
1. Introduction
Vegetation, as an important medium connecting atmosphere and landscape (Jasechko et al., 2013), plays a lead-
ing role in linking water, energy, and carbon cycle (Bastin et al., 2019). Over the past decades, to combat global 
warming and land degradation, global vegetation has witnessed tremendous changes (Bryan et al., 2018; Tong 
et al., 2018), resulting from the Restoration Initiative in Asia, the Great Green Wall of Africa, and the Grain for 
Green Project in China (Chen et al., 2019; Liu et al., 2008). In particular, growing interest in afforestation projects 
will be more popular to achieve the Paris Agreement climate goal (Bastin et al., 2019; Duan et al., 2021; Zhang 
et al., 2022). Although the benefits of afforestation have been recognized globally (Doelman et al., 2020; Duan 
et al., 2021; Hermoso et al., 2021), the sustainability of revegetation is often questioned (Feng et al., 2016; Holl 
& Brancalion, 2020). Therefore, it is imperative to understand the relationship between afforestation and hydro-
logical variability to promote their harmonious coexistence.

As a main component of global terrestrial freshwater, the water stored in soils is crucial for vegetation growth 
(Evaristo et al., 2015; Li et al., 2017; Wang et al., 2018). Soil water availability may determine the growth of vege-
tation in dry regions. In turn, the plants can influence different components of SWB (e.g., evaporation E, tran-
spiration T, and deep drainage D) through various water use strategies (Good et al., 2015; Knighton et al., 2019; 
Zhang & Wei, 2021). Previous studies have indicated that afforestation could lead to growth in ET (Jaramillo 
et al., 2018; Shi, Huang, Ji, et al., 2021; Wang, Cheng, et al., 2021), decreases in surface runoff and soil water 
storage (Luo et al., 2020; Scott & Lesch, 1997; Sun et al., 2006; Zhang, Yang, et al., 2018), and perturb the 
hydraulic connectivity in dry regions (Han et al., 2020; Shi, Huang, Yang, & Li, 2021). However, most studies 
focus on a specific SWB component, and have not systematically evaluated the impacts of afforestation on SWB. 
Therefore, it is urgent to investigate how each component of SWB changes after tree planting and the mechanism 
behind the changes.

It is necessary to do the partitioning of SWB under different plants to decipher plant-water interaction. Both 
hydrological modeling and isotope-based methods are commonly employed techniques for this purpose (Kool 
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et  al.,  2014; Sun et  al.,  2021). In particular, with the development of isotope measurement technology, the 
isotope-based techniques have been widely used to investigate ecohydrological processes (Evaristo et al., 2015; 
Good et al., 2014; Jasechko et al., 2013). As an effective strategy to estimate evaporation loss and identify water 
uptake strategies of plants (Evaristo et al., 2015; Gessler et al., 2021; Good et al., 2014; Sun et al., 2021), stable 
isotopes (δ 18O, δ 2H) can’t partition SWB without additional measurements and cannot tell the ages of water 
absorbed by plants. Tritium ( 3H), as an age-constraining tracer, has been widely used to determine the ages and 
recharge rates of soil water (Allision et al., 1994; Li, Si, & Li, 2018). As such, the combination of stable and 
radioactive water isotopes is promising in SWB partitioning and plant water identification.

The Loess Plateau of China, located in an arid and semiarid region, covered by the thickest loess in the world, 
has fragile ecosystems and severe erosions (Li et al., 2020; Zhu et al., 2018). Since the 1990s, the Grain for Green 
Project has substantially converted farmland to forestland to control soil loss (Huang & Gallichand, 2006; Wang, 
Yan, et al., 2021; Wang et al., 2016). In particular, apple trees have been widely planted to facilitate ecological 
and economic benefits (Baldi et al., 2013; Gao et al., 2021). The planting areas of apple trees had reached approx-
imately 1.3 × 10 4 km 2 by 2016, accounting for 25% of global coverage (Wang et al., 2020). However, the planted 
orchards have caused negative effects on water resources (Li, Si, Wu, & McDonnell, 2018; Li et al., 2019, 2021; 
Shi, Huang, Ji, et al., 2021; Wang, Yan, et al., 2021; Zhang, Li, et al., 2018), such as severe soil water deficit. It 
is essential to systematically evaluate how afforestation influence hydrological processes.

This study is in an attempt to partition the SWB under different land use types (farmland and apple trees with 
varying ages), and determine the source water of root uptake of apple trees. The novelties of this study may 
include two aspects: (a) the stable and radioactive isotopes of water are combined to partition SWB and quantify 
the impacts of land use changes on soil hydrological processes, and (b) the water use strategies of apple trees 
under investigation can help reveal the mechanism behind the SWB changes. Specifically, each component of 
SWB will be quantified by combing stable and radioactive water isotopes, and then the MixSIAR model will be 
used to determine the water sources of apple trees over seasons and years. These results are important for under-
standing the hydrological processes and water uptake strategies of plants in regions with thick unsaturated zones 
and arid climate. Our findings will be helpful for sustainable management of water resources and vegetation 
restoration in the study region, and the employed methods can provide technical support for SWB partitioning in 
other similar studies.

2. Materials and Methods
2.1. Study Area

The study area is located at Changwu County, Shannxi Province of China (Figure 1). The study site in the table-
land has a loess depth beyond 200 m (Zhu et al., 2018), and the tableland has flat surface with little runoff. The 
groundwater level is 84 m below surface. From the bedrock to the top, the loess deposits include three layers 
(Wucheng Loess with a thickness of 30–50 m covering the bedrock, Lishi Loess with a thickness of 100–150 m, 
and Malan Loess with a thickness of 20–30 m distributed as the topsoil). The investigated area belongs to warm 
temperature zone, with long-term mean annual precipitation of 585.0 mm, temperature of 9.4°C, and potential 
evapotranspiration of 1015.3 mm (1957–2017). Precipitation has an uneven distribution throughout the year, 68% 
of which falls between July and September. The main land use types include wheat, maize and apple orchards. 
The apple orchards cover 160.6 km 2 in 2018, accounting for 70% of the arable land. According to a survey with 
local farmers, apple trees bear fruit at 4–5 years with high yields at 13–18 years, and will be cut down in 30 years 
or so. As typical rain-fed agriculture, all arable lands have no irrigation.

2.2. Sampling and Analyzing

The paired-plot sampling method was employed to evaluate the effects of conversion from shallow-to deep-rooted 
plants on SWB. Three sites were selected, including a farmland (F) and two apple orchards with different tree 
ages (i.e., 18 and 26 years-old trees, abbreviated as A18 and A26 hereafter), with inter-site distances <1.0 km. 
The sites were close enough to share similar climate, soil and hydrogeological conditions, and the differences in 
contents and isotopes of soil water are thus caused by vegetation change to the greatest extent. As our previous 
study with five replicates for each site under the same land uses demonstrated that water contents in soil profiles 
were similar (Huang et al., 2018), it is reasonable to collect soil samples without replication for each land use.
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We drilled a borehole up to 20 m to collect soil samples at an interval of 20 cm at each site in June 2020. Subse-
quently, the soil samples were collected monthly for July to October in 2020 and May to October in 2021, but 
only for the profile of 0–6 m. The months were selected to cover the major growing period, and the sampling 
depth of 6 m was selected because contents and isotopes of soil water are stabilized below that depth (Xiang 
et al., 2020). In particular, the local meteoric water line in our study area (δ 2H = 7.6 δ 18O + 9.1) was similar 
with δ 2H = (7.67 ± 0.11) δ 18O + (8.76 ± 1.00) in Xiang et al. (2020). The water isotopes in soils below 6 m for 
dynamic samplings were thus replaced by those of the first sampling.

For each soil sample, one part was stored in an aluminum box to determine gravimetric water content by oven 
drying method, and the second part was stored in small bottles tailored for water extraction and sealed with 
parafilm refrigerating at 4°C, and the remainder was stored in a plastic bottle for water extraction and tritium 
isotope analysis. We selected soil samples at 20-cm interval in 0–3 m soil layer, 40-cm interval in 3–6 m, and 
60-cm interval below 6 m to measure δ 18O and δ 2H contents. The xylem samples (five replicates for each orchard) 
were collected from trees surrounding soil sampling site. Specifically, 1-year-old branch in each apple tree was 
obtained at midday, and then the xylem without phloem was cut into 3–5 cm pieces to store in 8 ml glass bottles 
sealed with parafilm at −20°C for stable water isotope analysis.

The liquid water in soils and plant xylems were extracted by using the automatic cryogenic vacuum distillation 
system (LI-2100, LICA, Beijing, China). Specifically, samples (i.e., soil, xylem) were heated at 130°C for 2 hr 
to evaporate completely, and then the evaporative vapor was trapped by a cryogenic system with an extraction 
efficiency of >98%. Precipitation samples were collected daily for isotopes measurement. The stable isotopes 
(δ 18O and δ 2H) in precipitation, soil and xylem water were determined by using the isotopic liquid water analyzer 
(GLA431-TLWIA, ABB Inc., Canada) with a precision of 0.3‰ for δ 2H and 0.1‰ for δ 18O. The extracted water 
is 1.0–1.5 ml from each sample bottle (8 ml, ∼10 g soil). About 8-ml extracted water was mixed with scintillation 
solution at a ratio of 8:12 for preparation, and then was stored in dark for 12hr before testing. Tritium concentra-
tion was measured by a liquid scintillation counter (Quantulus 1220, Perkin Elmer) with a detection limit of 2.0 
tritium units (TU) (Shi, Huang, Yang, & Li, 2021).

The extracted plant water generally contain organic materials that may cause spectral interference when using the 
isotope ration infrared spectroscopy, and further result in errors in the measured isotope ratio (Millar et al., 2021; 
West et al., 2011; Zhao et al., 2011). The methanol and ethanol are considered as main contamination in the 
extracted plant analytes (Brand et al., 2009; Martín-Gómez et al., 2015; West et al., 2011), and researches indi-
cated that the deionized water spiked with methanol and ethanol can generate correction curves for δ 18O and δ 2H 
(Schultz et al., 2011). Therefore, we developed standard curves between water isotopes and different concen-
trations of methanol and ethanol to correct the measured isotope ratios of contaminated samples. Specifically, 

Figure 1. Location of the study area (a), meteorological station (M) and soil sampling sites (b). F, A18, and A26 respectively represents farmland, 18-and 26-year 
apple orchards.
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the deionized water was mixed with varying concentrations of methanol (0.001%–0.1%, n = 25) and ethanol 
(0.01%–1%, n = 17) (Millar et al., 2021; Schultz et al., 2011), and then the isotopes of contaminated water (three 
replicates for each sample) were measured by the GLA431-TLWIA isotopic liquid water analyzer. Subsequently, 
the isotopic biases were used to build relationships with methanol and ethanol contamination coefficients derived 
by the GLA431-TLWIA Post-Analysis Software. Based on these relationships, all measured isotopic values in 
xylem water were corrected using the correction curves.

2.3. Partitioning of Soil Water Balance

Previous studies indicated that afforestation largely decreased soil water contents and deep drainage, and further 
affected soil hydrological components (Ge et al., 2020; Jia et al., 2017; Zhang, Li, et al., 2018). To investigate 
the long-term impacts of tree planting on SWB, we partitioned each component of the following SWB equation 
(Equation 1) (Kool et al., 2014). For this purpose, we calculated the mean annual ΔS since the beginning of tree 
planting, further estimated the long-term average annual values of E and D based on the following equations.

𝑃𝑃 = 𝐸𝐸 + 𝑇𝑇 + Δ𝑆𝑆 +𝐷𝐷 +𝑅𝑅 (1)

where P is precipitation, mm yr −1; E is evaporation, mm yr −1; T is transpiration, mm yr −1; ΔS is the change of soil 
water storage, mm yr −1; D is deep drainage, mm yr −1; R is surface runoff, which is ignored in this study because 
the sampling sites are flat with negligible runoff, mm yr −1.

2.3.1. Change in Soil Water Storage and Deep Drainage

According to the measured gravimetric water contents in each soil layer, water storage can be calculated by multi-
plying bulk density corresponding to the soil layers. ΔS because of tree planting was estimated as the difference 
of S between farmland and apple orchard. Deep drainage under apple orchards (Da) was estimated by combing 
ΔS with deep drainage under farmland (Df) (Zhang, Li, et al., 2018). Specifically, the tritium peak in soil profiles 
represents the depth that 1963-precipitation tritium moved in the unsaturated zone (Li, Si, & Li, 2018; Tao, Li, 
et al., 2021), Df can be thus estimated by Equation 2 (Phillips, 1994; Si & de Jong, 2007). Subsequently, Da can 
be estimated by Equation 3 through taking out ΔS. θ stands average volumetric water content, cm 3 cm −3. Zt and 
Za represent the depths of tritium peak and active rooting zone (m), respectively. According to our observed water 
contents and fine root length density in soil profile (Li, Si, & Li, 2018; Li et al., 2019), the value of Za can be 
represented by 2 m t is the period length since 1963, year.

𝐷𝐷𝑓𝑓 = 𝜃𝜃
𝑍𝑍𝑡𝑡 −𝑍𝑍𝑎𝑎

𝑡𝑡
 (2)

𝐷𝐷𝑎𝑎 = 𝐷𝐷𝑓𝑓 − Δ𝑆𝑆 (3)

2.3.2. Soil Evaporation Loss

Considering the inputs (I) and outputs of water are in long-term equilibrium, Equation 1 can be expressed as 
Equation 4 with the assumption that all precipitation infiltrating into soil without surface runoff. Subsequently, 
a steady-state isotope mass balance model can be expressed as Equation 5, which is similar to other methods in 
partitioning ET (Al-Oqaili et al., 2020; Gibson & Edwards, 2002; Good et al., 2014). δI, δE, δT, δs, are respectively 
the isotopes of input water, evaporated water, transpiration, and soil water, ‰.

𝐼𝐼 = 𝐸𝐸 + 𝑇𝑇 +𝐷𝐷 + Δ𝑆𝑆 (4)

𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐸𝐸𝐼𝐼𝐸𝐸 + 𝑇𝑇 𝐼𝐼𝑇𝑇 + (𝐷𝐷 + Δ𝑆𝑆)𝐼𝐼𝑆𝑆 (5)

The steady-state isotope mass balance model was assumed to be balanced by fractionated (E) and non-fractionated 
(T and D) losses. Therefore, we used soil water isotopes above the depth reflecting the maximum evaporation 
effect of tree planting to calculate evaporation loss. Theoretically, the xylem water isotope can well represent 
isotope signal in transpiration. However, recent studies indicated that plant xylem water isotopes have an isotopic 
fractionation during cryogenic water extraction or root water uptake (Barbeta et al., 2020; Chen et al., 2020). 
Further, the xylem water isotopes are mixtures of soil water isotopes of different soil layers including below 
the abovementioned maximum evaporation depth. As such, the xylem water isotopes would not match with the 
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transpiration isotope signal from the surface to maximum evaporation depth. Therefore, we used the δs above the 
maximum evaporation depth to substitute δT. As such, the fraction of evaporation loss to the input can be esti-
mated with Equation 6 (Al-Oqaili et al., 2020; Xiang et al., 2021). For evaporation estimation, it is very important 
to determine a critical depth reflecting the maximum evaporation effect of tree planting. We conducted this step 
by comparing the time period represented by soil water tritium peak and the ages of apple trees. The profile from 
the surface to soil water tritium peak depth represents soil water movement since 1963, but the apple trees were 
planted in recent 30 years. As such, the depth of 6 m contains water of ∼50 years old, the infiltration rates can 
be estimated by an equation similar as Equation 2 (i.e., infiltration rates = (Zt − Za)/t = (6−2 m)/50 years = 8.
0 cm year −1). The depth covering the period of land use change can thus be estimated as Za + 8.0 cm year −1 × 
30 years/100 = 4.4 m. Therefore, it is reasonable to use the depth profile above tritium peak depth (i.e., 0–6 m) 
to reflect the maximum evaporation depth. Consequently, the stable oxygen isotope within 0–6 m were used to 
estimate E/I, which refers as the long-term average annual evaporation rates. δI can be calculated with soil water 
evaporation line and Local Meteoric Water Line by a Bayesian-type statistical approach (Bowen et al., 2018). 
It should be noted that the soil water evaporation line was not directly regressed from soil water isotopes, but 
based on the Craig-Gordon model (Benettin et al., 2018; Bowen et al., 2018). δs was derived from the measured 
isotopic compositions in the sampled soils above 6 m. δE was estimated by the Craig-Gordon model (Craig & 
Gordon, 1965).

𝐸𝐸

𝐼𝐼
=

𝛿𝛿𝐼𝐼 − 𝛿𝛿𝑆𝑆

𝛿𝛿𝐸𝐸 − 𝛿𝛿𝑆𝑆
 (6)

where h and δA respectively represent relative humidity and isotopic composition of the atmospheric vapor, 
𝐴𝐴 𝐴𝐴𝐴𝐴 = (𝐴𝐴𝑃𝑃 – 𝜀𝜀

+)∕𝛼𝛼+ , ‰ (Gibson & Reid, 2014). δP is the monthly volume-weighted isotopic values of precipita-
tion, ‰; ɛ + and α + are the temperature-dependent equilibrium fractionation factors, ‰, 𝐴𝐴 𝐴𝐴

+ = (𝛼𝛼+
– 1) × 1000 . ɛk 

is kinetic fractionation factor calculated by the methods in Benettin et al. (2018). The monthly mean temperature 
and relative humidity for 1957–2017 were used to estimate the ɛ + and ɛk.

𝛿𝛿𝐸𝐸 =
(𝛿𝛿𝑠𝑠 − 𝜀𝜀

+)∕𝛼𝛼+ − ℎ𝛿𝛿𝐴𝐴 − 𝜀𝜀𝑘𝑘

1 − ℎ + 𝜀𝜀𝑘𝑘∕1000
 (7)

2.3.3. Vegetation Transpiration

Based on Equation 1, T can be indirectly calculated as the residual of known components.

2.4. Determining Source Water for Root Uptake

To reveal the mechanism of SWB changes, we explored the dynamics of root water uptake of apple trees. In this 
study, as the groundwater is too deep to be absorbed by plants, soil water is considered as the only subsurface 
source water. The contributions of water stored in different soil layers to xylem water of apple tree were deter-
mined using a Bayesian model framework MixSIAR (Stock & Semmens, 2016; Stock et al., 2018). To avoid the 
errors in plant water source identification from isotope fractionation during water extraction or root water uptake 
(Barbeta et al., 2020; Chen et al., 2020; Vargas et al., 2017), a correction method (Equation 8), proposed by 
Barbeta et al. (2019), was employed.

SW − excess = 𝛿𝛿
2
H − 𝑎𝑎𝑠𝑠𝛿𝛿

18
O − 𝑏𝑏𝑠𝑠 (8)

where as and bs are the slope and intercept of the fitted line for all soil water isotope data for a given site and 
date, respectively. The δ 18O and δ 2H represent the isotope of xylem water collected on that site at that date. The 
SW-excess is an indicator of δ 2H offsets between xylem water and the corresponding soil water lines. Positive 
SW-excess indicates xylem water are more enriched than soil water line, while negative values indicate more 
depleted xylem water relative to soil water line. The directly measured isotopes in xylem water were defined as 
the measured values, while the correction was presented the corrected isotopes. The measured and corrected δ 2H 
of xylem water of apple tree during two growing seasons were shown in Table 1.

Based on vertical distributions and temporal dynamics of water content and water isotopes (δ 18O, δ 2H) in soil 
profiles, the entire soil profiles were divided into five potential water sources (0–0.8 m, 0.8–2 m, 2–4 m, 4–6 m, 
and >6 m). Specifically, the water contents and isotopes in 0–0.8 m vary frequently because of the combined 
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effects of wet events and evaporation, while they have little changes in 2–4 m, 
and are only affected by extreme precipitation events in 4–6 m. According 
to tritium peak depth, the water in layers >6 m is likely to originate from 
precipitation of five decades ago. Therefore, based on the δ 18O and corrected 
δ 2H, we estimated the contributions of potential water source to xylem water 
to determine water uptake strategy of apple tree. The average isotopes with 
standard deviations in each potential water source and xylem water were 
respectively used as single and mixed sources in the model.

2.5. Uncertainty and Statistical Analysis

Precipitation amounts, soil water contents and isotopes, as well as xylem 
water isotopes, exist temporally variability, and thus introduce uncertain-
ties to SWB partitioning. Therefore, the error propagation analysis was used 
to quantify the related uncertainties (Equations 9 and 10), of which ai, the 
uncertainty of the related variable (standard deviation), is the parameter of 
the error propagation.

𝜎𝜎𝑦𝑦 =

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕1

)2

𝜎𝜎𝜕𝜕1
2
+

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕2

)2

𝜎𝜎𝜕𝜕2
2
+⋯ +

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑛𝑛

)2

𝜎𝜎𝜕𝜕𝑛𝑛
2 (9)

If
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑖𝑖

= 𝑎𝑎𝑖𝑖 (𝑖𝑖 = 1, 2…, 𝑛𝑛), then 

𝜎𝜎𝑦𝑦 = 𝑎𝑎1
2
𝜎𝜎𝜎𝜎1

2
+ 𝑎𝑎2

2
𝜎𝜎𝜎𝜎1

2
+⋯ + 𝑎𝑎𝑛𝑛

2
𝜎𝜎𝜎𝜎𝑛𝑛

2 (10)

The significance of the differences in variables for both orchards and years was tested using the t-test. The differ-
ences in the isotopes of xylem water and soil water, and contribution proportion of different soil layers to xylem 
water under different land use types were tested by the one-way analysis of variance (ANOVA). The statistically 
significant difference was indicated by p < 0.05.

3. Results
3.1. Contents and Isotopes of Soil Water

The soil profiles collected at the first time (i.e., June 2020) up to 20 m deep were used to show the overall vertical 
variability in water contents and isotopes. The soil water contents above 2 m were more variable than those of 
2–4 m, but they were overall similar for different land use types (Figure 2a). However, the water contents and stor-
ages below 6 m showed big differences under three land uses. Specifically, the water stored in the whole profile 
was the lowest under A26 (4,130 mm), intermediate under A18 (4,571 mm) and the largest under F (4,817 mm). It 
suggests that apple trees had negative impacts on soil water storage, and will probably result in further changes in 
soil hydrological processes. Figures 3a and 3b showed the temporal variations of soil water contents under apple 
orchards during two growing seasons in 2020–2021. The water contents in 0–2 m soil layers varied largely with 
growing season, because of the interaction of precipitation, evaporation and root water uptake. Specifically, the 
shallow soil water increased in the rainy season (August–October), but decreased in the dry season (May–July). 
However, the variations of soil water contents in 2–4 m were relatively small than those above 2 m, since they 
are may be mainly affected by heavy wet events (Ji et al., 2021). In Particular, the soil water contents above 5 m 
increased significantly in 27 October 2021 because of the large precipitation amounts of 230 mm in October.

The δ 18O and δ 2H of soil water above 4 m showed a large fluctuation, but were stabilized below 4 m (Figures 2b 
and 2c) for the first samplings. Further, the monthly soil profiles indicated that soil water isotopes had similar 
temporal variations under A18 and A26 during two growing seasons. The water isotopes in shallow soils above 
2  m was more depleted in rainy season, but more enriched in dry season. Specifically, the δ 18O and δ 2H in 
0–0.8 m changed dramatically (−6.1‰ to −18.2‰ for δ 18O, and −47.8‰ to −128.7‰ for δ 2H), most likely 
being depleted by wet events or enriched by evaporation. But they were was less variable in 0.8–2 m (−7.3‰ to 
−14.9‰ for δ 18O, and −50.5‰ to −108.5‰ for δ 2H) than those above 0.8 m. The δ 18O and δ 2H varied slightly 

Apple 
orchards A18 A26

Sampling 
date

Measured 
δ 2H

Corrected 
δ 2H

Measured 
δ 2H

Corrected 
δ 2H

2020-6-24 −57.3 ± 3.6 −55.3 ± 4.1 −59.7 ± 2.1 −52.8 + 2.1

2020-7-30 −62.3 ± 3.7 −58.7 ± 3.3 −60.6 ± 1.8 −55.0 ± 2.0

2020-8-30 −88.1 ± 11.3 −80.9 ± 9.8 −92.4 ± 6.2 −85.7 ± 5.6

2020-9-28 −80.5 ± 7.4 −77.5 ± 6.6 −86.6 ± 2.2 −81.7 ± 2.5

2020-10-30 −79.0 ± 12.4 −69.6 ± 12.4 −76.6 ± 6.0 −70.0 ± 6.0

2021-5-21 −71.2 ± 1.1 −66.7 ± 1.0 −66.7 ± 0.6 −62.5 ± 0.6

2021-6-30 −69.9 ± 2.9 −66.7 ± 2.9 −64.8 ± 4.0 −57.8 ± 4.2

2021-7-27 −66.4 ± 0.2 −64.2 ± 0.1 −64.9 ± 1.8 −59.7 ± 1.8

2021-8-27 −73.9 ± 0.3 −72.9 ± 0.9 −67.4 ± 0.2 −64.9 ± 0.7

2021-9-21 −81.9 ± 0.2 −75.7 ± 0.2 −75.5 ± 0.4 −69.9 ± 0.9

2021-10-27 −87.8 ± 0.9 −80.0 ± 1.2 −87.0 ± 0.4 −82.4 ± 0.6

Table 1 
The Measured and Corrected δ 2H of Xylem Water of Apple Tree Over the 
Growing Seasons
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in 2–4 m soil layers (−7.7‰ to −11.8‰ for δ 18O, −57.0‰ to −83.0‰ for δ 2H) but relatively stabilized below 
4 m (−9.5‰ to −11.8‰ for δ 18O, and −61.2‰ to −86.1‰ for δ 2H) (Figures 3c and 3d). This further confirmed 
the assumption that deep soil water isotopes below 6 m can hardly be affected by short-term infiltration or evap-
oration, and demonstrated the partitioning of soil profiles was reasonable to calculate the contributions of poten-
tial water source to xylem water. The  3H in soil water under farmland exhibited a clear peak at the depth of 6 m 
(Figure 2d), suggesting that water moves downward by piston flow in the unsaturated zone (Li, Si, & Li, 2018; 
Phillips, 1994). As the tritium peak value corresponds to the tritium input of the 1963-precipitation, the soil 
profiles can be partitioned into two parts. Specifically, the depth profile below 6 m had soil water originating from 
precipitation older than ∼50 years, while the profile of 0–6 m had soil water younger than ∼50 years.

3.2. Isotope of Precipitation and Xylem Water

The total precipitation in 2019, 2020, and 2021 was 659.6, 598.0, and 870.2 mm, respectively. Compared with the 
long-term average (585.0 mm, 1957–2017), 2019 and 2021 were wet years, while 2020 was a normal year. The 
monthly volume-weighted precipitation isotopes had large seasonal variations with δ 18O ranging from −3.6‰ 
to −18.4‰ and δ 2H ranging from −122.7‰ to −20.6‰ (Figure 4). Overall, the precipitation isotopes were 

Figure 2. The contents of (a) water, (b) δ 18O, (c) δ 2H, and (d) tritium in soil profiles. Figure (a–c) shares the same legend presented in (c). F, A18, A26 respectively 
represent farmland, 18-year apple orchard, and 26-year apple orchard. The gray bar in (a) indicates soil water storage. Tritium data under farmland in (d) derived from 
Li, Si, & Li, 2018.

Figure 3. The variations of soil water content under (a) A18 and (b) A26, and water isotopes under (c) A18 and (d) A26 during two growing seasons in 2020–2021. 
Figure (a–d) shares the same legend presented in (d).
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depleted in rainy seasons but enriched in dry seasons, and the seasonal variations indicated the amount effect of 
precipitation isotopes.

For the xylem water isotopes in growing seasons of 2020 and 2021, the measured δ 18O of A18 ranged from 
−6.0‰ to −12.2‰ with a mean value of −9.1‰ ± 0.8‰, while the measured and corrected δ 2H ranged from 
−57.3‰ to −88.1‰ with a mean value of −74.4‰ ± 9.6‰ (Table 1), and −55.3‰ to −80.0‰ with a mean 
value of −72.1‰ ± 8.9‰, respectively. The measured δ 18O of A26 ranged from −7.3‰ to −12.7‰ with a 
mean value of −9.1‰ ± 0.5‰, while the measured and corrected δ 2H ranged from −59.7‰ to −92.4‰ with a 
mean value of −72.9‰ ± 10.9‰ (Table 1), and −52.8‰ to −82.4‰ with a mean value of −70.3‰ ± 11.7‰, 
respectively (Figure 5). Compared to the measured values, the corrected values were more enriched with a mean 
offset value of −5.0‰ ± 1.9‰. The xylem water isotopes had significant differences in seasons (p < 0.05), but 
the differences between trees with different ages were not significant (p > 0.05). The xylem water isotopes were 
more abundant in dry seasons than those in rainy seasons, implying that apple trees may have various water 
sources over the growing season.

3.3. Partitioned Soil Water Balance Components

Because of the interannual and monthly differences in precipitation, the soil water contents above 2 m had large 
variations under three land uses (Figure S1 in Supporting Information S1), and the water storage was thus differ-
ent between farmland and orchards over the growing season. Based on the dynamic observations of soil water 

Figure 4. The amount and monthly-weighted isotopic values of precipitation during 2019–2021.

Figure 5. The values of δ 18O of plant xylem during growing period. In each boxplot, the lower boundary of the box shows 
the 25th percentile and the upper boundary shows the 75th percentile, and the lines across the boxes indicate the mean values. 
Different letters next to the box plot indicate significant differences in δ 18O values of xylem water (p < 0.05).
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contents within 0–6 m over both growing seasons, the estimated ΔS was respectively 133.9, 223.6, and 192.0 mm 
in 2020, and 9.0, 12.5 and −70  mm for F, A18 and A26 in 2021 (Table S1 in Supporting Information  S1). 
Compared to farmland, the ΔS was 46.6 and −10.9 mm for A18 and A26 in two growing seasons, respectively. 
The short-term changes of SWB in shallow layers are controlled by precipitation.

However, for the long-term changes in SWB, the deep soil layers should be incorporated to fully reflect the root 
water uptake. In consequence, the long-term effects of land use change on each component were estimated using 
Equation 1−7. With the reference farmland, ΔS was −13.6, and −26.4 mm yr −1 under A18 and A26, respectively. 
The estimated D under F, A18, and A26 was 27.9 ± 0.4, 14.3 ± 0.8, and 1.5 ± 0.9 mm yr −1, respectively (Table 2). 
Compared with farmland, D and S under two orchards decreased significantly, suggesting that tree planting can 
prevent deep drainage by absorbing soil water. Based on the SWB equation (Equation 1), the estimated mean 
annual ET under F, A18, and A26 was respectively 557.1 ± 128, 584.4 ± 128, and 609.9 ± 128 mm, accounting 
for 95%–104% of mean annual precipitation (Table 2), which suggests tree planting can produce imbalance in 
soil hydrological processes. Furthermore, the estimated mean annual E under F, A18, and A26 was respectively 
179.6 ± 91.5, 148.6 ± 115.7, and 125.8 ± 103.1 mm accounting for 32 ± 18%, 25 ± 18%, and 21 ± 17% of 
total ET, while the annual average T under F, A18 and A26 was respectively 377.5 ± 157.3, 435.8 ± 172.5 and 
484.1 ± 164.4 mm, accounting for 68%–79% of total ET. The mean annual T/ET under F, A18, and A26 was 
respectively 68 ± 32%, 75 ± 34% and 79 ± 32%, which increased with increasing ages of apple trees. It appeared 
that most SWB components decreased to satisfy the increased T from root water uptake.

3.4. Identified Source Water of Apple Trees

The water source of plants can be qualitatively determined through the comparison in the isotopes of soil water 
and xylem water, and their intersection points can be regarded as the potential water source. The potential water 
source showed significant differences for the sampling date and apple tree age (Figures 6 and 7), suggesting apple 
trees were likely to obtain water from different soil layers and varied with the growing season. Specifically, apple 
trees mainly used shallow soil water within 0–2 m at the beginning of the growing season (May–July), while they 
absorbed water from the whole soil profiles but dominated by deep soil water below 2 m in late growing season 
(August–October). The δ 2H and δ 18O in soil water showed a similar variation trend down the vertical profiles, 
and the intersection for both values was consistent with those of xylem water. As such, the δ 2H and δ 18O values 
can be used to calculate the contribution fractions of the potential water source to xylem water.

To further explore how root water uptake affects SWB components, we quantified the contributions of potential 
water sources to xylem water (Figure 8). Overall, the apple trees with different ages had similar water use patterns 
during the study period. They mainly absorbed water in soil layer of 0–2 m at the beginning of growing season 
(May–July), and the contributions were 71% and 65% for A18 and A26, respectively (p < 0.05). However, in late 
growing season (August to October), the soil water below 2 m contributed 65% and 59% to xylem water of A18 
and A26, respectively (p < 0.05); particularly, the soil water below 6 m had contributions of 24% and 22% for 
A18 and A26, which represented the water older than 50 years. It appeared that apple trees shifted water source 
from shallow soil above 2 m to deep soil below 2 m within the growing season.

The water use strategies were slightly different between 2 years. In the growing season of 2020 (normal year), the 
contributions of soil water below 2 m were 42%, and 43% for A18 and A26, respectively (p > 0.05). Although 
similar patterns of water uptake were observed in 2021 (wet year), the fraction of deep soil water below 2 m 
under A18 and A26 in 2021 was respectively 23% and 18% higher than that in 2020, especially in the beginning 
of growing season (p < 0.05). It indicated that the water use strategies of apple trees may be affected by both 

Land use types P (mm yr −1) ΔS mm yr −1 D mm yr −1 ET mm r −1 E mm yr −1 T mm yr −1 E/ET % T/ET % ET/P %

F 585 ± 128 – 27.9 ± 0.4 557.1 ± 128 179.6 ± 91.5 377.5 ± 157.3 32 ± 18 68 ± 32 95 ± 30

A18 585 ± 128 −13.6 14.3 ± 0.8 584.4 ± 128 148.6 ± 115.7 435.8 ± 172.5 25 ± 21 75 ± 34 100 ± 31

A26 585 ± 128 −26.4 1.5 ± 0.9 609.9 ± 128 125.8 ± 103.1 484.1 ± 164.4 21 ± 17 79 ± 32 104 ± 32

Note. P: annual average precipitation; ΔS: soil water storage deficit; D: deep drainage; ET: evapotranspiration; E: evaporation; T: transpiration.

Table 2 
The Estimated Hydrological Variables Under Different Land Uses
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Figure 6. Seasonal variations of δ 2H and δ 18O in soil water under A18 and A26, and the relationships with xylem water isotopes in 2020. Solid lines represent soil 
water isotopes and the dashed lines represent xylem water isotopes.

Figure 7. Seasonal variations of δ 2H and δ 18O in soil water under A18 and A26, and the relationships with xylem water isotopes in 2021. Solid lines represent soil 
water isotopes and the dashed lines represent xylem water isotopes.
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physiology and climate. This can be confirmed by previous studies indicating that the water use strategies of 
plant species have strong sensitivity to photosynthesis, stomatal conductance, and vapor pressure deficit (Flo 
et al., 2021; Lanning et al., 2020). In particular, the water use strategies were related to the ages of apple trees. 
Specifically, the absorbed water from soil layers below 2 m by A26 (35%) was significantly higher than that by 
A18 (30%) at the beginning of the growing season in 2020–2021 (p < 0.05). Particularly, the contribution of soil 
water below 2 m for A26 was 18% higher than that for A18 in 2021 (45% for A26 vs. 38% for A18).

4. Discussion
4.1. Uncertainties in Partitioning of Soil Water Balance and Plant Water Sources

Water availability in soils is crucial for the survival and growth of plants, and it is important to understand how 
plant interact with water in different bodies (Ding et al., 2021; Gessler et al., 2021). Partitioning of SWB is an 
effective way for this purpose but remains challenging (Jasechko et al., 2013; Shao et al., 2021). In this study, 
we employed stable and radioactive water isotopes to decompose each component of SWB. First, with farmland 
as reference, ΔS under apple trees was directly calculated by the field measured data, which is an important 
component in SWB under vegetation changes but neglected in most previous studies (Koppa et al., 2021; Ning 
et  al.,  2019; Shao et  al.,  2021; Zhang, Yang, et  al.,  2018). Subsequently, we estimated D under apple trees 
by combining ΔS with deep drainage under farmland (Equation 3). This method has been demonstrated to be 
robust for estimating recharge rates under deep-rooted plants (Huang et al., 2019; Li, Si, & Li, 2018; Zhang, Li, 
et al., 2018). Based on the estimated ΔS and D, ET can be inversely calculated by SWB equation (Equation 1). 
Further, the ratio of evaporation loss was estimated by using the steady-state isotopes mass balance model (Equa-
tion 6), thus ET can be easily partitioned into E and T. As such, the components of SWB were mostly estimated 
with direct observation, and the results under different types should be reliable. However, if the xylem water 
isotopes are directly used as inputs for T estimation, it may lead to large uncertainties. The isotopes of soil water 
within 0–6 m (−9.5‰ for δ 18O and −65.3‰ for δ 2H) were significantly different with those in the measured 

Figure 8. Seasonal variations in the proportional contributions of water from different soil layers to xylem water of (a)18- 
and (b) 26-years old apple trees on the basis on calculation of oxygen and hydrogen stable isotopes. The error bar represents 
the standard deviation of contribution proportion of soil water to root water uptake in each soil layer.
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(−7.0‰ for δ 18O and −58.5‰ for δ 2H) or corrected xylem water (−7.0‰ for δ 18O and −54.0‰ for δ 2H) under 
both orchards (p  <  0.05). Further, if T is calculated using Equation  5 based on the measured and corrected 
xylem water isotopes, and the estimated T was quite different from that calculated by Equation 1. Specifically, 
with dynamically analyzed xylem water isotopes, the dynamic T estimated by oxygen isotope has a range of 
318.7–536.9 mm year −1, and the values for measured and corrected hydrogen isotope are 148.0–280.4 mm year −1 
and 160.0–317.6 mm year −1, respectively. Therefore, direct employment of xylem water isotopes for T estimation 
is not recommended for long-term SWB analysis, but may have potential in dynamic T estimation unless E can 
be estimated dynamically.

To further verify the reliability of our methods, we compared the results of this study with other studies based on 
different methods or scales (Table 3). The estimated D was 1.5–27.9 mm year −1 under three land uses, consist-
ent with most studies calculated by different methods in this area (Li, Si, & Li, 2018) (Table 3). The estimated 
ET was 557.1–609.9 mm year −1, which overlaps with the results modeled by HYDRUS-1D in the same area 
(566–578 mm year −1) (Li et al., 2019), and is close to the global average of 541 mm year −1 estimated with the 
Budyko framework (Wang, Cheng, et al., 2021), as well as 568 mm year −1 over vegetated lands estimated from 
MODIS products (Yu et al., 2021).

We further estimated the ratio of E or T to total ET, respectively. In this study, the estimated E/ET was 21%–32%, 
falling within the range of 20%–40% from global-scale meta analysis (Kool et al., 2014). The T/ET of 68%–79% in 
this study is also comparable with other studies based on various ET partitioning methods (Table 3). In particular, 
it was similar to the results of forest based on field measurement (65%–76%), and isotope-based methods or water 
use efficiency-based methods in the similar region (55%–69%) (Shi, Huang, Ji, et al., 2021; Zhou et al., 2018), 
as well as the value of 67 ± 14% for temperate deciduous forest from a compilation of previous ET partitioning 
studies (Schlesingera & Jasechko, 2014).

Therefore, combining content, stable and radioactive isotopes of soil water, this study presents an effective 
method for ET and SWB partitioning. As for the determination of plants water sources, we have considered δ 2H 
fractionation of the xylem water. The soil water presents the only source for plant water uptake in the study area, 
so the measured isotopes of xylem water can be corrected with the offset values of SW-excess, calculated by 
the slope and intercept of the fitted line for soil water isotopes for each sampling period (Equation 8) (Barbeta 
et al., 2019). Our results indicated significant differences between the corrected and measured values (p < 0.05) 
and the measured δ 2H were more depleted than the corrected values (Table 1). This is similar to the conclusion 
of Chen et al. (2020) who showed that the cryogenic extraction method can resulted in δ 2H depletion of plants 
xylem water. As such, our estimated source water of apple trees should be reliable based on the corrected δ 2H 
and measured δ 18O.

No Location Vegetation Methods P, mm D, mm ET, mm E/ET, % T/ET, % Reference

1 Changwu, Shaanxi Wheat, Apple HYDRUS 580 0–12 566–578 – – Li et al. (2019)

2 Jinghe, Gansu Grass, Forest Sap flow & ML 548 0–47 457–619 – – Schwarzel et al. (2019)

3 Daning, Shanxi Wheat, Apple Isotope & SWB 528 0–37 502–600 31–41 59–69 Shi, Huang, Ji, et al. (2021)

4 Boreal forest Forest Meta-analysis 500 – 356 – 65 ± 18 Schlesingera and Jasechko (2014)

5 North America Grass, Forest uWUE 300–500 – – 31–48 52–69 Zhou et al. (2016)

6 Laboratory Grass Isotope & HYDRUS – – – 12–27 64–78 Sutanto et al. (2012)

7 Arizona, USA Woodland RFM & BECM 261 – 662 22–44 56–78 Scott et al. (2020)

8 southwest China Forest Isotopes 935 – – 19–41 59–81 Han et al. (2022)

9 Changwu, Shaanxi Wheat, Apple Isotopes & SWB 585 2–28 557–610 21–32 68–79 This study

Note. P: precipitation; D: deep drainage; ET: evapotranspiration; E: evaporation; T: transpiration; ML: micro-lysimeter; SWB: soil water balance; uWUE: the concept 
of underlying water use efficiency; RFM: random forest model; BECM: the best-fitted ecosystem conductance model.

Table 3 
Partitioned Soil Water Balance Based on Multiple Methods and Scales Under Different Vegetation Types
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4.2. Water Uptake Strategy of Apple Trees With Different Ages

Apple trees have been widely planted around the world because of high economic benefits (Baldi et al., 2013; Gao 
et al., 2021). However, how they extract soil water has not been fully understood, which is important for assess-
ment of adaptability to drought and understanding ecohydrological processes. Previous studies indicated that 
different species with various rooting systems may have different water uptake strategies (Brinkmann et al., 2019; 
Jackson et al., 2000; Wang et al., 2020), as well as different impacts on soil hydrological processes. However, 
a few studies indicated that root water uptake was not necessarily in line with root density profiles (Volkmann 
et al., 2016; Werner & Dubbert, 2014). As such, we calculated the contributions of different soil layers to root 
water uptake of apple tree. Our results indicated that apple trees with different ages mainly absorbed shallow soil 
water (0–2 m) at the beginning of growing season, while they extracted more water from soils below 2 m in late 
growing season (Figure 8), which is consistent with Wu et al. (2022), who reported that apple trees increased their 
uptake of deep soil water below 4 m in August to September in similar loess regions. This suggests that apple 
trees shifted their water source from shallow (0–2 m) to deep soils (below 2 m) over the growing season, which 
is different from Gessler et al. (2021) who found that Beech reduced water uptake from the drying topsoil during 
drought. The water use strategies of apple trees may be related to both phonologies and precipitation. Specifically, 
apple trees require little water to meet the growth at the beginning of growing season (May to July) because of 
the small leaf area index (Tao, Neil, & Si, 2021), but they need more water to meet high water-consumption for 
transpiration and photosynthesis in August to October because of increasing leaf area, vapor pressure deficit and 
photosynthesis (Anderson-Teixeira et al., 2022; Flo et al., 2021; Lanning et al., 2020). In addition, the magnitude 
of water absorbed from shallow (0–2 m) or deep soil layers below 2 m may be related to precipitation. Particu-
larly, the high contributions of shallow soil water above 2 m in May to July in this study is due to the large water 
contents in shallow soil recharged by heavy precipitation in 2019.

Trees have high plasticity in the vertical distribution of water uptake under seasonally dry environment (Brinkmann 
et al., 2019; Ding et al., 2021; Miguez-Macho & Fan, 2021; Wang et al., 2020). As a result, tree species with 
deeper root systems (e.g., F. excelsior, F. sylvatica, and A. pseudoplatanus) can extract more water from deeper 
soil layers during drought (Brinkmann et al., 2019). These findings are further confirmed by our study, that is, 
an increasing fraction of water was taken from deeper soil layers over the growing season. Moreover, our results 
indicated that apple trees used about 23% old water from deep soils below 6 m in both normal and wet years, and 
older trees used more old water (ANOVA, p < 0.05). In particular, our previous study used tritium to explore 
apple source water and found that the apple trees under investigation were absorbing water of 29 years old (Zhang 
et al., 2017). As such, it seems that water uptake strategy of apple trees is different from some economic species 
(e.g., Picea abies, H. rhamnoides, Beech), which reduces the fraction of water uptake by regulating stomates 
under drought conditions (Brinkmann et al., 2019; Gessler et al., 2021; Wang et al., 2019). Our results about 
water use strategy can be further confirmed by previous studies about root systems of apple trees, which found 
that old apple trees had the maximum roots depth of 23 m and 80% of fine root length density were distributed 
in deep soils below 2 m (Li, Si, Wu, & McDonnell, 2018; Tao, Neil, & Si, 2021). This further indicated that old 
apple trees with deep roots extracted more water from deep soils related to young trees with shallow roots.

4.3. Links Between Soil Water Balance and Water Uptake Strategy

Clarifying the relationship between plant water uptake strategies and SWB is important for sustainable afforesta-
tion and water resources management (Evaristo et al., 2015; Sprenger et al., 2016). In this study, the partitioned 
SWB indicated that farmland transferred into apple orchards significantly increased soil water deficit, which was 
consistent with previous studies related to the link of soil water with afforestation (Deng et al., 2020; Huang & 
Shao, 2019; Jia et al., 2017). In particular, we found that apple trees largely increased T but decreased D and E 
relative to farmland (Table 2). These findings indicated that the changes in SWB appeared to be closely related 
to root water uptake of trees.

First, apple trees shift their water sources from shallow (0–2 m) to deep soil layers (below 2 m) to obtain more 
water to meet transpiration demand. Even in a wet year (2021), apple trees absorbed ∼40% water from deep soils 
below 4 m (Figure 8). Moreover, previous studies indicated that deep soil water below 6 m under orchards was 
hard to be recharged by normal precipitation events (Ji et al., 2021; Xiang et al., 2020). Second, apple trees with 
different ages have different water uptake strategies; in particular, older apple trees tend to use more deep soil 
water below 6 m (Figure 8). This can be verified by our observation that soil water storage under A26 in deep 
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soil profiles below 6 m was significantly lower than that under A18 (Figure 2a) (p < 0.05). Therefore, soil water 
deficit was likely to be the long-term cumulative effects of root water uptake, and then changing the components 
of SWB. Our findings further indicated that apple trees adapt themselves to dry climate by obtaining more water 
through developing deeper root systems to promote fruit production, which is different from those adapting them-
selves to water stress through stomatal regulation.

5. Conclusions
Vegetation change has great impacts on terrestrial water cycle; however, it is challenging to decompose water 
balance components to explore the underlying mechanism of land use change impacts. This study aims to parti-
tion SWB under apple trees and connect it with plant water uptake strategies in the Loess Plateau. The partitioned 
SWB showed that the conversion of farmland to apple orchards significantly increased T and soil water deficit 
at the cost of decreased E and D. The changed SWB appears to be related to root water uptake since apple 
trees shift their water source from shallow (0–2 m) to deep soil layers (below 2 m) over the growing season, 
and older trees extract more water from deeper soil layer. As such, the increased T and soil water deficit were 
likely to be the cumulative effects of root water uptake, which subsequently changes SWB. This study provides 
technical support for SWB partitioning and insights into the interaction between vegetation and soil hydrologi-
cal processes. Although our study indicated the relationship between SWB components and plant water uptake 
strategies, some aspects still requires further work to improve the understanding of ecohydrology. Specifically, 
the drivers of plant water use strategies have not been fully understood, which is important for the sustainability 
of vegetation. The SWB partitioning under different vegetations on monthly or seasonal scales is required to 
enhance the understanding of water cycle.

Data Availability Statement
The data used in this study are available on repository (https://doi.org/10.6084/m9.figshare.20388258.v3). 
The MixSIAR (version 3.1) used in this study is available at https://github.com/brianstock/MixSIAR (Stock & 
Semmens, 2016).
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