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Abstract

1. Successful use of stable isotopes (5°H and §'®0) in ecohydrological studies re-

lies on the accurate extraction of unfractionated water from different types of
soil samples. Cryogenic vacuum distillation (CVD) is a common laboratory-based
technique used for soil water extraction; however, the reliability of this technique

in reflecting soil water 82H and 880 is still of concern.

. This study examines the reliability of a newly developed automatic cryogenic vac-

uum distillation (ACVD) system. We further assessed the impacts of extraction
parameters (i.e. extraction time, temperature and vacuum) and soil properties on
the recovery of soil water §°H and 880 for the ACVD and traditional cryogenic
vacuum distillation (TCVD) systems. Finally, we investigated the potential influ-
ence of CVD (ACVD and TCVD) technique on the prediction of plant water up-

take through a sensitivity analysis.

. Both ACVD and TCVD similarly extracted water from the rewetted soils, but

none of the CVD systems successfully recovered the isotopic signatures of
doped water from soil materials. Mean §2H offsets of extracted soil water were
-2.6+1.3%0 and —2.4 + 1.7%o for ACVD and TCVD, respectively, while mean 520
offsets were -0.16 +0.14%o and -0.39 +0.37%o.. The isotopic offsets of CVD sys-
tems were positively correlated with soil clay content, and negatively correlated
with soil water content. Using corrected soil data (with CVD offsets) could im-
prove the prediction of plant water uptake based on its high correlation with the

environmental factors.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | INTRODUCTION

Soil water hydrogen and oxygen stable isotopes (5°H and &0,
respectively) have broad applications in ecological studies
(Coplen, 2011; Ding et al., 2018; Gat, 1996). Such studies have sig-
nificantly improved our understanding of the eco-hydrological pro-
cesses, particularly the prediction of pant water sources (Ehleringer
& Dawson, 1992; Grossiord et al., 2017), the interpretation of intra-
interspecific water competition for water resources (Nie et al., 2019;
Schwendenmann et al., 2010) and the identification of hydrological
niche segregation among plant communities (Moreno-Gutiérrez
et al., 2012; Rodriguez-Robles et al., 2020). Soil water §°H and
5180 have also been applied to assume the existence of two water
worlds (TWW), whereby plant-available water in the soil is distinct
from stream water (Brooks et al., 2010; Chen et al., 2020; Good
et al., 2015). Given the technical advancements in isotope ratio mass
and infrared spectrometers (IRMS/IRIS), a bottleneck in soil stable
isotope studies remains the ability to obtain measurable amounts
of liquid water from samples rather than the analysis process itself
(Gehre et al., 2004; Griffis, 2013; Wassenaar et al., 2012). Hence,
the outcomes of the above-mentioned ecological studies highly rely
on the accurate extraction of unfractionated water from different
types of soils (Barbeta et al., 2019, 2020; Jiang et al., 2022; Orlowski,
Breuer, et al., 2016, 2018; Orlowski, Pratt, et al., 2016; Orlowski,
Winkler, et al., 2018; von Freyberg et al., 2020).

Laboratory-based techniques for soil water extraction have made
formidable progress over the past three decades (Fischer et al., 2019;
Orlowski et al., 2013; Revesz & Woods, 1990; West et al., 2006).
These techniques can be roughly categorized into the following
categories, namely, micro-distillation (Turner & Gailitis, 1988), azeo-
tropic distillation (Ingraham & Shadel, 1992), cryogenic vacuum
distillation (Araguas-Araguds et al., 1995), mechanical squeezing
(Bottcher et al., 1997), centrifugation (Peters & Yakir, 2008), Helium
(He) purging distillation (Ignatev et al., 2013), microwave extraction
(Munksgaard et al., 2014), accelerated solvent extraction (Zhu
et al.,, 2014) and headspace vapour equilibration (Millar et al., 2018;
Wassenaar et al., 2008). Among these techniques, cryogenic vacuum
distillation (referred to hereafter as CVD) is the most widely used in
eco-hydrological studies (Koeniger et al., 2011; Oerter et al., 2014;
Tsuruta et al., 2019). The main advantage of CVD relies on its ef-
fective extraction of liquid water from a small amount (~10g) of soil

4. This study identifies the isotopic offsets of CVD systems (i.e. ACVD and TCVD) and
provides possible solutions for better predicting plant water sources. Even though,
the wide use of CVD techniques probably induce noticeable uncertainties in the
prediction of plants water uptake depths. The dataset of soil water extraction in this

study will have implications for the technological development of CVD techniques.

eco-hydrology, extraction technique, inter-laboratory comparison, isotopic offsets, stable

samples. Moreover, the CVD technique has been unremittingly im-
proved to increase its extraction efficiency and reduce the required
labour-intensive manual manipulation (Fischer et al., 2019; Ignatev
et al., 2013; Koeniger et al., 2011; Orlowski et al., 2013). For example,
a new type of automatic cryogenic vacuum distillation (ACVD) system
(L1-2100; Lica United Technology Limited Inc.) has been currently ap-
plied for soil water extraction (Liang et al., 2018; Qiu et al., 2019; Song
etal., 2022). Though ACVD is automated and controlled by computer,
the effectiveness of its extraction process is yet to be established.

The use of stable isotopes as tracers of plant water uptake is
typically based on three prerequisites. First (P1), there are vertical
gradients in water §°H and 880 within the soil profiles. The isotopic
gradients in soil water are mainly caused by two independent pro-
cesses, which are soil water evaporation and mixing between new and
old water (e.g. rain, dew and fog) inputs (Dawson & Simonin, 2011;
Gat, 1996). Second (P2), the dual-water isotopes of 5°H and §'%0
would not fractionate during root water uptake and/or xylem re-
distribution of the source water (Ehleringer & Dawson, 1992; White
et al., 1985). This assumption has been widely proved by previous
studies apart from the halobiotic and xerophytic species (Ellsworth
& Williams, 2007; Lin et al., 1993). Third (P3), the CVD technique is a
robust method toward the ‘truthful’ isotope recovery of plant xylem
and soil water (Newberry, Nelson, et al., 2017; West et al., 2006).
Several studies have challenged the last prerequisite and showed iso-
topic biases for plant and soil materials (Barbeta et al., 2019; Chen
et al., 2020; Meilner et al., 2014). The isotopic effects of CVD tech-
niques will further complicate the quantification of source water con-
tributions to plants (Orlowski, Breuer, et al., 2016; Yang et al., 2015).
For instance, Chen et al. (2020) suspected that the TWW hypothesis
(i.e. mature riparian trees do not utilize stream water) might result
from the artefacts associated with xylem water cryogenic extraction.
Therefore, the concept of soil water-excess (SW-excess) has been
suggested to correct the isotopic biases of plant xylem water (Barbeta
et al., 2019; Landwehr & Coplen, 2006; Li et al., 2021). However, the
potential impacts of CVD on plant water source prediction have not
been elucidated yet for soil water extraction. In addition, an accu-
rate reflection of soil water §2H and 880 is also the basis of the SW-
excess correction (Barbeta et al., 2020).

To fill the above-mentioned knowledge gaps, an inter-laboratory
comparison of different CVD systems is required to test their per-
formances on soil water extraction. We examined an automatic
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cryogenic vacuum distillation (ACVD) and two traditional extraction
(TCVD) systems. This study aims to identify the reliability of soil
water CVD techniques and evaluate the isotopic effects of soil water
extraction during the determination of plant water sources. We also
introduced the SW-excess correction of Barbeta et al. (2019) and
re-analysed the dual-water isotopes in plant xylem and soils across
seven sites, including one grassland, two croplands, three planta-
tions and one evergreen broadleaf forest in China. We hypothesized
that (i) the ACVD and TCVD have different performances on recov-
ering the soil water §%H and 50, and (ii) the partitioning results of
plant water sources will be affected by local environmental factors
at the research sites.

2 | MATERIALS AND METHODS
2.1 | Overview

This study assessed the CVD systems for stable isotope analysis
and plant water source prediction through the following experi-
ments. Experiment (l): 225 soil samples containing various rates of
clay particles were oven-dried, doped with deionized water, and
cryogenically extracted using ACVD and TCVD systems. Experiment
(I1): a sensitivity analysis of plant water uptake under four types of
input data was performed among seven sites. The National Natural
Science Foundation of China granted us research permission (permit
numbers: 32171557, 32171529).

2.2 | Description of two types of CVD systems

The automatic cryogenic vacuum distillation (ACVD) system (LI-
2100; Lica United Technology Limited Inc.) consists of an electronic
unit, a heating-cold trap unit and a vacuum manifold with 14 ex-
traction lines (Figure S1). The vacuum pump (N84.3 AN-DC; KNF
Neuberger Inc.) of ACVD can pump to a pressure of approximately
30Pa (5LminY). The heating unit can provide a maximum heating
temperature of 130°C. During the xylem/soil water extraction pro-
cess, the liquid water can be frozen at -95°C by an electronic cold
trap (HG-95; TDJ Limited Inc.). Longer extraction times (~180min)
are recommended, because the solenoid valves (EV-2M-12-H-M5-V;
Clippard Instrument Laboratory Inc.) will reduce the vacuum thresh-
old (100-400Pa) of the extraction lines. The ACVD system is in-
stalled in Institutional Center for Shared Technologies and Facilities
of Xishuangbanna Tropical Botanical Garden (XTBG), Chinese
Academy of Sciences.

The traditional mode of cryogenic vacuum distillation (TCVD)
system consists of five independent extraction lines (West
et al., 2006). The collection tubes are cooled by manually adding lig-
uid nitrogen. The extraction time was visually determined for the
traditional extraction system when no additional water vapour ap-
peared in the collection tubes. The TCVD system generally performs
better in terms of vacuum threshold (0.3-2 Pa) than ACVD (Orlowski

et al., 2013; West et al., 2006). However, the performance of TCVD
system can highly depend on the operator's experience and skills.
Two TCVD systems are installed in the Technical Laboratory of
LICA United Technology Limited (LICA) and the Key Laboratory of
Northwest A & F University (NAFU).

Before formal water extraction, the extraction system should
be evaluated to check its manifold tightness. The ACVD system can
automatically check leakage according to a predetermined program.
Within 10min, the vacuum degrees of ACVD and TCVD systems
must be lower than 600 and 8Pa (i.e. the threshold for the leak-
check). Once the xylem/soil samples are frozen in the extraction
tubes, the extraction lines will be pumped into vacuum again. A
certain amount of glass wool or fleece can be packed above the
extracted samples to prevent the spread of soil particles (Orlowski
et al., 2013; West et al., 2006). If the vacuum degree is better than
the leak-check at this step, the extraction tubes will be heated until
water vapour emanating from the samples is completely trapped in
the collection tubes.

2.3 | Functionality test of CVD systems on soil
water extraction

In Experiment (l), we selected three soil textures for rehydra-
tion treatments: sandy loam soil from Loess Plateau, loam soil
from Northeast Plain and clay soil from Yunnan-Guizhou Plateau
(Figure 1; Table 1). Soil textures were classified based on United
States Department of Agriculture (USDA) classification proce-
dures (Baillie, 2001). Each soil texture (~3kg each) was homog-
enized, sieved (2mm) and divided into 75 parallel sets (75 sets/
samples x 3 sites/textures). Step by step, 15 soil samples were
randomly picked from each of the three textures. Thus, we ob-
tained five subsets of soil materials (5 subsetsx 3 texturesx 15
replications), which were pre-dried (105°C, 72h) and shipped
to the following laboratories: three sets to the Institutional
Center for Shared Technologies and Facilities of XTBG, one
set to the Technical Laboratory of LICA and one set to the Key
Laboratory of NAFU. Simultaneously, 2.5 L of deionized (DI) water
(62H=-144.9 +0.5%0; §%0=-19.42+0.12%0) was divided into
quadrants, filled into plastic bottles (100 mL) and also delivered to
these laboratories. The remaining bottle of DI water was kept as
a standby reference. In each laboratory, the sub-samples of soils
were packed into 10-mL screw-cap glass vials, oven-dried (105°C,
12h) and doped with DI water in a decreasing order from 3.0+ 0.6
to 1.2+0.2mL (SWC=~10%-30%). Finally, the remoistened sub-

samples were extracted using:

(i) ACVD system: soil water extraction was first conducted at 180min,
85°C and <400Pa (ACVD®H). Then, the extraction time was ex-
tended to 240min (ACVD*). Finally, the extraction time (240min)
and heating temperature (105°C) were both improved (ACvD*),

(ii) TCVD system: soil water extractions were conducted at 105°C,
and 0.3-8Pa. Extraction times of 120-180min were required
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FIGURE 1 Map showing locations of eight experimental sites (a) and three soils for rehydration treatments (b-d) in this study. Data of
precipitation is downloaded from the Global Climate Data (http://www.worldclim.org/).

TABLE 1 Location and physicochemical properties of three soil materials (AS: soil from Loess Plateau, SY: soil from Northeast Plain and
BN: soil from Yunnan-Guizhou Plateau) used for rehydration experiment.

Texture (%) Total chemical element (mgg™)
Bulk density

Site Soil type Sand Silt Clay (gem™) pH Ca Mg Fe Na

AS (36.51°N, Sandy 75.2 14.3 10.5 1.27-1.42 7.8 52.9+0.7 11.3+0.2 22.6+0.2 13.8+0.1
109.19°E) loam

SY (41.98°N, Loam 41.9 351 23.0 1.18-1.27 6.2 1.5+0.1 2.8+0.1 14.5+0.3 21+0.1
123.47°E)

BN (21.93°N, Clay 22.5 29.7 47.8 1.16-1.29 4.5 11.6+0.3 9.2+0.2 32.1+0.7 17.8+0.6
101.27°E)

in the Technical Laboratory of LICA (TCVDY and the Key
Laboratory of NAFU (TCVD?*).

The water recovery rate (WRR) of the rehydration experiment
was carefully determined (precision 0.0001 g) to check whether the
DI water was completely removed from the soil materials (ME204;
Mettler-Toledo Inc.):

W,

WRR = wet We

xtracted % 100% , (1)

DI water

where W, , is the weight of remoistened soil (g), W, tq IS the

weight of soil after extraction (g) and W, is the initial weight

DI water
of DI water (g). All samples were weighed after equalizing to room

temperatures.

2.4 | Sensitivity analysis of CVD on plant water
source prediction

In Experiment (lI), we re-analysed the dual-water isotopes of
seven sites across diverse vegetation types by considering the
extraction-caused isotopic biases into plant water source predic-
tion (Figure 1). The field sampling campaigns were conducted in
a cropland (Triticum aestivum L.) in Luancheng (LC) County (Xiao
et al., 2012), a grassland (Stipa kryroii) in Duolun (DL) County (Hu
et al., 2014), a plantation (Pinus massoniana Lamb.) in Taihe (TH)
County (Yang et al., 2015), a cropland (Zea mays L.) in Zhangye (ZY)
City (Wen et al., 2016), a plantation (Pinus tabuliformis) in Ansai area
(Tang et al., 2019), a plantation (Hevea brasiliensi) in Xishuangbanna
(BN) Autonomous Prefecture (Yang et al., 2020) and an evergreen
broadleaf forest (choosing one of the co-dominated canopy tree
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species of Castanopsis wattii as a representative) in Jingdong (JD)
County (Song et al., 2022). The soil cores of those sites were split
into top soil (0-10cm) and deep soil (10-200cm), depending on
the depth of the sampling campaigns. The nonphotosynthetic
plant tissues (i.e. twigs for trees and root crowns for herbaceous
species) were sampled simultaneously during the soil samplings.
The field samples were extracted using the TCVD system for LC,
DL, TH, ZY and AS (90-180min, 105°C, and <8 Pa), and ACVD sys-
tem for BN and JD (240 min, 105°C and <400 Pa).

Proportion contributions of the top and deep soil water to plants
were estimated using a Bayesian mixing model of the MixSIAR pack-
age (Stock & Semmens, 2013). We entered four different types of
input data into the MixSIAR model as follows: (i) raw dual-water
isotopes of xylem and soil water, (i) only soil water §°H and 50
corrected by isotopic effects of CVD (details in Appendix B), (iii) only
xylem data corrected by SW-excess based on the raw soil water 5°H
and 5180 and (iv) both xylem data corrected by SW-excess based on
the corrected soil water °H and 520 and soil data corrected by iso-
topic effects of CVD. The SW-excess correction was derived from
the concept of line-conditioned excess (Landwehr & Coplen, 2006),
which was used to quantify the isotopic biases of given xylem
water with respect to the soil water line (Barbeta et al., 2019; Li
etal., 2021):

SW — excess =82, jem — Aot X2 Oyyiem — bsoils (2)

where 62ny|em and 50 are the dual-water isotopes of a xylem

sample collected for a given site and date, a,; and b ; are the slope

xylem

and intercept of the soil water line (SWL) at the same site, respectively.

We calculated the slope and intercept of SWL using linear model
fitting of all the soil water §°H and 880 at the top and deep soil lay-
ers. A positive SW-excess indicates that ?H of xylem water is more
enriched than soil water, whereas a negative SW-excess suggests
that xylem water is depleted than soil water (Barbeta et al., 2019).
The greater the absolute value of SW-excess, the more significant
the difference of isotopic offset between xylem water and its source
water. This study corrected the raw xylem data by subtracting the
corresponding SW-excess on each sampling date. Outputs of the
MixSIAR model were finally assessed by the environmental factors,
such as vapour pressure deficit (VPD) and soil water content (SWC),
which were monitored by a suite of sensors for providing net ra-
diation (CNR-1; Kipp and Zonen Inc.), soil water content (CS615-L/
CS616-L; Campbell Scientific Inc.) and rainfall amount (52203, RM
Young Inc.; TE525, Campbell Scientific Inc.).

2.5 | Measurement of stable isotopes of
hydrogen and oxygen

In experiments (1), the §?H and §'80 of water samples were meas-
ured using a Los Gatos Research Liquid Water Isotope Analyzer
(DLT-100; Los Gatos Research Inc.). Because the isotopic ratio in-
frared spectroscopy (IRIS) can only measure the absolute ratios for

isotopologues, it is necessary to address the unknown water sam-
ples to Vienna Standard Mean Ocean Water (VSMOW):

6sample = (Rsample /RVSMOW - 1) x 1000, (3)

where RSample is the isotope ratio of a water sample and R, 5,0y is the
isotope ratio of the VSMOW standard.

It is critical for the inter-laboratory comparison to have normalized
water standards and measurement procedures (Coleman & Meier-
Augenstein, 2014). Therefore, we pre-calibrated the laboratory water
standards against the IAEA (International Atomic Energy Agency) water
standards to the VSMOW. This procedure used two calibration stan-
dards (6*°H=-165.7 +:0.5%0, 580 =-21.28 + 0.15%e; 5°H=-9.9 +0.5%,
5180 =-2.99 +0.15%0) and a control (5*H=-49.2 +:0.5%0, 5'°0=-7.81+
0.15%o). Measurements of the known &-value standards and unknown
water samples were interpolated employing a linear regression model.
The control standard was used as an indicator of the analytical accuracy.
In response to the spectral interference of methanol (NB)/ethanol (BB),
the post-processing software (Spectral Contamination Identifier; Los
Gatos Research Inc.) was used to identify the spectral contamination
following the procedure of Schultz et al. (2011) and Xiao et al. (2012).
The recision of the off-axis integrated cavity output spectroscopy (OA-
ICOS) was +0.6%o for §°H and £0.20% for 5*80.

In experiment (I1), the §?H and §*20 of field water samples were mea-
sured using the isotopic ratio infrared spectroscopy (DLT-100; Los Gatos
Research) for LC, DL, TH, ZY and AS (Hu et al., 2014; Tang et al., 2019;
Wen et al., 2016; Xiao et al., 2012; Yang et al., 2015). The measuring
procedures of IRIS were similar to those described above in experiments
(I). For the BN and JD sites, measurements of water samples were con-
ducted using a DELTA-V-Advantage isotope ratio mass spectrometer
(Thermo Fisher Scientific) (Song et al., 2022; Yang et al., 2020). The
isotope ratio mass spectrometer was coupled with a high-temperature
conversion elemental analyser (HTC/EA) and an AS1310 auto-sampler
(Thermo Fisher Scientific). According to our test results, the precision of
the IRMS was +0.4%o for 62H and +0.14%o for 5'20.

2.6 | Statistical analysis

The statistical analyses were performed with R software (Version
3.6.3; R Core Team, 2021), and the probability levels were p<0.05
and p <0.001. Shapiro-Wilk's normality test and Bartlett's homosce-
dasticity test were performed to check the normality and homoge-
neity of data. Welch's t-test and nonparametric Wilcoxon rank-sum
test were then used for testing the significant differences in water
§%H and §'80. A linear regression model was performed to compute
the relationship between isotopic offsets on clay contents and CVD
techniques, and we subsequently partitioned the variance contribu-
tion of the latter. To assess the relationship between source water
contribution to plants and environmental factors, they were fitted
using a generalized linear mixed model for each input data. The
site and date were modelled as nested random effects. Meanwhile,
Os and 1s in source water contributions were removed before
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logarithmic transformations. The model estimates were computed -0.16+0.14%0 (ACVD*MT) (p<0.001). However, the 580 offsets
using ‘NLME' package (Pinheiro et al., 2021; Stoffel et al., 2017). of ACVD extraction were negligible for the loam soils (Figure 2e;

p>0.05). The 52H offsets of the TCVD systems were -1.5+1.8%0
(TCVDY) and -3.4+2.6%0 (TCVD?) (p<0.05), and their §'80 off-

3 | RESULTS sets were -0.45+0.57%o (TCVD™) and -0.34+0.49%o. (TCVD%)

(p<0.05). ACVD and TCVD systems could ‘completely’ extract
31 | Performance of cryogenic vacuum distillation soil water (Figure S2). Mean water recovery rate (WRR) was
(CVD) techniques 98.68+0.80% (ACVD>M),99.84 +0.34% (ACVD*")and 99.86 +0.30%

(ACVD*T) for the ACVD system, and 99.06+1.00% (TCVD) and
Both ACVD and TCVD techniques showed significant isotopic 99.24+0.92% (TCVD?) for the TCVD system, respectively.
offsets between the extracted soil water and the spiked refer-
ence DI water (Figure 2). Mean 8°H offsets of the ACVD system
gradually changed from -5.8+1.7%. (ACVD®") to -3.8+1.4%. 3.2 | Effects of soil properties on soil water isotopes
(ACVD*), and -2.6 + 1.3%0 (ACVD*'T) for the soil water extraction
(p<0.001). Similarly, mean 580 offsets of ACVD system fluctuated The isotopic offsets of CVD techniques were influenced by soil
from -0.75+0.23% (ACVD®M) to -0.46+0.29%. (ACVD*") and textures and soil moisture conditions (Figure 3). Here, only the
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(ns: p>0.05, *p<0.05, **p<0.001).

results of ACVD*"T were used for further comparisons with
TCVD™ and TCVD?*. The isotopic offsets of ACVD*" and ACVD*"
were higher than those of the other treatments under lower extrac-
tion temperatures. All the CVD systems tended to produce more
isotopic offsets for soils with higher clay contents (Figure 3a,b).
The isotopic offsets were positively correlated with soil clay con-
tent for 8°H (R?=0.537, p<0.05) and 8*¥0 (R?=0.055, p<0.05,
data not shown). Furthermore, soil clay content explained more
variation (29.4%) in 8°H offsets than in CVD techniques (13.9%).
The ?H of ACVD extracted soil water (i.e. ACVD*'T) was depleted
by -2.3+1.0%0 for sandy loam, -1.5+0.7%. for loam soil and
-3.9 + 1.0%o for clay soil, and those of TCVD extracted soil water
(i.e. the average value of TCVD and TCVD?) were depleted by
-1.54+0.8%o, -1.6 +1.3%0, and -4.2+ 1.4%o for sandy loam, loam
and clay soil, respectively. No significant relationship occurred be-
tween 80 offsets of extracted soil water and soil clay contents,
which were depleted by -0.02 +0.08%. to -0.25+0.11%. (ACVD)
and -0.20+0.28%o to -0.62+0.28%0 (TCVD) for different soil
textures.

The isotopic offsets of CVD techniques were positively cor-
related with soil moisture condition (p<0.05). The extraction

stability of ACVD was superior remarkably to TCVD systems
(Figure 3c-f), though the two types of CVD systems have approxi-
mately equal offsets for soil water §2H and §'80. Mean 8°H offsets
of extracted soil water were =2.6 + 1.3%o for ACVD and -2.4 + 1.7 %o
for TCVD, while those of 820 offsets were -0.16 +0.14%o and
-0.39 +0.37%o for ACVD and TCVD. Positive correlations occurred
between §°H offsets and soil water content (SWC) for both two
types of CVD systems (p <0.05). Moreover, a positive relationship
existed between 5180 offsets of ACVD and SWC (p <0.001), while
no significant correlation was found between 580 offsets of TCVD
and SWC (Figure 3f). Based on these results, the isotopic offsets
of ACVD and TCVD techniques were further used to correct the
cryogenic extracted soil water 5?H and 80 of different experi-

mental sites.
3.3 | Impacts of CVD techniques on plant water
source prediction

Soil water 8°H and §'%0 of different sites occupied the dual-isotope
plots from the LWMLs to their right sides (Figure 4). The slopes of the
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FIGURE 4 Dual-isotope (6°H and §'80) plots of xylem water at seven experimental sites and their potential sources of soil water
corrected based on isotopic offsets of cryogenic vacuum distillation (CVD) techniques. The raw data of soil water 5°H and 5*%0 and mean
rainwater §2H and 880 (n=16-239) are also plotted on each panel for reference. The dashed black line indicates the global meteoric water
line (GMWL), whereas the blue line indicates the local meteoric water line (LWML) at each site.

LMWLs increased gradually from 6.5 to 8.6, reflecting the climate
characteristics of the study sites from inland oasis (ZY) to coastal hills
(TH). Most of xylem water fell within the §°H-5'0 spaces of soil water.
However, some part of xylem water §°H and §'20 distributed besides
the ranges of soil water. Thus, raw soil water data were corrected

based on the isotopic correction equations (details in Appendix B):

(i) ACVD system:

82H,gger = — 2.7 — 1.2xSCC— 1.5 X SWC, (4)

8180 yfeer = —0.78 +3.94x SCC — 11.58 x SCC? + 1.07 x SWC,
(5)

(ii) TCVD system:

8%Hgreet = —0.2— 15.0x SCC+ 13.6 X SCC x SWC, ©)

8180 frser = —0.29 —4.08 x SCC + 15.49 x SCC x SWC, (7)

where 62HOffset and 61800ffset are the potential isotopic offsets of soil
water extraction caused by TCVD and ACVD systems, SCC and SWC
are the soil clay contents (%) and soil water content (%), respectively.

Mean corrections of soil water §°H and §'80 were 2.7 +0.1%o
and -0.21+0.07%0 for LC, -2.6+0.1%0 and -0.79+0.07%. for
DL, -1.9+0.1%0 and -0.23+0.06%. for TH, -3.1+0.3%. and
-0.10+0.23%o for ZY, -1.7+0.1%o. and -0.60+0.03%. for AS,
-3.6+0.1%0 and -1.32+0.03%. for BN, and -3.7+0.1%. and
-0.27 +£0.06%o. for JD.

The isotopic biases between xylem and soil water were assessed
by calculating the SW-excess of raw soil data and corrected soil data
(Figure 5). Based on the raw soil data, the SW-excess of xylem water
samples were 0.5+3.1%o for LC, 1.5+ 7.8%o for DL, —=6.6 +2.3%o for
TH, 2.1+ 3.0%0 for ZY, -0.8 + 3.1%o for AS, -11.7 +7.8%. for BN and
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TABLE 2 Parameter estimates of fixed
effects and R squares of the generalized

i K Input data
linear mixed models on source water
contributions for each input data. VPD Raw data
is vapour pressure deficit and SWC is
soil water content. Bold numbers are the .

. . . Only soil data
largest estimates of fixed effects (i.e.

corrected

VPD and SWC at two soil depths) and
marginal R squares (reflecting variances
in source water contributions explained
by independent fixed variables) for each
model.

Only xylem data
corrected

Both xylem and soil
corrected

-6.1+4.8%o for JD (Table S1). Generally, the SW-excess decreased
(more negative) with the increasing soil clay content (ranging from
10.5% to 47%) of the experimental sites. However, the SW-excess val-
ues, using the soil data corrected by CVD offsets, were -1.1 + 3.1%o
for LC, 0.7 +£7.8%o for DL, -6.2 +2.4%o for TH, -0.7 +3.2%o for ZY,
0.5+3.1%o0 for AS, =5.4+7.8%0 for BN and -8.3+4.8%. for JD. The
effectiveness of CVD offset correction was reflected by the rela-
tionships between the MixSIAR outputs and environmental factors
(Table 2). Models using xylem data corrected by SW-excess and soil
data corrected by CVD offsets exhibited strong correlation with en-
vironmental factors (marginal R?=0.183), indicating a plausible cor-
rection of CVD offsets on soil water §°H and 8*%0. Surprisingly, the
use of corrected soil data only (marginal R?=0.097) performed better
results than using corrected xylem data only (marginal R?=0.081).
However, all the models using corrected data (i.e. SW-excess and/
or CVD offset correction) reasonably predicted plant water uptake
depths than the input of raw data (marginal R?=0.078). The potential
isotopic biases in plant xylem and soil water could alter the definition
of principal environmental factors that related to plant water uptake.

Source VPD SWC of top SWC of deep Marginal
water (kPa) soil (%) soil (%) R?

Top soil 0.565 0.117 0.122 0.008
Deep soil -2.835 -1.261 0.603 0.078
Top soil -0.276 -2.251 1.353 0.016
Deep soil 0.963 6.467 -2.621 0.097
Top soil 1.371 -1.038 0.459 0.081
Deep soil -0.215 -0.626 0.423 0.013
Top soil -0.089 -0.817 -1.038 0.183
Deep soil 0.791 2.195 -1.737 0.039

4 | DISCUSSION

This study investigates the reliability of two laboratory-based CVD
techniques for soil water extraction. To avoid incomplete extraction
caused by artificial manipulations, the amounts of the input water
into soil materials were strictly tracked before and after extrac-
tion. Theoretically, an incomplete extraction leads to more nega-
tive §-values in the collected water (Orlowski et al., 2013). Based
on the Rayleigh distillation mechanisms, the §?H and 880 of the re-
moved water will be ‘lighter’ than the remaining fraction (Gat, 1996;
Lee et al., 2005). A small leakage in the vacuum system may also
cause the condensation of laboratory ambient air moisture in the
extraction lines, which could commonly conduct to more negative
§%H and 80 of extracted water. Here, outputs of the spectral-
contamination-identifier were 0.0614+0.0089 for methanol (NB)
and 1.0001+0.0002 for ethanol (BB) interferences. This spectral
contamination probably conducts to more positive soil water 5°H
(0.14+0.15%0) and 820 (0.07 +0.09%.), which was not considered
because these isotopic errors were smaller than the measurement
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precisions of the OA-ICOS. The WRR of our extractions gener-
ally exceeded 98% (Figure S2), which was sufficient to obtain un-
fractionated water samples (Aragudas-Araguas et al., 1995; West
et al., 2006). Moreover, the WRR of ACVD and TCVD systems oc-
casionally exceeds 100% (100.02%-100.67%), as shown the results
of MeiBner et al. (2014) and Orlowski, Breuer, et al. (2018), where
WRR higher (>100%) are produced during soil water extraction. A
time gap (1-2h) occurred between the CVD extractions and weigh-
ing procedures, suggesting that the soil samples would inevitably
absorb small amount of ambient water vapour. The slight difference
in weight (0.0092 +0.0058g) reflected that CVD systems had bet-
ter drying performance than ovens under similar working temper-
atures (~105°C). Such weighing errors will not affect the §°H and
580 of extracted soil water (Araguas-Araguas et al., 1995; Meil3ner
et al.,, 2014).

The CVD techniques are usually recognized as a standard for
soil water §?H and 6120 analyses (Koeniger et al., 2011; Munksgaard
et al., 2014; Newberry, Nelson, et al., 2017; West et al., 2006).
However, the use of CVD techniques can be associated with po-
tential isotopic biases, since a controversy pertains regarding CVD
recovering the isotopic signatures of the added water. As previous
findings, our results also showed that unfractionated pure water was
obtained using the ACVD system (Figure S3). The extraction errors
of 8°H (-0.1+0.3%0) and 380 (0.04+0.09%0) were similar to the
IRMS/IRIS measuring precision. However, the CVD systems depleted
the soil water ?H and 80 (Figure 2). This finding is in agreement with
other studies (Araguas-Araguas et al., 1995; MeiRner et al., 2014;
Orlowski et al., 2013; Orlowski, Breuer, et al., 2016; Orlowski, Pratt,
et al,, 2016; Thielemann et al., 2019; Tsuruta et al., 2019; Turner &
Gailitis, 1988). For example, the inter-laboratory comparisons exhibit
unacceptable uncertainties (up to -108.4%. for §%H, and -14.9%. for
6180) during soil water extraction (Orlowski, Breuer, et al., 2018;
Walker et al., 1994).

Under a longer extraction time (240min), the ACVD system
performed equally or even better than TCVD systems (Figure 3). In
fact, the constant 82H and 580 of extracts can still be inconsistent
with their ‘actual values’ (Orlowski et al., 2013; Orlowski, Winkler,
et al., 2018), although a minimum time of 30-40min is sufficient for
field sample extraction (West et al., 2006). The results also showed
that the isotopic offsets of ACVD decreased with the increasing
extraction temperature (85-105°C), highlighting the importance of
extraction temperature for a low vacuum extraction system. The
dependence of isotopic bias on the extraction temperature has also
previously been reported by Walker et al. (1994), Araguas-Araguas
et al. (1995) and Palacio et al. (2014). Higher extraction tempera-
ture (100-150°C) will speed up the rate at which extraction is com-
pleted; however, it might also decompose the soil organic matter and
release crystallized water (Walker et al., 1994). Orlowski, Winkler,
et al. (2018) still could not recover the isotopic values of added water
with a high (200°C) extraction temperature.

The stagnant bound water in soil aggregates is one of the most
predominant problems causing extraction failures (Gaj et al., 2017;
Newberry, Prechsl, et al., 2017; Orlowski, Breuer, et al., 2016). In

this study, SWC and isotopic deviations exhibited a weak rela-
tionship (Figure 3), due to the influence of a relatively high pro-
portion of heavily bound water to the dry soil (Araguas-Araguas
et al., 1995; Orlowski, Pratt, et al., 2016). The isotopic effects of
this heat-labile water were more important when the tightly bound
water composed large fraction of the total added water (Ingraham
& Shadel, 1992). Our results also supported this conclusion since
the 2H and 80 of extracted water were more depleted for clay soils
(Figure 3a,b), which commonly have a high amount of bound water
(Araguas-Araguas et al., 1995; Koeniger et al., 2011; Orlowski,
Breuer, et al., 2018). In our rehydration experiment, the soil mate-
rials were collected from the Loess Plateau (AS), Northeast Plain
(SY) and Yunnan-Guizhou Plateau (BN). While the exchange effect
between soil-bound water and spiked water is an essential process
for the rehydration experiment, we cannot exclude the influence
that may derive from soil materials with very different isotopic
compositions. According to our measurements and the results
from previous studies (Tang et al., 2019; Yang et al., 2020), the §2H
and §'0 in precipitation were -41.2 + 18.7%o0 and -5.67 + 2.49%o
for AS (n=24), -57.9 +22.5%0 and -8.65 +2.84%o for SY (n=16),
and -44.9 +33.0%0 and -6.56 +4.23%o for BN (n=102). Mean soil
water §°H and §'80 in the 0-60cm depths were -64.9 +11.0%o and
=-9.22+2.13%0 for AS (n=49), -61.7 + 5.7%0 and -7.89 + 1.12%o for
SY (n=36), and -60.0 + 18.7%o and -8.09 + 2.36%o for BN (n=36).
These findings could primary infer that isotopic background val-
ues were not the key driving factors behind the depleted water
for clay soils, because the soil water (including precipitation) 5°H
and §'80 of BN generally varied within the ranges of AS and SY
sites. However, the soil materials should be rewetted with re-
peated addition of the spiked water to diminish the possible
background influences (Newberry, Prechsl, et al., 2017; Orlowski,
Pratt, et al., 2016; Thielemann et al., 2019). If more spiking wa-
ters with two strongly different isotopic compositions are used in
the rehydration experiments, it will also increase the confidence
in assessing the soil-bound water effects. Therefore, a better un-
derstanding of the isotopic exchange effect between soil-bound
water and spiked water is urgently needed in future research.
Nowadays, several studies highlighted the substantial ‘unex-
plained’ uncertainties concerning isotope-based plant water source
partitioning (Barbeta et al., 2019; Li et al., 2007; MeiRRner et al., 2014;
Orlowski et al., 2013; Yang et al., 2015). Therefore, one should pay
attention to the isotopic offsets of CVD techniques. Our results
showed that the ACVD and TCVD systems resulted in noticeable
biases in soil water §°H and 820 (Figure 3). The isotopic offsets of
CVD might vary significantly across study locations and laboratories
(Orlowski, Breuer, et al., 2018; Orlowski, Pratt, et al., 2016). Here,
among the seven experimental sites in China, the isotopic offsets
of CVD systems ranged from -3.7%. to -1.7%o for soil water 5°H,
and from -0.27%o to -0.10%o for soil water 520 (Figure 4). Using
soil data corrected by CVD offsets improved the prediction of plant
water sources according to its correction with environmental factors
(Table 2). The SW-excess can also be used to reduce the possible im-
pacts of different isotopic biases in plant water source partitioning
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(Barbeta et al., 2019; Li et al., 2021). Therefore, the effective use
of SW-excess would highly depend on the accurate extraction of
unfractionated water from different types of soils (Figure 5). The
sensitivity analysis of this study suggested that the isotopic biases
of CVD systems would lead to a high risk of miscalculating the water
uptake fractions (e.g. at BN and JD sites). These findings suggest that
one should pay more attention for examining and optimizing CVD

techniques for ecohydrological studies.

5 | CONCLUSIONS

The present study assessed the reliability of CVD techniques on
soil water extraction, and evaluated the potential influences of
cryogenic extraction on plant water source partitioning. Our results
showed that the newly designed ACVD technique could have simi-
lar or better performance compared with TCVD system. However,
the two CVD techniques did not achieve unfractionated soil water
§?H and 80 in laboratory. Meanwhile, the isotopic offsets of CVD
techniques were correlated with soil clay contents and soil water
contents of the extracted soil materials. The wide use of CVD tech-
niques probably induced noticeable uncertainties in predicting plant
water uptake depths. Sensitivity analysis showed that the use of soil
data corrected by CVD offsets improved the prediction performance
on plant water uptake. The isotopic offsets of CVD techniques may
introduce contradictory findings of plant water uptake, which is
originating from the artefacts in laboratory soil water extraction.
These findings will have important implications for further studies,
which can provide a new solution for promoting the prediction of
plant water sources. More research on the isotopic exchange effect

of soil-bound water is recommended in the future.
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