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ABSTRACT

The positions and magnitudes of deuterium offsets between bulk xylem and corresponding source waters are
under debate and quantifying them is essential for isotope-based ecohydrological investigations. In this study,
stable isotopes (SZH, 6180, and §'3C), iteration method, and rehydration experiments were combined to quan-
titatively determine the magnitude of cryogenic vacuum extraction (CVE)- and radial water transport (RWT)-
induced deuterium offsets using one riparian tree species Salix babylonica L. A modified potential water source
line (MPWL) was proposed to identify the total 52H offsets between bulk xylem and source waters. The re-
lationships between §2H offsets induced by CVE or RWT and plant water content, leaf 5'3C values, soil water
content (SWC), and the depth to the water table (WTD) were investigated. Results showed that the bulk xylem
waters in different tissue positions of S. babylonica showed —7.0 %o to —4.0 %o deuterium depletion relative to
MPWL at four different sites (p < 0.01). The isotopic compositions of sap water coincided well with MPWL on the
dual-isotope plot at the four sites. The CVE- and RWT-induced 8°H offsets accounted for 75.1 % and 24.9 % of the
total 52H offsets, respectively. The CVE-induced 82H offsets were significantly negatively correlated with plant
water content. In comparison, the RWT-induced 52H offsets were negatively related to plant leaf 5'°C values,
trunk water content, and SWC, but positively correlated with WTD. This study provides a quantitative contri-
bution of two major sources of deuterium offsets. The results provide critical insights into isotope-based plant
water source identification and evapotranspiration partitioning.

1. Introduction

Stable isotopes (i.e., 6°H and 5'°0) are powerful tracing water

naturally grown plants (Barbeta et al., 2019; Wang et al., 2017; Zhao
et al., 2016), soil-potted plants (Barbeta et al., 2022; Chen et al., 2020;
Duvert et al., 2022; Vargas et al., 2017), and hydroponic plants (Baan

movements in the groundwater-soil-plant-atmosphere continuum (e.g.,
plant water use and evapotranspiration partitioning) (Brooks et al.,
2010; Chen et al., 2020; Evaristo et al., 2015; Wang et al., 2018). They
have been widely used for terrestrial water flux estimation and forest
management (Rothfuss and Javaux, 2017; Sprenger et al., 2017). An
essential prerequisite for isotope-based ecohydrological research is that
the isotope fractionation does not occur during root water uptake
(RWU), water transport within plants, and water extraction processes
(Barbeta et al., 2022; Chen et al., 2020). However, multiple studies re-
ported that the bulk xylem water had different deuterium (5°H) values
from source water (with the highest deuterium depletion of —29 %o) in
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et al.,, 2023; Lin and Sternberg, 1993; Roden and Ehleringer, 1999,
2000). Therefore, quantifying the magnitudes and potential causes of
deuterium offsets (i.e., the §%H difference between xylem and source
waters) plays a critical role in understanding terrestrial ecohydrological
processes using isotopes.

There has been an ongoing debate on which process(es) causing the
plant xylem deuterium offsets in recent years. The RWU process was
initially thought to be the most possible position of deuterium offsets for
halophytes and xerophytes (Dawson and Ehleringer, 1993; Ellsworth
and Williams, 2007). Many previous studies attributed these
RWU-induced deuterium offsets to the aquaporins in the Casparian strip,
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which could help halophytes and xerophytes prevent water loss or
exclude salts from roots (Ellsworth and Williams, 2007; Lin and Stern-
berg, 1993). The hydrogen bonds of soil water isotopologues must be
broken down to get through the cell membranes of halophytes and xe-
rophytes (i.e., symplastic water transport pathways), which conse-
quently led to deuterium depletion (Lin and Sternberg, 1993). However,
the deuterium offsets between bulk xylem and source waters were also
observed in non-halophytes and non-xerophytes (Evaristo et al., 2017;
Li et al., 2021; Vargas et al., 2017; Zhao et al., 2016). These plants
primarily relied on unfractionated apoplastic water transport pathways
to take up water from the soil water reservoir (Lin and Sternberg, 1993).
In addition, more and more studies have demonstrated that the §°H of
sap water in conductive xylem conduits was consistent with the corre-
sponding source waters (Barbeta et al., 2022; Kuebert et al., 2023; Zhao
et al., 2016; Zuecco et al., 2022). Therefore, deuterium fractionation is
not necessarily caused by RWU, especially for those non-halophytes and
non-xerophytes (Barbeta et al., 2022; Zhao et al., 2016).

Various methods have been developed to separate within-plant sap
water in conductive xylem conduits, unconducive tissue waters (i.e.,
water held in fibers and living parenchyma cells surrounding the con-
duits), and steady-state leaf transpired vapor (Barbeta et al., 2022; Chen
et al., 2020; Kuebert et al., 2023; Wang et al., 2012; Zhao et al., 2016;
Zuecco et al., 2022). In addition to sap water in xylem conduits, the
steady-state leaf transpired vapor has also been confirmed to match well
with source waters in deuterium (Chen et al., 2020; Kuebert et al., 2023;
Wang et al., 2010). This demonstrated unambiguously that there was no
deuterium fractionation during apoplastic pathway-dependent vertical
water transport in conductive xylem conduits from roots and transpired
sites (i.e., leaves) (Barbeta et al., 2022). Nevertheless, the xylem
non-conductive tissue water showed a significant deuterium depletion
(ranging from —3.3 %o to —25.4 %o) relative to sap water (Barbeta et al.,
2022; Wen et al., 2022; Zhao et al., 2016; Zuecco et al., 2022). This
82H-depleted tissue water has further been reported to make up a large
proportion of the bulk xylem water (78 + 5.6 %) (Barbeta et al., 2022).
Therefore, the radial sap- and tissue-water hydrogen heterogeneity can
be a possible reason for the widespread deuterium depletion of bulk
xylem water (Barbeta et al., 2022; Wen et al., 2022; Zhao et al., 2016;
Zuecco et al., 2022). The empirical plant water potential threshold was
uniquely used to separate xylem sap water in conductive xylem conduits
and non-conductive tissue waters. However, it is challenging to accu-
rately determine this threshold for different plant species due to various
plant physiological structures and disparate sap- and tissue-water ex-
change processes under different plant habitats. As a consequence, how
to accurately quantify radial water transport (RWT)-induced &2H offsets
between sap- and tissue-waters remains unknown.

More recently, cryogenic vacuum extraction (CVE) has also been
suggested to be a potential cause for 52H offsets between bulk xylem and
source waters. Chen et al. (2020) eliminated all the deuterium hetero-
geneity within the xylem and determined the CVE-induced §2H offsets
based on a rehydration experiment. They concluded that the CVE
method is the root cause for the observed deuterium offsets due to 5§2H
exchanges between environment water and exchangeable deuterium in
organic matter (O-bound and/or N-bound hydrogen). However, Barbeta
et al. (2022) and Zhao et al. (2016) reported much higher (i.e., more
negative) §%H offsets (with the highest value of —26.4 %) between bulk
xylem and source waters than the average CVE-induced &°H offsets
(—9.2 %o) in Chen et al. (2020). As such, the total 52H offsets between
bulk xylem and potential source waters cannot be attributed solely to the
CVE methodology artifact (De la Casa et al., 2022; Wen et al., 2022;
Zuecco et al., 2022). In particular, the radial deuterium heterogeneity
should also contribute to the overall §?H offsets (De la Casa et al., 2022;
Ellsworth and Williams, 2007; Lin and Sternberg, 1993). Wen et al.
(2022) further separated the CVE- and RWT-induced 5%H offsets and
found CVE-induced 5%H offsets (—8.5 + 0.9 %o) between rehydrated bulk
xylem water and certain reference water of known isotopic compositions
were significantly greater than RWT-induced 5H offsets (—3.3 = 0.8 %)
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between sap and tissue waters. However, Wen et al. (2022) did not ac-
count for the total 5?H offsets between cryogenically extracted bulk
xylem water and source waters since no isotopic signature in potential
source waters was obtained in their study. It is thus uncertain whether
the sum of CVE- and RWT-induced 5H offsets can completely account
for the total 5%H offsets between bulk xylem and source waters.

Although the quantification of the total §2H offsets between bulk
xylem and source waters is essential to understand deuterium fraction-
ation, there is no standardized approach to determining total 52H offsets.
Previous studies usually applied the direct comparison method to
identify the total 5°H offsets between bulk xylem and source waters for
those soil- or hydroponic-potted plant species in the controlled experi-
ment (Barbeta et al., 2022, 2020; Ellsworth and Williams, 2007; Vargas
et al., 2017). However, the direct comparison could lead to inaccurate
total 52H offsets when plants took up water from more than two sources
with different proportions, especially under natural conditions. Barbeta
etal. (2019) and De la Casa et al. (2022) used the soil water line (SWL) to
quantify §2H offsets between bulk xylem water and corresponding soil
water sources. Furthermore, the potential water source line (PWL) with
regard to isotopic compositions of all the potential water sources was
modified for the quantification of §%H offsets between bulk xylem water
and PWL (Canham et al., 2021; Li et al., 2021). Nevertheless, both the
SWL and the PWL methods did not take the proportional contributions of
different water sources to plants into account. How to accurately iden-
tify the total 3%H offsets between bulk xylem and source waters in
consideration of plant water source contributions is an urgent need.

The aim of this study was to quantitively identify the effects of both
CVE and RWT on the total 5°H offsets between bulk xylem and corre-
sponding source waters. Focusing a widespread riparian deep-rooted
Salix Babylonica L. along the Jian and Chaobai Rivers in China, the ob-
jectives of this study were to: (1) propose a modified potential water
source line (MPWL) to quantify the total 2H offsets between bulk xylem
and source waters; (2) quantify the CVE-induced 5%H offset via the
rehydration experiment and its relationship with relative water content;
(3) identify the RWT-induced 5%H offset using the total §2H offsets minus
the CVE-induced 8%H offsets and its relationship with soil water avail-
ability and leaf 5'3C.

2. Materials and methods
2.1. Study area and field measurements

The field observations were conducted alongside the Jian and
Chaobai Rivers in Shunyi District, Beijing, China (40°07'30"N,
116°40'37'E) (Fig. 1). The study area has a temperate continental
monsoonal climate, with the annual mean temperature of 11.5 °C and
average annual precipitation of 532 mm from 1961 to 2021. The
S. babylonica tree is one of the most widely planted riparian species
nearby rivers. Four representative sites (A, B, C, and D) with various
depths to the water table (WTD), SWC, and soil textures were selected
for field measurements (Fig. S1 and Table S1). The average WTD was
20.5m, 2.8 m, 1.3 m, and 3.9 m at Sites A, B, C, and D, respectively (Li
etal., 2022). At Sites A, B, and C, four plots planted with S. babylonica in
similar diameter at breast height (23.8 + 3.6 cm) were selected at dis-
tances of 5 m, 20 m, 45 m, and 100 m away from the riverbank for
sample collection (Fig. 1). Due to the tree availability, three plots (5 m,
20 m, and 45 m away from the riverbank) planted with S. babylonica
were selected at Site D (Fig. 1).

2.2. Sample collections and isotopic analysis

We collected plant, soil, and groundwater samples in each plot at the
four representative sites in late May 2021 (during the dry season).
Precipitation samples were taken on event basis using a homemade
sampler made up of a funnel, a polyethylene bottle, and a ping-pong
ball. We collected 67 precipitation samples in 2021 to establish the
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Fig. 1. Schematic diagram of (a) four sites (A, B, C, and D) in the study area, (b) plots at different distances (5 m, 20 m, 45 m, and 100 m) away from the riverbank in
each site, and (c) plant sampling positions (sap water in xylem conduits and bulk xylem samples including the first-order branches, second-order branches, trunk

sapwoods above 0.3 m and 1.3 m, trunk heartwoods above 0.3 m and 1.3 m).

local meteoric water line (LMWL). Bulk xylem tissue samples (trunk
heartwoods above 0.3 m and 1.3 m, trunk sapwoods above 0.3 m and
1.3 m, first-order branches, second-order branches), xylem sap water,
and plant leaves were collected from one S. babylonica tree in each plot
(Fig. 1c).

2.2.1. Bulk xylem tissue samples of trunks and branches

The heartwoods and sapwoods of the S. babylonica trunk above 0.3 m
and 1.3 m were sampled via a tree coring (Haglof, Eco Tech Co Ltd.,
Beijing, China) in each plot at four sites. The mature and suberized first-
order branches as well as the second-order branches of the same tree in
each plot were sampled using an averruncator. Both the bark and
phloem of the collected branches were removed, leaving only the xylem
samples. The heartwoods and sapwoods of trunks and bulk xylem tissues
of branches were put into glass vials and sealed with parafilm, then
stored at —4 °C in a refrigerator until water cryogenic extraction and
isotopic analysis.

2.2.2. Xylem sap water in trunk samples

In order to determine whether deuterium offsets occurred during
vertical xylem sap water transport and radial water transport, the xylem
sap water in sapwoods of S. babylonica was sampled by a Scholander
pressure chamber (Millar et al., 2022; Zuecco et al., 2022). It is generally
believed that the mobile sap water (i.e., xylem capillary water and water
from large xylem conduits) would be preferentially released when the
sapwood water potential ranged between —0.5 and —3 MPa (Magh et al.,
2022; Nakada et al., 2019; Wen et al., 2022; Zuecco et al., 2022). In this
study, the pressure in the chamber was controlled between —0.5 and —2
MPa in order to avoid extracting xylem tissue waters held in fibers,
living parenchyma cells, or cell walls (Barbeta et al., 2022). The xylem
sap water samples were collected from S. babylonica growing in the
farthest and driest plot with the lowest water table at each site for iso-
topic analysis. This is because several previous studies have reported
that deuterium offsets between bulk xylem and source waters were
smaller in dry conditions compared to wet conditions (De la Casa et al.,
2022; Zhao et al., 2016). If there were significant deuterium offsets

between sap water and bulk xylem water in the most water-deficit plot at
each site, we can speculate those deuterium offsets also occurred in
other plots. The 10 cm-length sapwood samples above 1.3 m of
S. babylonica were clamped into the pressure chamber to collect the sap
water in xylem conduits. In this study, a steady pressure (between —0.5
and —2 MPa) was added in the chamber until a drop of xylem sap water
yielded at the exposed end of sapwood samples. The needle with a 15-cm
syringe was tightly put over the exposed end to collect the xylem sap
water. Then the pressure inside the chamber was increased slowly until a
total of 0.3 ml xylem sap water was obtained for sap water isotopic
analysis.

2.2.3. Plant leaf samples

The mature leaves (approximately 50 pieces) in the second-order
branches were sampled in each plot at the four sites. The leaf samples
were oven-dried at 65 °C for 72 h to reach constant weight, grounded,
and sieved via a 0.15-mm mesh screen for leaf §'3C analysis.

2.2.4. Soil samples

One soil core within 1 m distance of each selected S. babylonica tree
was sampled using a soil auger. Soil samples at depths of 0—5 cm, 5—10
cm, 10—-20 cm, 20—30 cm, 40—-60 cm, 90—110 cm, 150-170 cm,
190—-210 cm, 250—270 cm, and 280—300 cm were collected in each
plot at each site. Additional soils at depths of 350—370 cm and
380—400 cm were sampled at Site D. One part of each soil sample was
put into a glass vial, then sealed with parafilm and stored at —4 °C in a
refrigerator for water cryogenic extraction and isotopic analysis.
Another part was used for gravimetric SWC measurements based on the
oven-dry method (Li et al., 2022; Wang et al., 2020). The rest of each soil
sample was air-dried, ground, and passed through a 2-mm sieve to
measure soil texture using a laser particle size analyzer (Master-
size-2000, Malven Instruments Ltd., UK).

2.2.5. Groundwater samples
The groundwater in each plot at the four sites was sampled from the
monitoring well using a sucking pump. They were stored at —4 °C in a
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refrigerator until isotopic analysis.

2.2.6. Isotopic analysis

The bulk water in the S. babylonica xylem and soil samples was
extracted using an automatic cryogenic vacuum distillation system (LI-
2100, LICA, Beijing, China). The water extraction process for bulk xylem
and soil samples lasted for three hours. The samples were weighed
before extraction and after extraction and oven-dried processes. All the
extraction efficiencies reached up to 99 %. The isotopic ratio infrared
spectroscopy (IRIS) system (DLT-100, Los Gatos Research, Mountain
View, USA) was used to measure the water isotopic compositions in soil
water, groundwater, and precipitation. The §2H and 580 values of the
bulk xylem water, xylem sap water, and the 8'3C values of plant leaves
were analyzed by the Isotope Ratio Mass Spectrometry (IRMS) system
(MAT253, Thermo Fisher Scientific, Bremen, Germany) in order to
prevent isotopic measurements from plant organic contamination (Zhao
et al., 2011). The measuring precisions were =+ 1 %o for 5°H and & 0.1 %o
for 8'80 of different water samples, and + 0.15 % for 5'°C in plant leaf
samples. The measured 5H and §'%0 values were calibrated with the
Vienna Standard Mean Ocean Water (VSMOW), while the measured
813C values of plant leaves were calibrated with the Vienna Pee Dee
Belemnite (V-PDB) (Sun et al., 2019; Zhao, 2021).

2.3. Determination of total 5°H offsets using a modified potential water
source line (MPWL)

In order to accurately estimate the total 52H offsets between the bulk
xylem and potential source waters, we need to obtain the isotopic sig-
natures of all water sources. Moreover, the contribution of each water
source to the plant transpiration water should be quantified, because the
plant transpiration water was a mixture of its potential water sources in
unequal proportions. Our previous study (Li et al., 2021) proposed a
PWL to quantify §2H offsets (PW-excess) between the bulk xylem water
and PWL based on the LMWL (lc-excess) (Landwehr and Coplen, 2006)
and the soil water line (SW-excess) (Barbeta et al., 2019). However, the
PWL was directly fitted with all the water isotopic data of potential
water sources in dual-isotope plots and did not take into account
different water source contributions to plant transpiration as weighting
factors. In this case, the PWL was obtained under the premise that
different potential water sources contributed to plant transpiration
equally, which could lead to biases on &2H offset estimations between
the bulk xylem water and PWL.

In this study, the RWU patterns were identified as the weighting
factors to fit a MPWL using the weighted least squares regression and
multiple iteration methods (Fig. S2). Firstly, the RWU patterns of
S. babylonica trees were determined initially by the Bayesian MixSIAR
mixing model v3.1 (Stock and Semmens, 2016) accompanied by
PWL-corrected 5°H and raw 5'%0. Secondly, the initially calculated
water source contributions to S. babylonica trees were characterized as
weighting factors to fit MPWL, and the first-iteration §%H offsets be-
tween the bulk xylem water and MPWL were quantified. Both weighting
factors and stable isotopic compositions of all the source waters were put
into the weighted least square linear regression model to fit the MPWL.
The weighting factor of each source water sample (W) can be calculated
by the following Eq. (1):

P,
W, =
Ny X N,

(€]
where P, represents proportional contributions of each water source to
S. babylonica trees; N, represents the number of water samples for each
water source at each plot; N, represents the number of plots at each site.

Thirdly, the first-iteration water source proportions of S. babylonica
trees can be identified through the MixSIAR model coupled with MPWL-
corrected 52H in the first iteration and raw 5'%0. And this first-iteration
water source proportions of S. babylonica trees were further regarded as

Agricultural and Forest Meteorology 345 (2024) 109837

weighting factors to fit second-iteration MWPL and the second-iteration
52H offsets between bulk xylem water and MPWL were quantified. The
iterations would not stop until the difference between the §2H offsets in
the last iteration and the penultimate iteration was less than 0.2 %
(Fig. S2). This multiple iteration method can help us more accurately
estimate the MPWL, RWU patterns, and the total deuterium offsets be-
tween bulk xylem and source waters.

2.4. Quantification of cryogenic vacuum extraction (CVE)-induced §°H
offsets and radial water transport (RWT)-induced 5°H offsets

In this study, the rehydration experiment was conducted in order to
determine the CVE-induced 8%H offsets. Before the rehydration experi-
ment, all the cryogenically extracted bulk xylem samples and soil sam-
ples were oven-dried at 105 °C for 24 h to completely remove the
residual moisture and eliminate the isotopic heterogeneity within the
plant xylem and soil samples. Each completely dried bulk xylem sample
(a total of 55 samples) was rehydrated separately in a 100-ml brown
glass bottle which was filled with reference water of known isotopic
compositions (—56.7 %o for §%H and —7.0 %o for 5'80) at 25 °C for 48 h.
After rehydration, the surface moisture on each bulk xylem sample was
wiped off. Then they were put into a 12-ml brown glass bottle and stored
at —4 °C in the refrigerator until cryogenic water re-extraction and
isotopic analysis. A total of 60 oven-dried soil samples with various soil
water content and textures were rehydrated for 5°H offsets analysis.
Each soil sample (with a range of oven-dried soil range from 6 g to 11 g)
was injected with 5 ml reference water with known isotopic composi-
tions (—56.7 %o for 5°H and —7.0 %o for 6180), sealed with parafilm, and
stored at 25 °C for 48 h until cryogenic water re-extraction and isotopic
measurement. The IRIS and IRMS systems were used to measure 5°H and
5180 of re-extracted water from the rehydrated soil and xylem samples,
respectively.

Assuming that there was no deuterium fractionation during RWU
and vertical xylem water transport processes, the RWT-induced &°H
offsets can be determined by subtracting the CVE-induced §2H offsets
from the total 5°H offsets between bulk xylem and source waters.

2.5. Statistical analysis

One-way analysis of variance (ANOVA) incorporating Kolmogorov-
Smirnov, Levene’s and posthoc Tukey’s tests (p < 0.05) were applied
to compare the differences in the isotopic compositions between
different water bodies, total 5°H offsets between the xylem and source
waters, and CVE-induced &%H offsets as well as RWT-induced §%H offsets
across four sites. All the statistical analyses were performed using
Microsoft Excel (v2016), SPSS (24.0, Inc., Chicago, IL, USA), and
RStudio (v1.4).

3. Results

3.1. Plant water stable isotopes at different tissue positions and site
locations

There was no significant difference in the isotopic compositions of
first-order branches and second-order branches at the four sites (p >
0.05) (Fig. 2a). The 5%H and 5'80 values of the trunks of S. babylonica
were significantly lower than those in branches at Site D. However, little
difference was observed in the water isotopic values of trunks and
branches at Sites A, B, and C (Fig. 2b). The 5°H and §'%0 values of the
trunk-heartwoods of S. babylonica were not statistically different to
those in the trunk-sapwoods at the four sites (Fig. 2¢). As shown in
Fig. 2d and 2e, there was no significant difference in the isotopic com-
positions between the trunk-heartwoods/sapwoods above 0.3 m and 1.3
m at Sites A, B, and C. Although no significant difference in 5H values
between the heartwoods/sapwoods above 0.3 m and 1.3 m were
observed at Site D, the 580 values in the heartwoods above 0.3 m were
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Fig. 2. Comparison of 8%H and 5'%0 values of plant water between different tissues of S. babylonica, including (a) first-order branch vs. second-order branch, (b)
branch vs. trunks, (c) trunk heartwood vs. trunk sapwood samples, (d) heartwoods above 0.3 m vs. heartwoods above 1.3 m, and (e) sapwoods above 0.3 m vs.
sapwoods above 1.3 m at Sites A, B, C, and D. The letters “*” represent significant differences in isotopic compositions between different plant tissue waters (p

< 0.05).

significantly higher than that above 1.3 m (p < 0.05). These results
suggested that the 52H and 5'®0 values of the cryogenically extracted
bulk xylem water were statistically consistent between different tissue
positions of S. babylonica.

Compared with xylem sap water, the bulk xylem water of
S. babylonica growing the farthest from the riverbank showed a signifi-
cant deuterium depletion of —7.4 %o, —8.8 %o, —10.5 %o, and —4.5 %o at
Sites A, B, C, and D, respectively (p < 0.01) (Fig. 3). However, the 5180
values of bulk xylem water barely deviated from xylem sap water (—0.1
%0, —0.5 %o, —0.4 %o, and —0.1 %o at Sites A, B, C, and D, respectively) (p
> 0.05) (Fig. 3). This indicated that there were significant deuterium
offsets but no oxygen discrepancies between sap water and bulk xylem
waters of S. babylonica (p < 0.01). In particular, the deuterium offsets
between the CVE-extracted bulk sapwood water and pressure chamber-
extracted mobile xylem sap water from sapwoods were observed to be
statistically different from zero at the four sites (—6.5 %o at Site A, —9.7
%o at Site B, —9.8 %o at Site C, and —5.6 %o at Site D) (p < 0.01) (Fig. 3).

The CVE-extracted bulk heartwood water also showed a significant
deuterium offset (depletion) of —7.4 %o, —9.8 %o, —11.0 %o, and —5.7 %o
compared to pressure chamber-extracted mobile xylem sap water in
sapwoods of S. babylonica at Sites A, B, C, and D, respectively (p < 0.01)
(Fig. 3).

3.2. Variations of total 8°H offsets inferred by the modified potential
water source line (MPWL)

The LMWL (8°H = 7.85'%0 + 10.6, R? = 0.96, p < 0.01) established
using the precipitation isotopic data for the whole year of 2021 had a
significantly (p < 0.01) higher slope than the MPWL (mean of 3.1)
(Fig. 4). This suggests that the potential water sources for S. babylonica
have experienced strong evaporation. The PWL was found to be similar
to the MPWL at Sites C and D, whereas the slope of PWL (with the PWL
slope of 3.4 at Site A and 3.7 at Site B) was relatively higher than MPWL
(with the MPWL slope of 3.1 at Site A and 3.0 at Site B) at Sites A and B
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(Fig. 4). The differences between PWL and MPWL can be attributed to
the different proportional contributions of water sources in different
layers to riparian S. babylonica (Fig. S3).

The &%H values of bulk xylem water of S. babylonica were more
depleted than in potential water sources and thus, the bulk xylem
samples fell to the lower right of the MPWL in the dual-isotope plots at
all four sites (Fig. 4). The average 52H offset between bulk xylem and
source waters was —7.0 + 2.2 %o, —5.7 + 2.2 %o, —6.9 + 2.4 %o, and
—4.0 + 1.5 %o at Sites A, B, C, and D, respectively (Fig. 5). The §%H
offsets between bulk xylem and source waters at Site D were signifi-
cantly lower (more positive) compared to Sites A and C (p < 0.01)
(Fig. 5). No significant difference in the 5°H offsets was observed be-
tween different tissue positions of S. babylonica across the three Sites B,
C, and D (p > 0.05) (Fig. 5). Nevertheless, the 5%H offsets of bulk trunk
water above 1.3 m (—4.8 £ 2.1 %o) were significantly higher (more
negative) than those of bulk second-order branch water (—9.2 + 1.5 %o)
at Site A (p < 0.05) (Fig. 5). The isotopic compositions of sap water in the
trunk xylem conduits of S. babylonica were consistent with those of
corresponding potential source waters and fell on the MPWL in the dual-
isotope plots at all four sites (Fig. 4). This suggested that there was no
§2H offset of sap water in the xylem conduits of S. babylonica across the
four sites.

3.3. Deuterium offsets induced by cryogenic vacuum extraction (CVE)
and radial water transport (RWT)

The CVE-induced 8%H offsets between the rehydrated bulk xylem
water and reference water were —5.4 + 1.7 %o, —5.5 & 1.3 %0, —5.7 +
1.6 %o, and —4.3 + 0.4 %o at Sites A, B, C, and D, respectively (Fig. 6). No
significant difference in the 5?H offsets of rehydrated bulk xylem waters

from the reference water was observed between the four sites (p > 0.05).
The CVE-induced 5°H offsets accounted for 74.9 %, 79.7 %, 70.4 %, and
75.4 % of the total 52H offsets at Sites A, B, C, and D, respectively
(Fig. 7). There was no significant difference in the percentage of CVE-
induced 52H offset to total 5°H offsets among four sites (p > 0.05)
(Fig. 7). No significant difference in the CVE-induced 5%H offsets was
observed between trunks and branches at four sites (p > 0.05). The RWT
process between sap and tissue waters contributed less to 52H offset
compared to the CVE process, with the mean value of 25.1 %, 20.3 %,
29.6 %, and 24.6 % at Sites A, B, C, and D, respectively (Fig. 7).

3.4. Influence of multiple factors on CVE- and RWT-induced 5°H offsets

As shown in Fig. 8, the CVE-induced §2H offset of bulk xylem water
was significantly positively correlated with the plant water content (y =
12.6x — 9.7, R? = 0.41, p < 0.05). Specifically, both the branch water
content (y = 19.5x — 12.2, R? = 0.36, p < 0.05) and trunk water content
(y = 7.6x — 7.5, R? = 0.23, p < 0.05) were observed to be in a linear
correlation with corresponding CVE-induced 8%H offsets, respectively
(Fig. 8). Nevertheless, the CVE-induced §H offsets of bulk branch xylem
water showed a more significant increase with the decreasing branch
water content compared to bulk trunk xylem water (Fig. 8). The §°H
offsets between the rehydrated bulk soil water and reference water
showed significantly negative correlations with soil clay content (p <
0.05) and soil silt content (p < 0.05) (Fig. 9a and b). In contrast, a
significantly positive correlation was found between the CVE-induced
8%H offsets and soil sand content (p < 0.05) (Fig. 9c). There was no
significant relationship between the CVE-induced §2H offsets and soil
water content (p > 0.05) (Fig. 9d).

There were significantly negative relationships between the RWT-
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induced §2H offsets and leaf §'3C values (y = -2.2x + 65.9, R = 0.64, p
< 0.05) (Fig. 10a) and trunk water content (y =-20.6 x + 2.6, R?= 0.38,
p < 0.05) (Fig. 10b). The RWT-induced 5%H offset was also found to be
negatively (y = —27 x + 1.9, R? = 0.39, p < 0.05) and positively (y = x —
4.1, R? = 0.48, p < 0.05) correlated with the SWC and WTD in linear
function, respectively (Fig. 10c and d). This result indicated that the
wetter environment could lead to more negative (larger) RWT-induced
5°H offsets. In addition, the SWC positively affected the leaf 5'3C
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Fig. 6. The cryogenic vacuum extraction (CVE)-induced 5°H offsets between
the rehydrated bulk xylem water and reference water. The letters (a and b)
represent significant differences in CVE-induced §2H offsets for bulk xylem
water at four representative sites (p < 0.05).

values (y = 5.9x — 30.0, R = 0.40, p < 0.05) (Fig. S4a) and trunk water
content (y = 0.9 x + 0.3, R? = 0.48, p < 0.05) (Fig. S4b).
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4. Discussion

4.1. Identification of 5°H fractionation positions and corresponding 5°H

offsets

Our results revealed that deuterium was fractionated in the sap-
tissue RWT process, while riparian tree RWU and vertical sap water
transport from roots to leaves did not affect the deuterium ratio of xylem
water (Fig. 11). This can be supported by the following three lines of
evidence. Firstly, the §?H of xylem sap water at 1.3 m of S. babylonica
sampled with a Scholander pressure chamber matched well with MPWL
and corresponding source waters (Figs. 3 and 4). Our results indicated
that non-fractionated sap water reflecting the isotopic information of
potential source water did exist in conductive xylem conduits at 1.3 m of
riparian S. babylonica. This is consistent with some previous studies
reporting that no deuterium fractionation occurred during water uptake
from soil water to root xylem conduits (Barbeta et al., 2022; Chen et al.,
2020), and during vertical sap water transport from roots to the tran-
spired sites (Dawson et al., 2002; Treydte et al., 2021; Zhao et al., 2016).
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Thus, we excluded both RWU and vertical sap water transport as po-
tential causes for deuterium fractionations. Secondly, we observed
deuterium offsets between sap water and bulk xylem water in different
positions of S. babylonica at the four sites (Fig. 3). Such deuterium
fractionation might be attributed to the radial isotopic exchanges be-
tween sap water in conductive xylem conduits and tissue waters in
non-conductive xylem (Barbeta et al., 2022; Nehemy et al., 2022; Wen
et al., 2022; Zhao et al., 2016). Interestingly, the deuterium of bulk
xylem water remained statistically consistent along the bottom (trunks
at 0.3 m), middle (trunks at 1.3 m), and upper positions (the first- and
second-order branches) of riparian S. babylonica at Sites A, B, and C
(Fig. 2). This is likely because the magnitude of RWT-induced deuterium
offsets in different positions of S. babylonica is consistent, highlighting
the negligible influence of sampling positions on the deuterium frac-
tionation estimation. Thirdly, a large number of immature or discon-
tinuous aquaporins attaching to the roots and conductive xylem
conduits could provide many unfractionated apoplastic pathways for
RWU and vertical sap water transport, especially for those
non-halophytes and non-xerophytes (Barbeta et al., 2022; Ellsworth and
Williams, 2007; Lin and Sternberg, 1993; Nehemy et al., 2022). How-
ever, the mature aquaporin-mediated RWT process may preferentially
drive lighter hydrogen isotopologues in sap water to go through tissue
waters and lead to highly 82H-depleted tissue waters (Nehemy et al.,
2022).

Except for the sap-tissue RWT process, the RWT process between
sapwood- and heartwood-water has been suggested to be a possible
reason for RWT-induced §%H offsets. For example, White et al. (1985)
and Treydte et al. (2021) found that the §*H values of bulk sapwood
water were significantly higher compared to heartwood water. They
explained that the radial symplastic water movement from “conductive
sapwood” to “non-conductive heartwood” resulted in §°H fractionation
and consequent 5°H-depleted heartwood water. In contrast, no signifi-
cant difference in §2H values between bulk sapwood and heartwood
water was found here (Fig. 2) and also in previous studies (Thorburn
et al.,, 1993; Fabiani et al., 2022). The bulk sapwood water and bulk
heartwood water of S. babylonica showed statistically consistent deute-
rium offsets from sap water in xylem conduits (Fig. 3). Thus, our results
excluded the possibility that deuterium fractionation occurs during the
RWT process between sapwood- and heartwood-water. According to
Jupa et al. (2016), plant sapwood typically contained conductive con-
duits and non-conductive tissues including fibers and parenchyma.
Furthermore, Barbeta et al. (2022) reported that the ratio of sap water to
bulk xylem water content in potted F. sylvatica ranged from 8 % to 30 %.
The relatively 5*H-enriched sap water could have a minor effect on the
deuterium of bulk sapwood water if the sap water reservoir in xylem
conduits is much smaller than the tissue water reservoir. Consequently,
the sapwood water was observed to be consistent with heartwood water
in deuterium in our study. In comparison, when the ratio of sap water to
bulk xylem water content reached up to 30 %, the ratio of sap water to
tissue water in sapwood could be approximately 50 %. This large
enriched sap water reservoir in sapwood could be a possible reason for
the 5°H-enriched sapwood water in White et al. (1985) and Treydte
etal. (2021). As such, we ruled out sapwood-heartwood water exchange
as a potential reason for §2H fractionation during the RWT process of
riparian S. babylonica.

The 5H offsets between bulk xylem and source waters have also
been attributed to the water isotopic heterogeneity within the micro soil
pores (Barbeta et al., 2022; Zhao et al., 2022). We estimated the isotopic
composition of unbound soil water based on the empirical formulation
proposed by Chen et al. (2016) and Barbeta et al. (2022) (Egs. S1 and S2,
Fig. S5). The results showed that §%H and 580 in unbound soil water
were not statistically distinguished from those in bulk soil water at the
four sites (Fig. S5), which consequently indicated an isotopic homoge-
neity among different soil pools (i.e., bound soil water and unbound soil
water). In contrast, Barbeta et al. (2022) and Duvert et al. (2022)
emphasized the relative enrichment of heavy isotopes in unbound soil
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water compared to bulk soil water deriving from the empirical formu-
lation. This soil water isotopic heterogeneity could attribute to high soil
organic content in the riparian karstic canyon zone (Barbeta et al., 2022)
and streamside Ranger Uranium Mine (Duvert et al., 2022). Chen et al.
(2021) suggested that the organic content was the primary reason for
isotopic fractionation and soil water isotopic heterogeneity. Several
previous studies also reported a positive linear correlation between soil
clay and organic content due to the close association of soil clay particles
and organic matter (Johannes et al., 2017; Prout et al., 2021). As a
consequence, the soil water isotopic homogeneity could derive from low
soil organic content under low soil clay content conditions (0 — 9.4 %) in
this study (Table S1). Therefore, we elucidated that the xylem-source
deuterium offsets cannot be attributed to the micrometer-scale iso-
topic heterogeneity in the soil water within micro-pores.

It was suggested that the CVE process was a primary potential cause
of the total 5H offsets between bulk xylem and source waters, which can
be inferred from the higher proportion of CVE-induced 5°H offsets (75.1
%) compared to the RWT-induced §°H offsets (24.9 %) (Figs. 7 and 11).
Wen et al. (2022) also demonstrated that the RWT- and CVE-induced
82H offsets explained 28.1 % and 71.9 % of the 5°H offsets between
sap water and tissue waters. The significantly higher CVE-induced §2H
offsets than RWT-induced 2H offsets could be explained that the orig-
inal structures or compositions of all the xylem water molecules have
been altered during the CVE process. In comparison, most of the
immobile tissue water remains its original state during the RWT process.
It was worth noting that the magnitude of RWT-induced §2H offsets in
this study (mean of —1.8 %o) was much smaller than those previously
reported in dryland riparian Populus Euphratica species (up to —26 %o)
(Zhao et al., 2016). This could be because Zhao et al. (2016) attributed
the 5%H offsets between bulk xylem and source waters (groundwater)

entirely to the radial water transport from sap water in conductive xylem
conduits to non-conductive tissue waters, without separating
CVE-induced 8%H offsets.

4.2. Possible causes for 5°H offsets resulting from cryogenic vacuum
extraction (CVE) methodology artifact

The CVE-induced 8H offsets can be attributed to the deuterium
exchange between exchangeable hydrogen atoms in xylem organic
matter (O-bound and/or N-bound aromatic hydrogen) (hereafter as
§°Hexom) and environmental water (hereafter as 5°Hyater) during the
CVE processes proposed by Chen et al. (2020). According to wood
anatomy, the exchangeable hydrogen bound to oxygen in hydroxyl
groups accounts for 30 % of the hydrogen atoms of cellulose, whereas
70 % is bound to carbon and isotopically non-exchangeable (Epstein
et al., 1976; Feng et al., 1993; Filot et al., 2006). Moreover, isotopic
fractionations existed during such deuterium exchange process between
62HexoM and 62meer and eventually reached a complete equilibration
(i.e., 52HexoM = SZHWater + ¢, where ¢ is a negative fractionation factor)
within minutes at temperatures above 100 °C and within days at a
temperature of 0 °C (Yakir and Deniro. 1990; Feng et al., 1993; Leh-
mann et al., 2022). In this regard, it is reasonable to infer that the dy-
namic equilibrium of deuterium exchange between 62Hex0M and
§?Hyater can be achieved at a temperature of 150 °C during the CVE
process in our study, consequently causing that §?Heyoy values always
equal to 52Hyger values plus e. Furthermore, the progressive evapora-
tion enrichment of xylem residual water could constantly lead to the
deuterium enrichment in plant organic matter due to the presence of
dynamic deuterium exchange during water distillation (Chen et al.,
2020). With an isotope mass balance system, the resultant enriched
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deuterium in plant organic matter can likely cause the isotopically
depleted 52H values of cryogenically extracted bulk xylem water. This
interpretation can be further supported by the positively linear corre-
lations between CVE-induced &2H offsets and plant water content
observed in our study (Fig. 7) and Chen et al. (2020). Because given the
isotope mass balance, the increasing plant water content could enlarge
the water reservoir surrounding organic matter and buffer the effect of
deuterium exchanges between SZHexoM and 8%Hyaeer on CVE-induced
§%H offsets (Chen et al., 2020; Wen et al., 2022). In addition to water
content, the observed negative linear relationship between CVE-induced
5%H offsets and soil clay content suggested that deuterium
exchange-derived 52H offsets could be enhanced (more negative) when
soil clay content is high due to a close association between soil clay- and
organic content (Fig. 9a and b).

However, a completely different explanation of CVE-induced §2H
offsets was proposed by Diao et al. (2022), reporting that the combined
effect of deuterium exchange between §°Hexom and 82Hyater during
rehydration process and evaporation- or sublimation-derived isotopic
enrichments during CVE process resulted in GVE-derived 52H offsets. We
have reasons to believe this explanation likely does not apply to our
case. First, we used a large 100-ml brown glass bottle for rehydrating
each oven-dried bulk xylem sample, which contained enough reference
water in order to eliminate the effect of deuterium exchange between
xylem organic matter and reference water on isotopic changes of
reference water during the 24 h rehydration process. Our results found
that there was no significant difference between isotopic values of
reference water before and after rehydration process (p > 0.05). Thus,
the effect of deuterium exchange between 5?Hexom and 8*Hyater during
rehydration process on CVE-induced 5°H offsets can be negligible. Sec-
ond, according to Diao et al. (2022), the effect of evaporation- or
sublimation-derived isotopic enrichment on the CVE-derived 52H offsets
during CVE process was particularly low when the absolute amount of
extracted water exceeded 0.6 ml. In our study, all the absolute amount of
extracted water of rehydrated samples is more than 1 ml, which led us to
rule out the evaporation- or sublimation-derived isotopic enrichment
during CVE process as the potential cause of CVE-derived 5°H offsets.

4.3. Possible causes for §°H offsets resulting from radial water transport
(RWT)

Our results suggested that higher (more negative) RWT-induced §2H
offsets between sap and tissue waters were accompanied by higher trunk
water content and higher water availability (i.e., higher SWC and higher
water table) (Fig. 10b-d). Moreover, both greenhouse-controlled (Bar-
beta et al., 2020) and natural field experiments (De la Casa et al., 2022;
Tetzlaff et al., 2021) reached the consistent conclusions that the §5%H
offsets were higher (more negative) during wetter conditions. Our pre-
vious study found that riparian S. babylonica tree species would increase
transpiration rate and show a water use strategy without water limita-
tions under higher soil water availability conditions (Li et al., 2022).
This evidence supported previous findings stressing that the higher
transpiration rate of plant species could significantly aggravate 5°H
fractionation during radial water transport (Lin and Sternberg, 1993;
Nehemy et al., 2022; Steppe et al., 2012). In this regard, a compelling
explanation was provided by Nehemy et al. (2022) and Treydte et al.
(2021), suggesting that the aquaporins attached to the cell membrane
provided the main pathway for radial water movement when the plant
transpiration rate was high, which in turn enhanced 5H fractionations.
It is likely because the cell-to-cell pathways modulated by aquaporins
broke down large water isotopologues and allowed lighter isotopologues
in sap water to preferentially pass into parenchyma tissue waters (Aroca
et al., 2005; Cochard et al., 2006; Kozono et al., 2002; Lin and Stern-
berg, 1993). In comparison, the radial water movement between sap
water in xylem conduits and tissue waters might primarily rely on a
non-fractionated apoplastic pathway when the transpiration rate and
hydraulic demand of plant species were lower in water deficit conditions
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(Nehemy et al., 2022; Steppe et al., 2012).

We also observed the higher (more negative) RWT-induced §5%H
offsets between sap and tissue waters when the leaf §!3C values were
higher (more positive) at the moister environment (Figs. 10a and S4a).
Farquhar et al. (1989) characterized leaf 5'3C as a proxy of plant WUE (i.
e., the ratio of photosynthetic rate to transpiration rate). The positive
linear relationships between plant trunk water content and soil water
content revealed that plant transpiration flux increased with the
increasing soil water availability (Fig. 10b). Moreover, the increasing
soil water availability could induce a stronger increase in photosynthetic
rate than transpiration rate, which can be inferred from the positive
relationship between the plant WUE and soil water content in this study
(Fig. S4a). The increasing photosynthetic rate of riparian S. babylonica
could produce more exchangeable O- or N-bound 2H in organic matter
and eventually enhance the deuterium exchange between parenchyma
cell organics and environmental water (Barbeta et al., 2022; Chen et al.,
20165 Nehemy et al., 2022; Treydte et al., 2021). It is uncertain whether
the RWT-induced &2H offsets were attributed to the high
transpiration-induced breakdown of hydrogen bonds through the sym-
plastic pathway, or high photosynthetic-induced §2H-exchange between
exchangeable O- or N-bound 2H in organic matter and 2H in environ-
mental water. Nevertheless, it is clear from these previous studies that
the RWT-induced §%H offsets between sap and tissue waters could be
affected by both soil water availabilities and plant physiological
characteristics.

4.4. Implications and further directions

This study quantified the total, CVE-induced, and RWT-induced §%H
offsets between bulk xylem and corresponding source waters in field
observations based on the MPWL, iteration method, and rehydration
experiments. The CVE- and RWT-induced §?H offsets must be considered
in isotope-based ecohydrological research since they accounted for 75.1
% and 24.6 % of the total §2H offsets, respectively. The deuterium ex-
change between exchangeable §2H in organic matter and §2H in envi-
ronmental water is the root cause of §2H fractionation during the CVE
process, which generally weakens with the increasing plant water con-
tent. Regarding various plant species and extraction instruments in
different studies, rehydration experiments should be conducted to
determine CVE-induced 8?H offsets between bulk xylem and source
waters.

Until now, multiple methods (e.g., cavitron flow-rotor, self-made
flow through leaf chamber, and direct syringe collection from positive-
pressure xylem sap) have been used to extract a part of sap water in
xylem conduits from the bulk xylem water (Barbeta et al., 2022; Kuebert
et al., 2023; Millar et al., 2018; Wen et al., 2022; Zhao et al., 2016).
However, it is challenging to completely separate xylem sap water and
tissue water due to their constant water exchanges. Our results also
suggest that both water availabilities and plant physiological charac-
teristics have a significant effect on the RWT-induced §H offsets be-
tween sap and tissue waters. As such, it is quite difficult to directly
quantify RWT-induced 52H offsets between xylem sap and tissue waters.
This study provides an alternative method to indirectly determine
RWT-induced §2H offsets using the total §2H offsets minus the
CVE-induced 5%H offsets, which can be extended to other isotope-based
ecohydrological research.

There are several issues that required further investigation. Firstly,
only one riparian tree species (deep-rooted S. babylonica) with distinct
WUE under different WTDs were investigated in this study, and further
investigations should be conducted for various plant species in different
habitats. Secondly, the water isotopic heterogeneity within the micro
soil pores could play an important role in the 5H offsets between bulk
xylem and source waters (Barbeta et al., 2022; Zhao et al., 2022). It is
necessary to quantify the soil water isotopic heterogeneity-induced 5§*H
offsets under relatively high soil organic content conditions in future
research.
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5. Conclusions

In this study, the magnitude of the total §°H offsets between bulk
xylem and source waters through CVE or RWT pathways were quantified
via the stable isotopes (5°H, 5'%0, and §'3C) and rehydration experi-
ments. Our results provide support to the common assumption that no
82H fractionation occurred during root water uptake and vertical sap
water transport from roots to leaves. The soil water isotopic homoge-
neity between bound soil water and unbound soil water in this study
suggested the 52H offsets cannot be attributed to the micrometer-scale
isotopic heterogeneity in the soil water within micro-pores. The CVE-
and RWT-induced §2H offsets accounted for 75.1 % and 24.9 % of total
82H offsets, respectively. The CVE-induced 52H offsets result from the
deuterium exchange between exchangeable hydrogen atoms in xylem
organic matter and environmental water, which decreased with
increasing plant water content. The higher plant transpiration rate or
photosynthetic rate in wetter environments could significantly aggra-
vate RWT-induced 5?H offsets between sap and tissue waters. Our results
suggested that both water availability (i.e., SWC and WTD) and plant
physiological characteristics had a significant effect on the RWT-
induced 8°H offsets between sap and tissue waters. This study pro-
vides critical and comprehensive insights into potential causes of
deuterium offsets and helps to accurately determine plant water uptake
patterns and evapotranspiration partitioning.
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