Keeling-plot method at 
hourly intervals (the sample size was about 235 ± 71 points), because 
this method is more robust at shorter time intervals (Good et al., 2012). 
To better meet the second assumption, δV was obtained from three 
heights (see Section 2.4.1) close to the vegetation canopy, where 
disturbance from advection is minimal (Lee et al., 2006; Xiao et al., 
2018). We used the ordinary least squares regression (OLS) method to 
apply the Keeling-plot analysis, which is illustrated in the Supplemen
tary materials (Figs. S6 and S7). 

3.2. δE via the Craig–Gordon model 

We quantified δE with the popular Craig–Gordon model, which takes 
into account both equilibrium fractionation (αeq) at the liquid–vapor 
interface and kinetic fractionation (αk) along the laminar diffusion layer 
below the "free" atmosphere (Craig and Gordon, 1965; Dubbert et al., 
2013; Horita et al., 2008). The Craig–Gordon equation is: 

δE =

δSe
αeq

− hδa − εk − εeq

1 − h + εk
, (3)  

where δSe is the isotopic composition of liquid soil water at the evapo
ration front (approximated by δsoil of the upper 15-cm depth interval in 
this study), and δa is the isotopic value of the free atmospheric water 
vapor, approximated by δV measured by the WS-CRDS analyzer at 1 m. 

3.2.1. Equilibrium fractionation at the liquid–vapor interface 
The value of αeq (> 1) at the liquid–vapor interface was calculated as 

a function of soil temperature (T′

soil in K) at the evaporation front (Cappa 

et al., 2003; Majoube, 1971), as follows: 

for 2H, 103lnαeq = 24.844
(

106

T ’
soil

2

)

− 76.248
(

103

T ’
soil

)

+ 52.612, (4a)  

for 18O, 103lnαeq = 1.137
(

106

T ’
soil

2

)

− 0.4156
(

103

T ’
soil

)

+ 2.0667. (4b)  

These robust empirical relationships (Eqs. 4a and 4b) are still widely 
used after almost five decades (Horita et al., 2008; Soderberg et al., 
2012; Xiao et al., 2018). The deviation of αeq from unity, εeq, can be 
defined as εeq = (αeq −1) × 103 ‰. 

3.2.2. Kinetic fractionation within the diffusion layer 
As the only parameter in Eq. 3 that is not obtainable from field 

measurement, εk—the deviation of αk from unity—can be calculated as 
follows (Craig, 1961; Horita et al., 2008): 

εk = (1 − h)
rM

r

[

1 −

(
Di

D

)n]

. (5)  

We assumed the "weighting term" (rM
r ) in Eq. 5 as unity because the at

mospheric boundary layer was not strongly perturbed by the soil 
evaporation efflux. The dominating factor for variability in εk is relative 
humidity (h), which was normalized to the soil temperature (Tsoil in ◦C) 
at the evaporation front (Craig and Gordon, 1965; Horita et al., 2008; 
Soderberg et al., 2012) using the empirical Tetens equation (Buck, 1981; 
Tetens, 1930), as follows: 

h = hair exp
(

17.502 Tair

240.97 + Tair
−

17.502 Tsoil

240.97 + Tsoil

)

, (6)  

where hair is the relative humidity of the ambient air, and Tair is the 
ambient air temperature (◦C). Both variables were obtained from the EC 
system (section 2.2). 

The diffusivity ratio of water isotopologues (Di
D in Eq. 5) along the 

laminar layer above the interface is 0.9755 for 2H and 0.9723 for 18O 
(Merlivat, 1978). This ratio can be reduced when the turbulent mixing 
layer above the laminar layer interacts strongly with the evaporation 
surface (Soderberg et al., 2012). The aerodynamic parameter n in Eq. 5 
incorporates the development of laminar flow as volumetric soil water 
content (θ) changes (Braud et al., 2005a; Braud et al., 2005b; Good et al., 
2012; Mathieu and Bariac, 1996), as follows: 

n =
0.5 (θsoil − θres) + (θsat − θsoil)

θsat − θres
, (7)  

where θsoil, θres, and θsat are, respectively, the observed, residual, and 
saturated values of θ at the evaporation front. We obtained θres and θsat 
from soil water retention properties analysis (Section 2.3) based on two 
sampled 15-cm soil columns. We approximated θsoil from the soil water 
content of the 0- to 10- cm depth interval (average of measured values 
from the two moisture stations). Here and elsewhere in this paper, δ, εeq, 
and εk are applicable to both 2H and 18O unless otherwise specified. 

3.3. δT under the isotopic steady–state assumption 

Under the isotopic steady-state (ISS) assumption, the isotopic 
composition of water transpired via leaf stomata equals that of xylem 
sap entering the leaf, which can be approximated with δX. Because no 
isotopic fractionation occurs during root water uptake and upward 
movement of water to the leaves (Brunel et al., 1997; Wang and Yakir, 
2000), we were able to use δX to approximate daily δT in the early af
ternoon (13:00–15:00)—when, with the stomata fully open, the ISS 
assumption can be met (Sutanto et al., 2014). Although the isotopic 
non-steady-state condition could be more accurate for sub-daily analysis 
in a highly variable environment or for plants with long leaf-water 
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turnover times (Lai et al., 2006; Yepez et al., 2005), ISS can be used to 
approximate integrated daily δT (Dubbert et al., 2014; Lai et al., 2006; 
Wang et al., 2015)—especially for grasses, in which leaf-water turnover 
time is short (Yakir and Sternberg, 2000). 

3.4. Uncertainty in evapotranspiration partitioning 

According to Eq. 1, the uncertainty in daily T/ET results is derived 
from uncertainties in δE, δT, and δET. Because all three of these values 
were measured independently, the variance of T/ET (σ2

T/ET) can be 
calculated as follows (Phillips and Gregg, 2001): 

σ2
T/ET =

1
(δT − δE)

2

[

σ2
δET

+

(
T

ET

)2

σ2
δT

+

(

1 −
T

ET

)2

σ2
δE

]

, (8)  

where δE and δT are daily mean values, and σ2
δET

, σ2
δE

, and σ2
δT 

are the daily 
variances of δET , δE, and δT, respectively. According to Eq. 8, σ2

T/ET is not 
only inversely proportional to the difference between δT and δE, but is 
also proportional to σ2

δET
, σ2

δE
, and σ2

δT
, and these three variables depend 

on the analytical precision of the isotopic analyzer and/or the errors 
involved in the sampling and vacuum distillation procedures (Rothfuss 
and Javaux, 2017). Since only one xylem sample, taken at midday, was 
used for daily δT estimation, the standard error for δT was approximated 
by using the standard deviation of the sample analysis. In accordance 
with Eq. 3, we propagated measurement uncertainties in δSe and δa to 
σδE . Given the lack of replication in field sampling, this study did not take 
into account the uncertainty related to spatial heterogeneity; in addi
tion, our discrete sampling protocol did not allow for diurnal temporal 
dynamics in δE and δT. For this reason, our uncertainty analysis likely 
underestimates σT/ET . 

4. Results 

4.1. Site environmental conditions 

The year 2016 witnessed high variable atmospheric processes (Fig. 
S2) and a relatively low annual precipitation of 721 mm (18% lower 
than the long-term mean). June precipitation in 2016, at 47 mm, was the 
lowest recorded during the past 20 years (Fig. S3). The LAI measured on 
July 29, 2016 ranged between 3.75 and 5.40 m2 m−2. The daily mean 
NDVI values were consistently high during the two field campaigns, 
ranging between 0.62 and 0.64. Short-term weather and soil moisture 
conditions during the field campaigns were mostly controlled by pre
cipitation and solar radiation (Fig. 3). 

4.1.1. Weather conditions and atmospheric processes 
Very little rainfall (< 0.25 mm day−1) occurred during the two field 

campaigns. Measured rainfall prior to Campaign 1 (between May 29 and 
June 3) was 25 mm; and prior to Campaign 2, a single event (on June 26) 
was 13 mm (Fig. 3a). These precipitation pulses induced an instant 
response and high variations in the leaf wetness ratio (LWR, the duration 
time of leaf wetness as a percentage of a 24-hour period) (Fig. 3b). 
During our sampling days, except for June 30, leaf wetness (caused by 
dew or minor night precipitation) was mostly observed during predawn 
and early morning hours (usually before 09:00). No leaf wetness was 
noted during our in-situ observations. For this reason, we did not 
consider evaporation from canopy interception (I) as a factor in our T/ 
ET analysis. 

The values of Rn and PPFD were consistently high during Campaign 1 
but showed substantial day-to-day variations during Campaign 
2—especially the low Rn reading on June 27 (Fig. 3c). The air temper
ature (Tair, at 3 m) and the surface soil temperature (Tsoil, in the top 8 
cm), both heated by solar radiation, showed similar trends—with Tsoil 

Fig. 3. In situ environmental conditions 
observed from late May to late June 2016. 
Except for P and LWR, which were calculated at 
24-hour intervals, each point represents the 
daytime mean value between 09:00 and 19:00 
for the corresponding variable. Values for net 
radiation (Rn), air temperature (Tair), wind 
speed (mean value u and maximum value umax), 
atmospheric water content (relative humidity 
hair and vapor pressure deficit VPD) were ob
tained from eddy covariance measurements at 3 
m. Variables related to soil processes include 
soil temperature within the top 8-cm layer 
(Tsoil) and volumetric soil water content (θ) at 
various depths. The red-shaded areas represent 
the two field campaigns.   

X. Sun et al.                                                                                                                                                                                                                                      



Agricultural and Forest Meteorology 301–302 (2021) 108321

7

averaging 2.50 ± 1.38◦C lower than Tair (Fig. 3d), owing to the shading 
effect of the vegetation canopy (demonstrated by high values of LAI and 
NDVI). Wind speed was low on June 8 and June 27 and was particularly 
stagnant on the latter date with a mean maximum speed of 3.72 m day−1 

(Fig. 3e). During Campaign 1, the clear weather with high solar radia
tion resulted in relatively stable day-to-day hair and VPD (Fig. 3f). In 
contrast, precipitation on June 27 and June 30, accompanied by low 
solar radiation, brought about high hair and low VPD (especially on June 
27). 

4.1.2. Soil moisture dynamics 
There were substantial differences in soil water availability across 

the profile between our two field campaigns. The soil profile was 
considerably drier during Campaign 2 than during Campaign 1, owing to 
the high ET flux during June (122 mm) driven by the record low pre
cipitation and intense solar radiation (Figs. 3g and 4). Measurements 
from both campaigns showed that the dynamics of θsoil 5cm were 
exceptionally responsive to rainfall pulses. For example, the rainfall 
events that preceded each campaign rapidly and remarkably replenished 
antecedent θsoil 5cm, but to a lesser extent for Campaign 2. Further, 
during both campaigns θsoil 5cm showed dramatic variations, indicating 
rapid depletion of soil moisture in this shallow surface layer. For 
example, the daily mean value of θsoil 5cm fell from 0.31 m3 m-3 on June 4 
to 0.20 m3 m-3 on June 12. For the deeper soil layers, over the course of 
each campaign the daily variation in θsoil diminished progressively with 
depth as drying proceeded. This pattern was consistent for these layers 
(θsoil 20cm, θsoil 45cm, θsoil 80cm). Since the same steady decrease of 
θsoil 20cm, θsoil 45cm, and θsoil 80cm would have taken place during the in
terval between the two campaigns, the θsoil profile for Campaign 2 
showed a noticeable divergence from that of Campaign 1 (Fig. 4). 

4.2. Stable isotopes as tracers 

The depletion of heavier isotopes (2H and 18O) in the meteoric 
components of ecohydrological processes (δP and δV) and the enrich
ment of heavier isotopes in the evaporative components (δsoil and δleaf ) 
are illustrated in a dual-isotope plot (Fig. 5). The values of δ2H and δ18O 
are highly correlated (p-value < 0.001) for waters in all these ecohy
drological pools. The slope for δP, as observed throughout 2016, was 
lower than those for the long-term local meteoric water line (LMWL) and 

the global meteoric water line (GMWL), which may be attributable to 
strong below-cloud re-evaporation in this relatively dry year. The values 
of δP showed high storm-to-storm variability during May and June, 
possibly coinciding with shifts in moisture sources and storm 
trajectories. 

The fact that δV (measured within 3 m above the ground) was more 
negative than δP is evidence of isotopic fractionation during the evap
orative phase change from liquid to vapor. Because the surface soil layer 
was strongly recharged by precipitation, the distributions of δP and δsoil 
lie close to each other in the dual-isotope space. But the enrichment of 
the evaporative component caused δsoil to lie on the right side of δP. This 
soil evaporative fractionation is especially remarkable for δ18O, because 
kinetic fractionation is greater for δ18O than for δ2H (Marshall et al., 
2007). Because of the absence of fractionation during most root water 
uptake (Ehleringer and Dawson, 1992), the distributions of δsoil and δX 
are indistinguishable—and for this reason inter-comparison between 
δsoil and δX is often used to infer depths of root water uptake (Rothfuss 
and Javaux, 2017). The overlapping of δX and δsoil suggests that shallow 
soil moisture is a major source of the water used by plants in this 
grassland. The strong evaporative enrichment within the leaf stomata is 
the reason for the considerably heavier isotopic composition of bulk leaf 
water (δleaf ), and the associated strong kinetic fractionation caused the 
regression slope for δleaf to deviate, becoming substantially lower than 
that for LMWL and δP. 

The isotopic depletion of atmospheric water vapor and the isotopic 
enrichment of the evaporative components were further revealed by 
obtained data series at the diurnal and daily temporal scales (Fig. 6). At 
the daily interval, δV gradually became less negative as each campaign 
progressed, indicating the increasing contribution of heavier δT. An 
exception was noted on June 12—a lighter δV with a noticeable diurnal 
variation. This exception might have been due to a transition in the 
weather system caused by advection of a different air mass (Fig. 3, c and 
d). 

4.3. Isotopic partitioning of ET 

4.3.1. Determination of δET 
The effectiveness of Keeling-plot regression was low for both iso

topes, especially for δ18O in Campaign 2. The coefficient of determina
tion (R2

keeling) between high-frequency δV and 1/ω was 0.48 ± 0.30 for 
δ2H and 0.27 ± 0.22 for δ18O during Campaign 1, and was 0.35 ± 0.30 
for δ2H and 0.08 ± 0.13 for δ18O during Campaign 2 (Fig. 7). The raw 
data of δV obtained from the WS-CRDS analyzer and the hourly regres
sion results are illustrated in the Supplementary materials (Figs. S6 and 
S7). The lowest R2

keeling values were seen on June 27 (0.05 ± 0.07 for δ2H 

and 0.03 ± 0.03 for δ18O). The average value of R2
keeling was significantly 

higher for δ2H than for δ18O during both campaigns (one-tailed paired- 
sample t-test, p-value < 0.001). The percentage of significant regression 
(p-value from the F test ≤ 0.05) was usually high (> 80%), except for 
δ18O in Campaign 2 (56.7%). 

The effectiveness of Keeling-plot regression for δ2H was more 
explainable than for δ18O by variations in both δV and ω. Based on 
Spearman’s rank correlation analysis, the correlation between R2

keeling 2H 

and the standard deviation (SD) of δV 2H was strongly positive (R = 0.73, 
p-value ≤ 0.001), and the correlation between R2

keeling 2H and the SD of ω 
was moderately positive (R = 0.56, p-value ≤ 0.001). In contrast, the 
correlation between R2

keeling 18O and the SD of δV 18O was only weakly 
positive (R = 0.27, p-value ≤ 0.05) and that between R2

keeling 18O and ω 
was strongly negative (R = -0.62, p-value ≤ 0.001). 

We filtered hourly δET solely based on δ2H (p-value threshold from 
the F test ≤ 0.05 and R2

keeling 2H > 0.40), and we removed suspicious 
outliers showing unusually high δET values (n = 4). After filtering, 57.1% 

Fig. 4. Temporal variations in the water content (θsoil) profile over the two 
campaigns. The dots and solid lines are daily means, and error bars represent 
one standard deviation. 
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and 46.7% of raw δET data were retained for Campaigns 1 and 2, 
respectively. Note that this filtering removed all raw δET data for June 
27, when weather conditions were static, cloudy, and humid; thus, no 
data for that date were included in the ET partitioning analysis. The 
mean values of filtered hourly δET across the two campaigns were -42.3 
± 13.1 ‰ for δ2H and -8.11 ± 3.00 ‰ for δ18O (Fig. 8 and Table 1). The 
standard errors inherited from the linear regression were 1.72 ± 0.84 ‰ 
and 0.66 ± 0.39 ‰ for δ2H and δ18O, respectively. 

4.3.2. Determination of δE and δT 
The proportions of the two fractionation factors (εeq vs εk) in the 

Craig–Gordon model (Eq. 3) were different for the two isotopes (Fig. 9). 
For δ2H, the values of εeq and εk differed by nearly one order of 
magnitude, whereas for δ18O they were comparable and thus closely 
approached the 1:1 line. Diurnal patterns were characterized by higher 
εeq in the morning due to low soil temperature (Eq. 4a and 4b), and by 
higher εk (especially for δ18O) during noontime and afternoon due to low 
relative humidity (and high VPD). The mean values of δE across the two 
field campaigns were -157 ± 49.6 ‰ for δ2H, and -30.9 ± 4.15 ‰ for 
δ18O (Fig. 8 and Table 1). The errors in δE—propagated only from 
analysis uncertainty—were 0.82 ± 0.45 ‰ for δ2H and 0.16 ± 0.08 ‰ 
for δ18O. 

The daily δT values derived from δX based on the ISS assumption 
were relatively stable during the two campaigns (Fig. 8 and Table 1). 
The mean values of δT were -27.1 ± 6.23 ‰ for δ2H and -2.79 ± 0.82 ‰ 
for δ18O. The errors in δT, propagated only from analysis uncertainty, 
were 0.89 ± 0.27 ‰ for δ2H and 0.11 ± 0.08 ‰ for δ18O. We 

acknowledge that errors in δE and δT are likely underestimated in our 
study due to no replicates in field sampling and dynamic variations in 
the evaporation front across the profile. 

4.3.3. Dealing with uncertainties involved in isotopic ET partitioning 
As expected from the two-source mixing model (Eq. 1), δET largely 

varied between the isotopically light δE and the heavier δT at diurnal 
(Fig. 8) and daily scales (Table 1). Over the course of each campaign, 
daily δET values gradually approached those of δT while progressively 
deviating from δE—indicating the increasing dominance of plant 
transpiration. 

For partitioning of ET at the daily interval, we used δ2H rather than 
δ18O. We obtained a mean daily T/ET value (range) of 0.84 ± 0.05 (from 
0.66 to 0.99) during Campaign 1, and of 0.92 ± 0.06 (from 0.86 to 0.98) 
during Campaign 2. The associated uncertainty levels were 0.12 ± 0.02 
and 0.10 ± 0.02 for Campaigns 1 and 2, respectively (Fig. 10). The fact 
that the mean error value for daily δET was 1.12 ± 0.69—vs. 0.07 ± 0.07, 
and 0.77 ± 0.22, for δE and δT, respectively—shows that the error in 
daily δET is the major source of uncertainty in T/ET results. 

The actual fluxes of E and T exhibited greater variations in Campaign 
1 than in Campaign 2 (Fig. 11). During Campaign 1, mean daily ET was 
4.62 ± 0.04 mm day−1, vs. 3.98 ± 0.07 mm day−1 during Campaign 2. 
Within nine days following the precipitation event of June 3, daily T 
increased to above 4 mm day−1, and by the end of Campaign 1 daily E 
had dropped below 0.20 mm day−1. Following the relatively small 
rainfall events just before Campaign 2, the daily T fell below 4 mm day−1 

and decreased steadily, while the daily E flux dropped to a negligible 
level at the end of Campaign 2. The uncertainty level was the same for 

Fig. 5. Dual-isotope plot of water from various 
ecohydrological pools (upper 15-cm soil layer, 
plant leaves, root xylem, and near-ground at
mospheric vapor during the two campaigns; 
and rainfall throughout 2016). The plot also 
includes two meteoric lines: the gray dots 
represent the Local Meteoric Water Line 
(LMWL, δ2H = 7.32 δ18O + 9.5), from a long- 
term observation in Norman, OK (Jaeschke 
et al., 2011); and the solid gray line represents 
the Global Meteoric Water Line (GMWL, δ2H =
8.20 δ18O + 11.3) (Rozanski et al., 2013).   
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Fig. 6. Time series of the isotopic composition of sampled water in various ecohydrological pools during the two field campaigns. These pools include atmospheric 
water vapor (δV) measured at the three heights, liquid water in the surface soil layer (δsoil), plant xylem water (δX), and bulk leaf water (δleaf ). 

Fig. 7. The coefficient of determination for the Keeling-plot regression analysis (R2
keeling) during the two campaigns.  
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daily E and T fluxes, and was 0.49 ± 0.13 mm day−1 on average. 

4.4. Response of ET partitioning during two drying-up episodes 

The variability in daily T/ET was initially driven by an intense drying 
process of shallow soil water shortly after precipitation, and thereafter 
was more controlled by micro-meteorological processes. Isotopic anal
ysis based on δ2H showed a dramatic increase in daily T /ET during 
Campaign 1—from 0.66 ± 0.11 to 0.99 ± 0.11—within five days 
following precipitation events (Fig. 10). We were unable to observe a 
similar pattern in daily T/ET during the early part of Campaign 2, 
because δET was unavailable (owing to the low effectiveness of Keeling- 
plot regression for June 27). Once the shallow soil moisture had dried 
up, atmospheric processes became stronger influences on day-to-day 
variations in T/ET. For example, daily T/ET decreased on both June 
10 and June 29, coincident with the highest Tair level for Campaign 1 

and the highest VPD level for Campaign 2, respectively. 
As shown in Fig. 11, the distinct temporal patterns of soil evapora

tion and plant transpiration caused variations in reduction of soil water 
storage throughout the profile. At the beginning of each campaign, soil 
water availability in the shallow layers was moderately high but 
decreased quickly as a result of the high E flux, especially for the top 10- 
cm layer (Fig. 4). This surface layer was the dominant source of E during 
the first half of Campaign 1 and most of Campaign 2. Then, as Δθsoil for 
the top 10-cm layer gradually decreased and daily E dropped, T gradu
ally increased, fed by soil moisture from the deeper layers. In particular, 
the reduction of θsoil from the bottom layer (60–100 cm) was small and 
intermittent during Campaign 1 but became a major factor by the end of 
Campaign 2. This trend of reduction of moisture from the deeper levels 
from one campaign to the next accounted for a divergence in the pattern 
of soil moisture profiles between the two campaigns (Fig. 4). 

Fig. 8. Diurnal and daily dynamics of δET , δE, and δT during the two field campaigns. Each error bar represents the standard deviation for its associated value.  

Table 1 
Mean ± standard deviation for daily δET , δE, and δT during the two campaigns.  

Campaign Date 2H 18O 

δET δE δT δET δE δT 

1 

June 4 -50.6 ± 0.76 -106 ± 0.61 -22.6 ± 0.72 -7.65 ± 0.19 -26.7 ± 0.07 -2.97 ± 0.14 
June 6 -48.6 ± 0.85 -117 ± 0.57 -23.1 ± 1.41 -8.26 ± 0.24 -28.0 ± 0.06 -2.40 ± 0.04 
June 8 -35.7 ± 0.58 -144 ± 0.34 -34.2 ± 1.10 -5.80 ± 0.22 -29.1 ± 0.07 -3.45 ± 0.08 
June 10 -37.9 ± 1.14 -160 ± 0.26 -18.9 ± 0.54 -8.54 ± 0.61 -30.8 ± 0.11 -2.27 ± 0.03 
June 12 -30.2 ± 2.56 -135 ± 0.59 -26.3 ± 0.77 -5.48 ± 0.97 -27.8 ± 0.11 -2.89 ± 0.08 

2 
June 28 -48.3 ± 1.69 -176 ± 1.13 -37.9 ± 0.83 -12.4 ± 0.94 -32.8 ± 0.20 -4.34 ± 0.07 
June 29 -45.8 ± 0.64 -160 ± 0.43 -27.2 ± 0.94 -8.95 ± 0.22 -34.8 ± 0.09 -1.72 ± 0.25 
June 30 -30.9 ± 0.74 -207 ± 0.83 -26.9 ± 0.82 -9.45 ± 0.33 -38.7 ± 0.17 -2.31 ± 0.20 

Values are expressed as mean ± one standard deviation. 
The uncertainty level for δET was derived from the standard error of the OLS regression, and uncertainties in δE and δT were propagated mainly from the analysis error. 
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5. Discussion 

5.1. Analysis of uncertainties in the isotopic two-source mixing model 

Accurate partitioning of ET depends on clearly distinguishing 

between the values δE and δT on the one hand, and accurately quanti
fying δET, δE, and δT on the other hand (Eq. 8). Because the partitioning 
result is especially sensitive to δET, accurate quantification of this vari
able is important—but remains a key challenge (Good et al., 2014; Hu 
et al., 2014; Marshall et al., 2007; Sutanto et al., 2014; Wang and Yakir, 
2000). 

The level of error in estimation of δET is the biggest source of un
certainty in our study. The Keeling-plot method optimally applies to 
sites characterized by substantial temporal variations in δV brought 
about exclusively by a strong ET flux during a short period (Hu et al., 
2014). But such conditions rarely exist in natural environments (Lee 
et al., 2006). The relatively low effectiveness shown in our Keeling-plot 
regression, especially for δ18O, signified that the correlation between δV 
and the reciprocal of the molar mixing ratio of water vapor (1/ω) was 
relatively weak. A similar case was reported for a rice paddy field, where 
only 24% of the hourly δET 2H data met the filtering standards, namely, a 
sufficient sample size (N > 40) and a sufficiently high coefficient of 
determination (R2

keeling > 0.8) (Wei et al., 2015). One reason for the low 
regression effectiveness could be the existence of highly variable in situ 
micro-meteorological conditions; for example, advection (Lee et al., 
2006) and entrainment (Lee et al., 2012) can be major causes of varia
tions in δV at hourly to daily scales. Another reason for this low effec
tiveness might be that the δET values are not clearly distinguishable from 
the isotopic composition of the background atmosphere (δbg), resulting 
in a less noticeable gradient in δV among the three measurement heights 
(Fig. 6). Because June 27 was characterized by cloudy, stagnant, humid 
weather and a decreased ET, such a small vertical gradient in δV could 

Fig. 9. Equilibrium fractionation factor εeq (‰) versus kinetic fractionation factor εk (‰) for δ2H and δ18O. The confidence level for the ellipses is 0.8. Data for June 
27 were not included. Because of the small data size, ellipses were not drawn for Campaign 2. 

Fig. 10. Temporal variations in T/ET at the daily interval. Each error bar 
represents the daily standard deviation of T/ET for each sampling day. 
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appear essentially negligible; thus, no satisfactory δET results were ob
tained for that day. 

In parallel to the uncertainties in estimating δET, there are un
certainties involved in the quantification of δE and δT . For the 
Craig–Gordon model (Eq. 3), identification of the evaporation front is 
essential for accurate measurement of δSe, Tsoil, and h (Dubbert et al., 
2013; Xiao et al., 2018). Substituting δsoil of the bulk surface soil layer for 
δSe could introduce large uncertainties into the estimation of δE, owing to 
the high temporal and spatial variability in the isotopic composition of 
soil water (Oerter and Bowen, 2019; Sprenger et al., 2017). For example, 
in a tallgrass prairie pasture, noticeable variations in δsoil were observed 
in the top 20 cm of soil (Riley et al., 2003). 

The use of laser spectroscopy for direct, continuous, and non- 
destructive sampling of pore water (liquid or vapor) in the vadose 
zone (Gaj et al., 2016; Oerter et al., 2017; Rothfuss et al., 2013; Sprenger 
et al., 2015; Volkmann and Weiler, 2014) is a promising technique for 
locating the evaporation front (Soderberg et al., 2012) or for direct 
quantification of δE with high temporal and spatial resolution. Although 
plant transpiration may violate the ISS assumption in mornings and 
evenings (Farquhar and Cernusak, 2005; Welp et al., 2008; Yepez et al., 
2005), assuming ISS conditions are met during the midday hours, 
deriving δT directly from measured δX is a widely adopted practice (Wen 
et al., 2016; Williams et al., 2004; Yepez et al., 2003; Zhang et al., 2018). 

5.2. Selection of an isotope for T/ET analysis (δ2H vs δ18O) 

We selected δ2H for T/ET partitioning because of its higher effec
tiveness in Keeling-plot regressions of high-temporal-resolution δV data 

and its greater values of equilibrium fractionation involved in evapo
ration. The higher effectiveness we found for δ2H vs. δ18O in Keeling-plot 
regressions is consistent with the findings of previous, related in
vestigations (Aouade et al., 2016; Xu et al., 2008). One reason might be 
that greater variability in the hydrogen-related isotopologues was 
responsible for the more significant and stronger relationship between 
R2

keeling and variations in δV 2H. The poorer effectiveness of δ18O in 
Keeling-plot regressions was particularly evident during Campaign 2, 
when conditions were more humid and R2

keeling was observed to be 
inversely proportional to ω (possibly because εk 18O declines under high 
humidity, resulting in smaller gradients in δV 18O during vapor diffu
sion). In other words, the robustness of the Keeling-plot regression based 
on δ18O is jeopardized under humid conditions. The second reason for 
the higher effectiveness of δ2H might be its lower error level with respect 
to dependence on water vapor concentrations for the WS-CRDS 
analyzer, especially when ω is either extremely low or extremely high 
(Sprenger et al., 2015; Wen et al., 2012). The third reason for choosing 
δ2H was related to the different sensitivities of δ2H and δ18O to equi
librium and kinetic fractionation processes (Risi et al., 2010): the value 
of εeq was dramatically higher for δ2H than for δ18O—thus, δ2H could 
yield a lower δE and a pronounced distinction between δE and δT . This 
pronounced distinction could greatly constrain the uncertainties 
involved in T/ET analysis (Eq. 8). For example, the uncertainty levels for 
δ2H and δ18O in our T/ET results were comparable even though the 
errors involved in δET , δE, and δT were higher for δ2H than for δ18O. 

Fig. 11. Variations in daily fluxes of E and T as shown by partitioning based on δ2H, and associated variations in volumetric soil water content (Δθsoil) at different 
depths. Error bars for E and T represent one standard deviation. Percentages shown for the Δθsoil bars represent the water storage change of each layer as a percentage 
of the total soil column. Note that the Δθsoil bar for June 30 is derived only from measurements prior to a precipitation event at 17:00 that day. 
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5.3. Pattern of ET partitioning during wetting–drying episodes 

A decrease–increase in the T/ET pattern is often observed during the 
wetting–drying episodes associated with water inputs. For example, a study 
in an olive plantation revealed that T/ET was 100% during the preceding dry 
periods but dropped to 0.69–0.85 at midday following precipitation events 
(Williams et al., 2004). Another study, of a semiarid winter wheat cropland, 
found that average T/ET was 0.80 when the soils were dry and dropped to 
0.69 three days after precipitation (Aouade et al., 2016). This transient effect 
of rainfall events on ET partitioning—i.e., suppression of T and enhancement 
of E—were also observed in a cornfield in the immediate aftermath of rainfall 
events (up to several days) (Scanlon and Kustas, 2010). During Campaign 1 
of our study, the transient decrease in T/ET was followed by an increase, 
from 0.66 to 0.99, during the five-day drying periods. A similar trend was 
also observed in a semiarid grassland in southeastern Arizona, USA, where 
mean daily T/ET increased during three days of drying following a 39-mm 
irrigation event, from 0.35 to 0.43 (Yepez et al., 2005). Overall short-term 
T/ET results for our study (which ranged from 0.84 to 0.92 for our two 
campaigns) were consistent with those of other pertinent studies. For 
example, a six-day study in a temperate grassland reported an average T /ET 
of 0.83 (Hu et al., 2014). In grassland ecosystems having a dense canopy, 
daily T/ET can increase to a maximum value of 0.9 (LAI > 3 m2 m−2) 
(Hu et al., 2009). 

5.4. Soil water availability and root water uptake 

In the mesic tallgrass prairie, most of the soil evaporation comes from 
water storage in shallow (10–20 cm depth) soils (Marshall et al., 2007), 
while the roots of the majority of C4 grasses—which are highly functional 
in water uptake and leaf transpiration—are distributed throughout the 
1-m depth (Nippert et al., 2012). Though our mere observation of changes 
in water storage across the profile could not discriminate between water 
losses from E and those from T, the similarities in isotopic composition of 
plant xylem water and soil water in the 15-cm-depth layer, as well as the 
great variability in shallow soil water storage, are evidence that the 
shallow soil layers (especially the top 10 cm, until depletion) were the 
major sources for both E and T. As shallow soil moisture became depleted, 
root uptake gradually shifted to deeper soil layers (as deep as 1 m) to 
supply plant transpiration. A study in an irrigated winter wheat cropland 
found a similar deepening trend in root water uptake (Yang et al., 2018). 

The mechanisms involved in root water uptake reflect the plant’s 
survival strategy (Wang et al., 2018). Because of methodological limi
tations, our study was not able to fully describe the dynamics and 
mechanisms of root water uptake across the profile in response to 
changes in water availability—which would require high-resolution 
probing of stable water isotopes in soil and transpiration water using 
laser spectroscopy (Sprenger et al., 2015; Volkmann et al., 2016). Our 
short-term results were able to identify a certain flexibility in root water 
uptake; but given that the timescales at which vegetation is observa
tionally affected by drought in semiarid and subhumid biomes are 
relatively long (Vicente-Serrano et al., 2013), longer-term investigations 
of ET partitioning and vegetation responses will be needed to assess the 
sustainability of the tallgrass prairie under climate change—especially 
with the predicted decreases in soil water availability (Knapp et al., 
2002; Sala et al., 2015) due to precipitation changes and drier summers 
(Raz-Yaseef et al., 2015). 

6. Conclusions 

Evapotranspiration involves complex biophysical mechanisms that 
drive energy and mass exchanges between the land surface and atmo
sphere. The partitioning of ET is critical for elucidating these complex 
mechanisms, and it is also essential for assessing plant water use effi
ciency, which enables monitoring of ecosystem functioning and of 
ecosystem hydrologic response to climate change and land cover 
change. We carried out an isotopic ET partitioning study on a mesic 

grassland in tallgrass prairie, during two dynamic wetting–drying epi
sodes. We employed an isotopic two-source mixing model, for which (1) 
δET was obtained by applying the Keeling-plot regression to high- 
frequency isotopic measurements of water vapor acquired by a field- 
deployable laser spectrometer; (2) δE was calculated by applying the 
Craig–Gordon model; and (3) δT was estimated under the isotopic 
steady-state assumption. 

We found the effectiveness of the Keeling-plot regressions to be low, 
but this low effectiveness was explainable (more so for δ2H than for 
δ18O) by variations in both the molar mixing ratio and the isotopic 
composition of atmospheric water vapor. For δE, the equilibrium frac
tionation process was dramatically stronger for δ2H than for δ18O, 
resulting in greater differences between mean values of δE and δT. For 
these reasons, we selected δ2H for the two-source mixing model. During 
Campaign 1, we observed a dramatic increase in daily T/ET (from 0.66 
to 0.99) within five days of drying following precipitation, but a similar 
pattern was not observed during Campaign 2—probably because the 
initial quantification of δET was poor. The mean values of daily T/ET 
were 0.84 ± 0.05 and 0.92 ± 0.06 for Campaigns 1 and 2, respectively. 
The difference is possibly attributable to the dissimilar soil water 
availability across the profile. Although our two short field campaigns in 
tallgrass prairie provide insights into the dynamics of ET partitioning 
following precipitation, as well as root water uptake within the 1-m 
depth, a more in-depth understanding of the interplay between soil 
water availability and ET partitioning will require further investigations. 
Longer-term studies—including isotopic sampling of soil water vapor 
and plant water with high temporal resolution—are needed to serve as a 
foundation for sustainable management of the endangered tallgrass 
prairie and its ecosystem services under current and predicted envi
ronmental conditions. 
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