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ARTICLE INFO ABSTRACT

Keywords: Soil water plays a critical role in determining plant survival and growth globally, especially in water-limited
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The Loess Plateau

regions. This study explores water-use characteristics of Robinia pseudoacacia during the transition period be-
tween the dry and rainy seasons in the Chinese Loess Plateau (CLP). A stable isotope technique (8*%0 and 8D)
and two complementary approaches (i.e., the direct inference method and the MixSIAR model) were used to
distinguish water source changes during this transition period. Based on 8'®0 and 8D distribution patterns, we
subdivided a 500 cm soil profile into four potential water sources: shallow (0-40 cm), intermediate-shallow
(40-120 cm), intermediate (120-200 cm) and deep (200-500 cm). During the transition period, R. pseudoacacia
exhibited different water uptake patterns. In April 26.2% and 48.4% of water uptake derived from the 40 to 120
and 200 to 500 cm soil profile layers; in May, 21.5%, 24.5% and 37.4% of water was absorbed from the 0 to 40,
40 to 120 and 200 to 500 cm soil profile layers. In June and July, 51.6% and 53.6% of the water mainly derived
from the 0 to 120 cm soil profile layer, respectively. During the dry season (April), the trend in water uptake
shifted to the deep soil layer, potentially a key period for the onset of soil desiccation in this soil layer. As
precipitation increased, the proportion of water uptake from the shallow and intermediate-shallow soil layers
increased. Because water-use pattern characteristics could provide important information on the development of
the dried soil layer (DSL), the stable isotope technique could help reveal the water sources used by trees while
also offering insight into water movement mechanisms of local ecosystems. Given its usefulness, the application
of the stable isotope technique should be expanded in analyzing practical ecohydrological issues that occur in
deep soils in the future.

1. Introduction

growth-plant habitats and threatened plant survival in water-deficit
ecosystems (Barbeta et al., 2015). Plants must therefore adapt to water

Soil water plays a critical role in the survival and growth of plants.
In water-limited regions, the availability of soil water will likely decline
under a warming climate and a decrease in precipitation, which is
predicted by most general circulation models (Schuur et al., 2008; Leo
et al., 2014). Furthermore, climate change has increased the intensity
and duration of seasonal drought periods, which has decreased overall

shortages throughout their life cycles by adjusting how they utilize
various available water sources (Matzner et al., 2003; Zhang et al.,
2010; Wesche et al., 2011; Su et al., 2014). Accordingly, investigating
the water-use pattern of plants is necessary to improve our knowledge
of plant survival strategies and to understand plant mechanisms in re-
sponse to drought in water-limited regions.

* Corresponding author at: State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi'an, Shaanxi

710061, China.
E-mail address: wangyunq04@163.com (Y. Wang).

https://doi.org/10.1016/j.foreco.2019.117727

Received 20 June 2019; Received in revised form 25 October 2019; Accepted 25 October 2019

Available online 04 December 2019
0378-1127/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03781127
https://www.elsevier.com/locate/foreco
https://doi.org/10.1016/j.foreco.2019.117727
https://doi.org/10.1016/j.foreco.2019.117727
mailto:wangyunq04@163.com
https://doi.org/10.1016/j.foreco.2019.117727
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2019.117727&domain=pdf

Y. Zhao, et al.

The stable isotope technique (8'%0 and 8D) has developed into a
powerful tool for investigating relationships during plant-water pro-
cesses, such as understanding how plant water-use strategies respond to
different types of water sources, as well as providing a better under-
standing of water utilization processes, water-use efficiency, patterns,
mechanisms and the ability of plants to adapt to semiarid and arid
environments (Ehleringer and Dawson, 1992; Asbjornsen et al., 2008;
Lubis et al., 2014). Generally, the isotopic composition of both hy-
drogen and oxygen in water does not alter when absorbed by roots and
transported from roots to shoots (Ehleringer and Dawson, 1992;
Ellsworth and Williams, 2007). Thus, the specific source of water that is
absorbed by plant roots can be confirmed by comparing hydrogen and
oxygen isotopes extracted from plant xylem and probable water
sources. There are also marked differences between §'0 and 8D in
various types of water bodies due to varying water cycles, making it
possible to identify plant water sources and to determine the utilization
regime of various potential water sources (Corbin et al., 2005; Lubis
et al., 2014).

Numerous studies have described plant water uptake patterns in
semiarid and arid habitats by applying the 8'%0 and 8D isotope tech-
nique. For example, trees, shrubs and grasses are able to coexist in
savanna communities because trees and shrubs generally tend to use
deep water sources while grasses tend to use shallow water sources, a
pattern that correlates to the different root distribution patterns of these
plants (Walker et al., 1981; Sala et al., 1989; Scholes and Archer, 1997;
House et al., 2003). In a semiarid sandy region of Northwest China, for
example, it has been shown that Pinus sylvestris var. mongolica utilizes
soil water in spring (April-May) and autumn (September—October),
while it utilizes both soil water and groundwater in summer (Ju-
ne-August) (Song et al., 2016b). Using P. sylvestris var. mongolica as a
afforestation species in this sandy region to prevent and control de-
sertification has caused irreversible groundwater loss, and older trees
may experience an increase in mortality in the future if groundwater
levels suddenly decline under drought conditions (Song et al., 2016a).
Generally, the water-use patterns of plants are affected by various
physiological and physical characteristics, such as (1) the distribution
and function of fine roots: deep-rooted species can utilize deeper soil
water and groundwater than shallow-rooted species under water-stress
conditions (Nie et al., 2011; Wu et al., 2017); (2) water availability:
trees that grow in semiarid and arid regions uptake most source water
from shallow soil layers during the rainy season but later shift to uptake
more water from deeper soil layers (wherein the largest depths are
typically < 2 m) or groundwater during the dry season (Nie et al.,
2011; Dai et al., 2015); (3) water demands of trees: mature trees may
require more water to meet their transpiration needs compared to
younger trees (Eggemeyer et al., 2009; Kerhoulas et al., 2013), which is
associated with the leaf area index (LAI), biomass, the vapor pressure
deficit (VPD), etc.

The Chinese Loess Plateau (CLP) is typical of water-limited eco-
systems found throughout the world. The region is characterized by a
thick loess deposit, which ranges from 30 to 80 m (Yang and Gao, 1998;
Chen et al., 2008a). Robinia pseudoacacia (R. pseudoacacia) has become
a predominant species cultivated in the CLP following the im-
plementation of the Grain for Green program, which was widely sup-
ported by numerous scientists, land managers and policymakers. It was
reported that by 2008 total vegetation restoration reached 4.83 Mha in
the CLP (Chen et al., 2015), wherein R. pseudoacacia is estimated to
currently populate half of the total area. During the past decade, some
studies reported that intensive vegetation restoration over large areas
may aggravate soil water scarcity and lead to soil desiccation in the soil
profile (Chen et al., 2008b; Wang et al., 2008, 2018). Soil desiccation
will further cause the formation of a dried soil layer (DSL). It is im-
portant to note that DSLs can profoundly hinder hydrological cycles
within a soil-vegetation atmosphere system by blocking water exchange
between the aeration zone and groundwater, which may lead to poor
soil water availability while also undoing the ecological successes that
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have already been achieved (Wang et al., 2010, 2011). Previous studies
have reported that the water consumption of R. pseudoacacia, being an
exotic species in China, is highest compared to local shrubs and grasses
in the CLP, which in turn has intensified soil desiccation (Shangguan,
2007; Wang et al., 2008, 2015). Furthermore, the transition period
from the dry to the rainy season is a crucial stage in plant development
when they revive from dormancy, which follows a substantial increase
in both temperature and rainfall. With such a drastic change in the
external environment and the soil environment, it may be inferred that
plants will correspondingly react to this transformation by altering the
intrinsic physiology of their water uptake mechanisms.

To the best of our knowledge, only limited effort has been made to
explore water uptake strategies of R. pseudoacacia following the for-
mation of DSLs and, consequently, the relationship between DSL evo-
lution and the water-use strategy of R. pseudoacacia. Moreover, in-
formation on R. pseudoacacia water-use strategies during this transition
period (from the dry to the rainy season) remains unclear. Although
studies have been conducted in the CLP to investigate water-use pat-
terns of other species by using the stable isotope technique, soil profile
data from these studies were limited to 200 cm (Wan and Liu, 2016;
Huo et al., 2018). Furthermore, the roots of R. pseudoacacia can reach
into the very deep strata of the soil profile (Li et al., 2018); therefore,
these roots can absorb deep soil water to meet survival and growth
demands, which may in turn affect the extent of DSL development.
However, isotopic signatures of hydrogen and oxygen (8D and 8'%0,
respectively) have not been clarified in these deep soil layers. Further
data on R. pseudoacacia water-use characteristics in the deep soil layer
is therefore necessary to better understand water movement in the soil-
vegetation atmosphere system and to determine the development of
DSLs.

Accordingly, the objectives of this study were (1) to investigate the
distribution patterns of soil and plant root properties in a 0-500 cm soil
profile after DSL formation in the CLP; (2) to ascertain R. pseudoacacia
water-use strategy characteristics in this 500 cm soil profile during the
transition period from the dry to the rainy season; and (3) to reveal the
impact that such water-use strategies have on the development of DSLs.

2. Materials and methods
2.1. Study area

This study was conducted in the Gutun watershed, located in the
middle of the CLP (Fig. 1). Characteristic climate conditions are as
follows: a mean annual temperature of 9.8 °C, a mean annual pre-
cipitation of 541 mm and a relatively high pan evaporation of 1000 mm
(Wang et al., 2008), experiencing a long cold winter. The study area is
mainly composed of wind-deposited loess soil with low fertility which is
weakly resistant to erosion. Commencing in 2003, the watershed has
recovered under the auspice of the Grain for Green program. Common
vegetation species in the watershed are black locust (Robinia pseudoa-
cacia L.), korshinsk pea shrub (Caragana korshinskii Kom.), sea buck-
thorn (Hippophae rhamnoides L.) and bungeneedle grass (Stipa bungeana
Trin.). R. pseudoacacia is the predominant tree species in the watershed,
with a total coverage rate of 60%~75%.

2.2. Sample collection

Our field experiment was conducted on a typical slope in the Gutun
watershed covered by R. pseudoacacia trees planted in 2003 (being
16 yr old at the time of this study). Three 10 m X 10 m plots (used as
three replicates) were established as the permanent field sites in our
study. To determine soil particle composition and monitor dynamics of
soil water content (SWC), we used a soil auger (5 cm in diameter) with
five auxiliary drill pipes (each drill pipe being 1-m in length) to collect
“disturbed” soil samples (i.e., aggregated soil samples from the different
soil layers) to a depth of 500 cm at intervals of 20 cm in each plot.
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Fig. 1. Location of the Chinese Loess Plateau (CLP) and the sampling sites as well as photographs of Robinia pseudoacacia specimens in dry and rainy seasons in the

study area.

Following this, an aluminum neutron probe access tube was installed to
record SWC at 20 cm intervals from the 0 to 500 cm soil profile. To
ascertain the root pattern of R. pseudoacacia trees, we collected plant
root samples using a soil auger (10 cm in diameter) at 20 cm intervals
from the 0 to 200 cm soil profile layer and at 50 cm intervals from the
200-500 cm soil profile layer. In total, we collected 225 soil samples
and 144 plant root samples. The disturbed soil samples were air dried
and passed through a 1 mm diameter mesh to determine soil particle
composition. The roots were washed with water after weighing the
fresh weight of roots, then they were air dried for 4 to 8 h and finally
scanned on a STD 4800 Scanner. Root length density, root surface area
density and average diameter density were obtained using the
WinRHIZO image analysis system software package.

To explore the water-use pattern of R. pseudoacacia during the
transition period from the dry to the rainy season, soil samples and R.
pseudoacacia twigs were collected from each plot for isotopic analysis in
April, May, June and July 2016, respectively. The soil sampling scheme
used was similar to that used for roots (i.e., soil auger), and soil was
then sealed in individual vials and frozen at —20 °C until water ex-
traction was conducted in the laboratory. Five fully suberized twigs
taken from lateral branches of R. pseudoacacia were sampled for xylem
water extraction. To prevent evaporative fractionation, the phloem of
each plant sample was removed, and the xylem was immediately placed
into individual vials. The vials were then sealed with Parafilm and
stored in a freezer at —20 °C for isotopic analysis. In general, 48 soil
samples and three plant samples were collected during each sampling
period.

Precipitation samples were collected through a funnel device which
prevented evaporation, and rainfall samples were collected after each
rain event between May and August 2016 at a local experimental sta-
tion. Samples were immediately sealed in screw cap glass vials, which

were sealed with Parafilm and refrigerated at 4 °C for isotopic analysis.
In total, 30 rainwater samples were collected. Meteorological data on
precipitation and air temperature were obtained from an automatic
weather station (AWS) located approximately 300 m from the plots
(Fig. 1).

2.3. Stable isotope analysis

Rainfall samples were filtered to eliminate any impurities before
conducting isotopic analysis. A cryogenic vacuum distillation system
was used to extract water from soil and plant xylem samples in the
laboratory, and the extracted water was stored in screw cap glass vials
at 4 °C for isotopic determination. The stable isotopic composition
(8'%0 and 8D) of liquid water was determined using a Picarro L2130-I
isotope water analyzer (Sunnyvale, CA, USA) at the State Key
Laboratory of Loess and Quaternary Geology, Institute of Earth
Environment (IEE), Chinese Academy of Sciences (CAS). Each sample
was injected six times, but the first three injections were discarded to
eliminate potential memory effects. The average composition for in-
jections 4 through 6 was used to calculate the isotope ratio. Analysis
was performed in the following order: three standard samples, six
natural samples and three standard samples, which eliminated both
memory and drift effects. A previous study already verified that there
was no organic contamination in soil water and rain water (Schultz
et al., 2011). We used the Micro-Combustion Module (Picarro) to re-
move organic compounds contaminating water samples from the
xylem. The accuracy of the measurements was = 0.1 (%o) for 880
and = 1 (%o) for 8D. The isotopic composition of 880 and 8D is ex-
pressed as an isotope ratio:
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Rsample - RVSMOW

6sample (%) = ( ) X 1000

Rysmow

where Jy,mple is the deviation of the isotope ratio of a sample relative to
that of the Vienna Standard Mean Ocean Water (Vsmow); Rsample is the
ratio of 80 to '°0 atoms (or D to H atoms) in the sample; and Rysmouw iS
the ratio of *®0 to '°0 atoms (or D to H atoms) in the Vspow-

2.4. Statistical methods

Two methods were used to identify the source of water absorbed by
R. pseudoacacia. First, isotope ratios of xylem water were compared
directly with those of soil water in the vertical profile, a method re-
ferred to as “direct inference” (Asbjornsen et al., 2007; Li et al., 2007).
Second, the MixSIAR model was used to determine the relative pro-
portion of each water source to R. pseudoacacia throughout the four-
month study period. The MixSIAR model can estimate the proportion of
source contributions to a mixture through options for fixed/random
effects, source data types, priors and error terms (Parnell et al., 2013).
In this study, the raw xylem isotope values (8D and §'®0) of R. pseu-
doacacia were used as the mixture data inputs into MixSIAR. The raw
isotope values (8D and 8180) from each soil layer were used as source
data inputs into MixSIAR. Source data were confirmed to have no
concentration dependence. Individual effects and zero discrimination
were set in the model. The run length of the Markov chain Monte Carlo
(MCMC) was set to “long” (chain length = 300 000; burn = 200 000;
thin = 100; chains = 3). The water sources taken from the different
soil layers were combined into four layers (0-40, 40-120, 120-200 and
200-500 cm) to facilitate the subsequent analysis and comparison. The
four soil layers were identified by the following criteria:

(1) Shallow soil layer (0-40 cm): the isotopic ratios in soil water and
SWC showed large variability and were vulnerable to the pre-
cipitation pulse and evaporation.

(2) Intermediate-shallow soil layer (40-120 cm): the isotopic ratios in
soil water and SWC were variable on a monthly scale and were
influenced by infiltration.

(3) Intermediate soil layer (120-200 cm): the isotopic ratios in soil
water and SWC showed low variability and weaker monthly
changes than the two abovementioned soil layers.

(4) Deep soil layer (200-500 cm): the isotopic ratios in soil water and
SWC exhibited relatively stable variations if water use of deep roots
was not considered.

Furthermore, we provided DSL distribution, which is defined as a
soil layer with SWC being less than the stable field capacity (SFC) ac-
cording to the method proposed by Wang et al. (2010, 2011). The SFC
was equal to 60% of the field capacity (at a water content of
—0.03 MPa) according to the soil texture in the study area.

All statistical analyses were performed using Microsoft Excel (ver-
sion 2013) and SPSS (version 16.0). Maps of sampling points were
generated using GIS software (ArcGis version 10.2). The diagrams were
generated using Origin version 9 and SigmaPlot version 12.5.

3. Results
3.1. Basic information on soil and plant root properties

3.1.1. Soil particle composition

The distribution of soil particle composition in the 0-500 cm soil
profile is shown in Fig. 2A. Clay content was almost entirely uniform
across the whole soil profile. Silt and sand content generally showed the
reverse trend in that silt content increased while sand content decreased
in the 0-60 cm soil profile layer. Statistical analysis of soil particle
composition in the four soil profile layers (0-40, 40-120, 120-200 and
200-500 cm) is shown in Table 1. Mean clay content in the four soil
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profile layers ranged from 3.34% in the 40-120 cm soil profile layer to
3.88% in the 200-500 cm soil profile layer. Mean silt content increased
from 64.91% in the 0-40 cm soil profile layer to 74.23% in the
200-500 cm soil profile layer, while mean sand content decreased from
31.27% in the 0-40 cm soil profile layer to 21.89% in the 200-500 cm
soil profile layer. The standard deviation (SD) of soil particle compo-
sition in the upper soil profile layer was higher relative to the deep soil
profile layer. This was also the case for the coefficient of variation (CV).

3.1.2. Plant roots

All four root parameters decreased in the 0-200 cm soil profile layer
and then stabilized in the 200-500 cm soil profile layer (Fig. 2B). Fine
root distribution patterns were similar (Fig. 2C). Table 1 lists the sta-
tistical data of the four root parameters. The mean root length density
varied from 0.038 to 0.493 cm/cm®, and the mean root surface area
density ranged from 0.004 to 0.056 cm?/cm?®. The mean root average
diameter decreased from 0.324 to 0.083 mm/cm® X 10”3 with an
increase in the depth of the soil profile. The mean root weight decreased
from 0.937 in the 0-40 cm soil profile layer to 0.041 g/cm?® in the
200-500 cm soil profile layer. Contrary to soil particle composition, the
CV of plant roots showed an increasing trend with an increase in soil
depth except for the 40-120 cm soil profile layer. Compared to the
whole profile, root biomass percentages in the 0-120 cm soil profile
layer for root length density, root surface area density, root average
diameter density and root weight density were 84%, 79%, 42% and
85%, respectively, which indicated that the majority of plant roots were
distributed in the shallow soil profile layer.

3.1.3. Soil water content and the dried soil layer phenomenon

Monthly SWC within the 0-500 cm soil profile layer and mean SWC
within the 200-500 cm soil profile layer are shown in Fig. 3. The four
SWC measurements showed large variation in the 0-160 cm soil profile
layer but was stable (7-8%) in the deep soil profile layer. The SWC for
April and May peaked at 60 cm and then decreased with increasing soil
depth. Furthermore, the SWC for June and July was lower than for
April and May in the 0-150 cm soil profile layer. Statistical SWC values
of the four soil profile layers (i.e., 0-40, 40-120, 120-200 and
200-500 cm) were 4.79-10.71%, 6.35-10.78%, 6.27-7.19% and
7.65-7.84% for April, May, June and July, respectively (Table 2). The
CVs of the SWCs were 12-22%, 6-23%, 6-11% and 8-9% in the 0-40,
40-120, 120-200 and 200-500 cm soil profile layers, respectively.
Therefore, SWC variation was highest in the 0-40 cm soil profile layer
throughout the four-month study period. The mean SWC in 200-500 cm
soil layer decreased from April to May and then increased into July
(p > 0.05).

Based on the DSL definition, the upper soil layer (0-100 cm), which
was readily affected and replenished by precipitation, could not belong
to the DSL. Therefore, the DSL was below a soil depth of 100 cm from
April to July 2016, but was present at a soil depth of 100-150 cm from
April to May. The DSL was relatively stable in the vertical soil profile.

3.2. Isotopic composition of precipitation, soil water and plant xylem water

Based on multi-year mean monthly weather conditions, we de-
termined that the transition period from the dry to the rainy season
defined in this study was feasible (Fig. 4A and B). Monthly variation in
880 values for precipitation is shown in Fig. 4C. The 8'80 values de-
creased from May to July and then increased in August. Therefore,
lower §'80 values were observed during heavy and continuous rainfall
events (e.g., July 2016). Moreover, §'20 values in precipitation ranged
from —15.2%0 to 2.3%o, with an average value of —7.23%o, and 8D
values in precipitation ranged from —111%o to —16%o, with an
average value of —47%o, throughout the observation period (Fig. 5).
The linear relationship between 8§'®0 and 8D in rainwater can be ex-
pressed as y = 7.95x + 10.63, which we determined to be the local
meteoric water line (LMWL). The LMWL was below the global meteoric
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Fig. 2. Distribution of soil particle composition (A), total plant root parameters (B) and fine root parameters (C) of Robinia pseudoacacia throughout the 0-500 cm soil
profile layer in the sampling site. SurfArea represents surface area; AvgDiam represents average diameter.

water line [GMWL; 8D = 8.17 (8'%0) + 10.35] (Rozanski et al., 1993),
which we attributed to a weak evaporation effect.

The stable isotopic signatures in soil water ranged from —11.37%o
to —3.99%0 for §'®0 and from —84.17%o to —36.16%0 for 8D
throughout the entire soil profile for the four-month study period. The
relationship between 8'80 and 8D in soil water was y = 6.39x — 10.17
(Fig. 5). The mean §'%0 in the 0-40 cm soil profile layer varied from
—9.13%0 to —5.84%o0 with significant variation throughout the dif-
ferent months, and the mean 8D also showed significant variation from
—66.02%0 to —46.08%o (Table 3). Both 8§80 and 8D signatures in soil
water at different soil depths changed abruptly from month to month,
reflecting a rapidly changing dynamic process in soil evaporation and
rainfall percolation. The 8’80 and 8D values in xylem water varied from
—9.17%o to —3.13%o0 and from —67.81%o to —45.31%o, respectively,
during the measurement period. The fitting line of the 8'0 and 8D
relationship was y = 3.68x — 31.96 in xylem water. Interceptions and
slopes of soil water and xylem water were less than those for pre-
cipitation, which indicated that soil water and xylem water derived
from precipitation and there was an evaporation effect on both soil and
plant water.

3.3. Potential water sources for plant uptake

Since this tree species cannot directly utilize precipitation and
groundwater, being too deep to access (Huang et al., 2013), it may be
inferred that soil water was the exclusive source for plant growth. We
applied the following two methods to determine when and which soil
water layer was utilized by R. pseudoacacia. First, we used the direct
inference method to investigate the primary soil water sources. In April
2016, 8'%0 and 8D values in xylem water were similar to those in soil
water at 0-40, 40-120 and 200-500 cm soil profile layer depths
(Fig. 6). In May, however, 8'80 and 8D values in xylem water were
close to those in soil water at 0-40 and 40-120 cm soil profile layer
depths. As the month progressed, §'%0 and 8D values in xylem water
were similar to those in soil water at 0-40 and 40-120 cm soil profile

layer depths in June 2016. In July, 8'80 and 8D values in xylem water
matched those in soil water at 0-40 and 200-500 cm soil profile depths.

The proportion of water uptake in the soil profile layers as de-
termined by the MixSIAR model are shown in Fig. 7A. Water sources in
the vertical profile showed variation among the four months. In April,
R. pseudoacacia mainly used soil water in the intermediate-shallow and
deep soil layers. In May, the proportion in different soil profile layers
fluctuated within the vertical profile except for the 20-250 cm soil
profile layer. In June, the water source proportion in all soil profile
layers was similar except for the 20-120 cm soil profile layer. In July,
the largest water source proportion was mainly distributed within the
0-120 cm soil profile later.

Summarizing results obtained from the MixSIAR model showed that
26.2% and 48.4% of the water used by R. pseudoacacia derived from the
40-120 and 200-500 cm soil profile layers, respectively, in April 2016
(Fig. 7B). In May, R. pseudoacacia accessed water from the 0-40 cm soil
profile layer (21.5%), the 40-120 cm soil profile layer (24.5%) and the
200-500 cm soil profile layer (37.4%). In June and July, 51.6% and
53.6% of the water utilized by R. pseudoacacia mainly derived from the
0-120 cm soil profile layer, respectively.

4. Discussion

4.1. Monthly soil water features based on soil water content and stable
isotopes

During the transition period from the dry to the rainy season, SWC
values changed dramatically in the 0-150 cm soil profile layer from
April to July (Fig. 3). Similar trends in seasonal SWC have been re-
ported by other studies (Liang et al., 2018; Chang et al., 2019; Yu et al.,
2019; Zhao et al., 2019). This could be attributed to (1) the thawing of
the frozen soil layer resulting from increasing temperatures in April and
May, and the form of ice will cause high soil water content (Fig. 4A and
B); (2) sand content in the 0-100 cm soil profile layer was relatively
higher than that in the deeper soil layers, favoring thawing as
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Table 1
Statistical data of soil particle composition and plant roots in the four soil
profile layers in the study area.

Soil layer Parameters Min Max Mean SD CV (%) R (%)
(cm)
0-40 Clay (%) 329 437 383 076 20
Silt (%) 6295 66.86 6491 276 4
Sand (%) 29.85 3269 31.27 201 6
Length (em/cm®) 0.436 0.550 0.493 0.081 16 53
SurfArea (cm?/ 0.053 0.060 0.056 0.005 9 36
cm®)
AvgDiam 0.313 0.335 0.324 0.016 5 29
(mm/cm® x 103)
Weight (mg/cm®) 0.799 1.074 0.937 0.194 21 55
40-120 Clay (%) 3.04 3.76 3.34 0.32 10
Silt (%) 69.33 71.65 7053 126 2
Sand (%) 24.64 27.53 26.13 155 6
Length (em/cm®) 0.135 0.249 0.188 0.047 25 31
SurfArea (cm?/ 0.016 0.029 0.022 0.006 27 43
cm?®)
AvgDiam 0.233 0.249 0.240 0.007 3 13
(mm/cm® x 10'3)
Weight (mg/cm?) 0.255 0.504 0.396 0.107 27 30
120-200  Clay (%) 328 366 349 018 5
Silt (%) 71.67 73.67 72.61 0.99 1
Sand (%) 22.66 2493 2390 1.02 4
Length (cm/cm3) 0.101 0.134 0.116 0.016 14 11
SurfArea (cm?/ 0.009 0.013 0.011 0.002 18 14
cm®)
AvgDiam 0.162 0.201 0.187 0.018 10 33
(mm/cm® x 107%)
Weight (mg/cm®) 0.105 0.175 0.125 0.034 27 10
200-500  Clay (%) 343 439 38 029 7
Silt (%) 71.66 76.21 74.23 1.42 2
Sand (%) 19.73 24.68 21.89 151 7
Length (cm/cm®) 0.030 0.053 0.038 0.008 21 5
SurfArea (cm?/ 0.003 0.005 0.004 0.001 25 7
cm®)
AvgDiam 0.072 0.110 0.083 0.014 17 25
(mm/cm® x 107%)
Weight (mg/cmB) 0.017 0.062 0.041 0.016 39 5

Note: SD represents stand deviation; SurfArea represents surface area; AvgDiam
represents average diameter; R represents the ratio of plant root parameters in
the four soil profile layers to the whole profile.

temperatures increased; (3) a slight decline of SWC due to increasing
evaporation and water movement in May; (4) as the months progressed,
intensive evaporation and plant uptake caused the lowest SWC to occur
in June. However, a large amount of continuous precipitation (i.e.,
140.1 mm) occurred on July 8th and July 30th (Fig. 4), which re-
charged soil water and led to an obvious increase in SWC. Moreover,
SWC in the shallow soil layer (0-40 cm) significantly changed during
the transition period, while SWC was only weakly influenced by pre-
cipitation or evaporation in the deep soil layers (Yang et al., 2012; Li
et al., 2015). These deep layers were only affected by infiltration, which
were mainly influenced by soil properties and plant roots (Wu et al.,
2011; Wang et al., 2013, 2019). Soil particle composition and plant
roots were relatively stable in the 200-500 cm soil profile layer in this
study (Fig. 2); therefore, SWC did not significantly vary in the deep soil
layer.

In the CLP, precipitation is the sole source of soil water, while
evaporation is the major factor for the enrichment of isotopes in
shallow soil layers (Xue, 1995; Wan and Liu, 2016). Soil water between
the surface and a depth of 200 cm showed distinct variation, and the
880 and 8D profiles changed significantly during the transition period,
reflecting both the isotopic ratio of recent precipitation and evaporative
fractionation. The distribution of 8'80 in the soil profile in April 2016
also confirmed that the evaporation rate was low during this period
compared to other months. However, the depletion in upper soil layers
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Fig. 3. Vertical distribution of soil water content (SWC) and the stable field
capacity (SFC) along the 0-500 cm soil profile in the sampling site (A) and the
mean SWCs in the 200-500 cm soil profile layer (B) during the four month
study period. The red solid line represents the mean value, the red dashed line
represents the median value. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

in April may indicate an evaporative front. Since no rainfall event oc-
curred prior to sample collection, the effect of recent precipitation
could be excluded. The isotopic profiles in soil water in this study did
not always decrease smoothly as reported by Zimmermann et al. (1966)
(i.e. July 2016), which means that the isotope composition in soil water
is not only affected by evaporation but is also influenced by infiltration.
Significant and continuous rainfall events occurred prior to July 26,
resulting in a low §'80 value in the near surface soil layer. Both eva-
poration and precipitation led to a negative correlation between SWC
and the stable isotopes (880 and 8D), which was also reported by
previous studies (Eggemeyer et al., 2009; Wan and Liu, 2016; Zhu et al.,
2018). In addition, vegetation samples had a flatter evaporation line
than soil as shown in Fig. 5, which may suggest an independent eva-
poration process occurring in May and June. However, the trend in the
isotopic ratio in soil water in the vertical profile was similar in May and
June as shown in Fig. 6, differing from the patterns observed in April
and July. MixSIAR modeling results demonstrated that the proportion
of water uptake in each soil layer during May and June was homo-
geneous except for the surface soil layer, which may indicate that in-
dependent evaporation processes in vegetation samples have a weak
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Table 2
Seasonal variations in soil water content (SWC) in the four soil profile layers.

Soil layer (cm)  Item  Statistics 2016/4  2016/5 2016/6  2016/7

0-40 SWC Min (%) 9.81 7.53 4.22 7.80
Max (%) 11.61 10.38 5.35 9.36
Mean (%) 10.71 8.96 4.79 8.58
SD 1.28 2.01 0.80 1.10
CV (%) 12 22 17 13

40-120 SWC Min (%o) 9.16 9.50 5.97 5.72
Max (%o) 11.89 11.70 6.72 9.05
Mean (%o) 10.73 10.78 6.35 7.05
SD 1.36 0.98 0.36 1.60
CV (%) 13 9 6 23

120-200 SWC Min (%o) 6.53 6.66 6.25 5.48
Max (%o) 7.95 8.04 7.08 7.08
Mean (%o) 7.00 7.19 6.58 6.27
SD 0.64 0.63 0.38 0.67
CV (%) 9 9 6 11

200-500 SWC Min (%o0) 7.03 7.05 7.07 7.03
Max (%o) 8.82 8.73 8.73 8.97
Mean (%o) 7.77 7.65 7.75 7.84
SD 0.59 0.69 0.62 0.63
CV (%) 8 9 8 8

Note: SD represents stand deviation; CV represents coefficient of variation.

effect on the source inference.

The 8'80 was relatively stable with a mean value of —8.01%o below
a depth of 200 cm, which demonstrates that typical rainfall events and
even continuous precipitation (129.9 mm) have less impact on soil
water in deep soil layers. The mean §'20 value in the 200-500 cm soil
profile layer was close to the mean §'®0 value of annual precipitation,
and local stable isotopes (8'®0 and 8D) in precipitation were relatively
stable in the vicinity of the LMWL; therefore, it can be inferred that soil
water in the 200-500 cm soil profile layer derived from previous
rainfall events, which can be referred to as “old water”. Previous studies
have confirmed that infiltration from precipitation into the unsaturated
soil zone occurs very slowly in the CLP (Huang et al., 2013; Tan et al.,
2017). Therefore, old water could exist in deep soil for a long period of
time, which can subsequently be absorbed by plants.

4.2. Water uptake by Robinia pseudoacacia

There were obvious changes in SWC (Fig. 3) in the 0-200 cm soil
profile layer along with seasonal changes in precipitation (Fig. 4B),
indicating that soil water sources varied monthly in the study area. Our
study found that R. pseudoacacia mainly utilized soil water from the
40-120 and 200-500 cm soil profile layers in April because the corre-
sponding §'80 values in xylem water were similar to soil water from
these soil layers (Fig. 6). The following are potential reasons why R.
pseudoacacia primarily uptakes soil water from deep soil layers: (1)
First, both air and soil temperature within the upper soil layer is low at
the beginning of growing season (April in the study area), wherein the
thickness of seasonal permafrost is approximately 50 cm according to
our field investigation. This may significantly increase the water use of
Robinia within the 200-500 cm soil layer in April given that ice in the
upper soil layer cannot be utilized by plants, while the neutron probe
used in our study identified this ice as soil water content. This feature is
different from a study conducted in another semiarid area (Barbeta
et al.,, 2015), whereby water was available in all soil layers in early
spring; thus, it is not necessary for tree to uptake water from deep soil
layers, and water uptake from deep soil layers increases as the dry
summer season progresses. These differences indicated the distinct
climatic condition of our area. (2) Physiologically, plant activity in
April is weak, and even a small amount of water uptake in soil within
the 200-500 cm soil profile layer would result in a relatively high
proportion of total water use during this month. (3) The mean soil
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Fig. 4. Multi-year mean monthly precipitation and temperature from 1960 to
2015 obtained from the Yan'an meteorological station (A), weather conditions
near our sampling site (B) and the stable oxygen isotopes in rain water (C) in
the Guntun watershed during the study period. Yellow shaded areas denote the
transition period from the dry to the rainy season. Blue represents precipitation,
red represents temperature. Error bars in (C) represent standard deviation. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

water content was calculated in the 200-500 cm soil layer, and results
are provided in Fig. 3B. The mean soil water content decreased from
April to May, which verified the water-use strategy of deep roots. A
similar phenomenon was reported in a previous study (Asbjornsen
et al., 2007); however, the soil sampling depth in that study was limited
to 200 cm. With an increase in air and soil temperatures, the proportion
of water uptake in the shallow soil layers increased in May. Also, in
June, the 0-40 and 40-120 cm soil profile layers yielded the highest
overall ratios. This could be attributed to the recharge of a small
quantity of precipitation to soil water which ultimately provided en-
ough water for the species to use. In July, R. pseudoacacia mainly uti-
lized soil water from the 40-120 cm soil profile layer, which could be
attributable to the significant and continuous precipitation that oc-
curred before sample collection. In addition, a previous study showed
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also shown.

Table 3
Seasonal variation of stable isotopes (8'%0 and 8D) in the four soil profile
layers.
Soil layer (cm) Item  Statistics 2016/4 2016/5 2016/6 2016/7
0-40 80 Min (%o) -9.16 -7.82 -6.93 -10.16
Max (%o) -8.37 -5.76 -4.76 -8.10
Mean (%0) —8.76 -6.79 —5.84 -9.13
SD 0.56 1.46 1.54 1.45
8D Min (%) -64.78 —53.42 —-5242 —72.86
Max (%) -64.70 —48.58 —39.74 —59.17
Mean (%) —64.74 —51.00 —46.08 —66.02
SD 0.06 3.42 8.96 9.68
40-120 8'%0  Min (%) —9.06 —-8.89 -9.13 -9.36
Max (%) —6.65 —-7.05 —7.50 —-7.32
Mean (%)  —7.97 -7.74 -8.18 —-8.26
SD 1.02 0.86 0.77 0.92
8D Min (%) -67.53 —65.30 —68.83 —69.81
Max (%o) -50.86 —49.60 —53.29 —54.35
Mean (%) —60.01 —56.41 —60.14 —61.47
SD 6.97 7.09 7.02 7.24
120-200 8%0  Min (%) -10.03 -10.70 -10.04 —10.80
Max (%) -9.77 —-9.57 —9.68 -9.94
Mean (%)  —9.85 -10.29 —9.86 —-10.30
SD 0.12 0.50 0.17 0.43
8D Min (%) -77.07 -79.51 -76.01 —79.58
Max (%) -71.94 -71.21 -71.65 —73.20
Mean (%) —74.87 -76.07 —7391 -76.19
SD 2.16 3.55 2.07 2.98
200-500 §'%0  Min (%) -7.95 —-9.03 —-9.01 —8.62
Max (%) —-7.00 -7.78 —7.62 —7.66
Mean (%)  —7.51 -8.25 -8.13 -8.14
SD 0.35 0.43 0.49 0.38
8D Min (%) -62.97 -66.15 —66.15 —67.18
Max (%) -58.35 —61.45 —59.88 —59.77
Mean (%) —61.32 —63.04 —62.38 —63.65
SD 2.09 1.75 2.27 2.80

Note: SD represents stand deviation.

that response depth to precipitation was within the top 200 cm in the
CLP (Fu et al., 2018). Therefore, the water uptake pattern in July was
mainly influenced by initial periods and instantaneous precipitation

events.

The water utilization characteristics employed by R. pseudoacacia

during the transition period from April to July showed obvious varia-
tion. Throughout the study period, the trend in water uptake from the
shallow soil profile layer (0-40 cm) and the intermediate-shallow soil
profile layer (40-120 cm) increased; while the trend in water uptake
from the deep soil profile layer (200-500 cm) decreased. Characteristics
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of the species’ water uptake feature among the different soil layers
during the transition period indicated that the water source of this tree
species is affected by significant variation in the external climate and
the internal soil environment. This could have resulted from (1) an
increase in precipitation wherein rainwater infiltrated into the shallow
and intermediate-shallow soil profile layers; (2) the species gradually
entering into its vigorous growth state, which would significantly in-
crease its water demand; (3) root uptake of deep soil water to support
tree growth and nutrient absorption during the dry season, which is
similar to results from Nie et al. (2012) who reported that R. pseudoa-
cacia tended to use deep soil water during the latter part of the dry
season. Therefore, the way by which R. pseudoacacia uptakes soil water
is dependent on variables such as water availability, plant growth and
root distribution (Zhu et al., 2018).

Root distribution patterns affect plant water-use strategies and nu-
trient absorption. Huo et al. (2018) found that different aged jujube
trees exhibited different water uptake patterns closely correlated to root
distribution. They reported that the fine root length density of 4- and 8-
yr old jujube trees at a depth of 0-60 cm was 90.00% and 62.90%,
respectively; therefore, 8-yr old jujube trees are predisposed to use deep
soil water. Similar results have also been shown by other studies
(Bouillet et al., 2002; Li et al., 2017). In our study, R. pseudoacacia roots
were measured at a depth of 500 cm. Although root biomass was pre-
dominately distributed in the shallow and intermediate-shallow soil
profile layers, roots in the deep soil profile layer may play an important
role in regulating its water-use strategy. Moreover, to the best of our
knowledge, previous studies in the CLP only collected soil samples at a
depth of approximately 200 cm (mostly < 100 cm); therefore, stable
isotope (5'®0 and 8D) regimes below a 200 cm depth remain largely
unknown (Wan and Liu, 2016; Huo et al., 2018). Furthermore, plants
cannot access deep water sources (such as groundwater) in this region
(Huang et al., 2013; Tan et al., 2017); therefore, using deep soil water is
an alternative choice for plants in resisting periods of water stress (e.g.,
extremely dry periods). Our study provides new evidence that plants to
indeed use water sources in the deep soil layer in the CLP. Under-
standing the water-use strategy of the dominant tree species in the CLP
is very important for understanding water cycle mechanisms in the soil-
plant-atmosphere system to manage water resources and to regulate
ecosystem functions for both researchers and policymakers.

4.3. Relationship between the water uptake pattern and the dried soil layer
of Robinia pseudoacacia

The formation of the DSL constitutes a unique hydrological phe-
nomenon occurring in the CLP, which is mainly caused by the excessive
depletion of deep soil water by both native and non-native vegetation,
high evapotranspiration and insufficient long-term rainwater supplies
(Jipp et al., 1998; Shangguan, 2007; Chen et al., 2008b). A DSL is al-
ways located at a certain soil depth, primarily in deep layers that may
extend to 10 m below the soil surface (Wang et al., 2010, 2011). The
occurrence of DSLs hinders and disrupts the water cycle in the soil—
plant-atmosphere system, which in turn has a negative impact on the
development of vegetation.

The implementation of the Grain for Green program in 1999 under
the auspice of the Government of China has dramatically changed the
landscape of the CLP, doubling the vegetation coverage in the last 16 yr
(Chen et al., 2015). It is important to note that R. pseudoacacia was
initially planted on a large scale (Jian et al., 2015). Moreover, this
species was able to successfully adapt to the environment by utilizing
deep soil water and has subsequently become the dominant tree species
in the CLP. Previous studies have shown that R. pseudoacacia uptakes
more water than shrubland, grassland and cropland species (Wang
et al., 2011, 2015).

Our results demonstrated that R. pseudoacacia does in fact use deep
soil water layers (200-500 cm) where the DSL has developed during the
dry season. The formation of a DSL depends on the soil-water balance
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Fig. 6. Seasonal variation in 8D and 8'®0 signatures in xylem and soil (0-500 cm) water during the study period. Error bars represent stand deviation.

and water cycles of an ecosystem. Generally, when soil-water outputs
such as evapotranspiration, drainage and water use increase or soil-
water inputs such as rainfall or irrigation decrease, soil drying may
occur, and a DSL may form. Therefore, the formation of a DSL is a
combined process associated with environmental factors: (1) low rain-
fall; (2) high evapotranspiration; (3) the large soil water demand of
vegetation, and water being prevented from infiltrating into the deep
soil layer. Although the DSL formed prior to sampling, characteristics of
water uptake during the transition period from the dry to the rainy
season aggravated the evolution of the DSL. After the formation of a
DSL, continued water uptake from R. pseudoacacia would further de-
crease the SWC within the DSL, which in turn could aggravate the
development of the DSL. Thus, the formation of a DSL is an issue of
water balance coupled with the fact that trees can access water in deep
soil layers in spring when it remains unavailable in surface soil layers.
Therefore, data on R. pseudoacacia water use during this transition
period is of critical importance in understanding the evolution of DSLs.

Studies have pointed out that DSLs will change temporally de-
pending on water replenishment (Chen et al., 2008b; Wang et al.,
2011). Because R. pseudoacacia can utilize deep soil water during the
dry season and during typical years, deep soil water cannot be re-
plenished by precipitation over the short-term; therefore, seasonal
water uptake patterns may accelerate the extent of DSL thickness
(which should be further investigated due to the 500 cm sample depth
limit of this study) and aggravate DSL soil water deficits. A severe DSL
would result in long-term adverse effects to plants, leading to the oc-
currence of what is known as “little old trees” that gradually die, which
is detrimental to ecological environment restoration. Therefore, un-
derstanding water-use mechanisms of deep plant roots and the evolu-
tion of DSLs is crucial for plant management regarding the sustainable
utilization of limited water resources. The selection of plant species and
planting densities should therefore be taken into account during re-
vegetation processes.

Applying the stable isotope (8'%0 and 8D) technique not only
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Fig. 7. The water uptake proportion in the soil profile layers from the MixSIAR model (A) and seasonal variation in the proportion of water uptake from the four soil
layers (B) that Robinia pseudoacacia utilized during different months. Error bars represent standard deviation.

reveals the water sources used by plants but also provides new insight
into ecological environment problems associated with local ecosystems.
For example, Song et al. (2016a,b) utilized §'®0 and 8D signatures to
explain why Mongolian Scots pine (Pinus sylvestris var. mongolica)
mortality has increased in recent years. In our study, we determined
that the water uptake strategy of deep plant roots during the dry season
will exacerbate the status of DSLs, while a decrease in SWC within DSLs
will conversely threaten plant growth. Further studies should also be
conducted to investigate the relationship between DSL evolution and
the water uptake mechanisms of plants in the CLP. Specifically, detailed
information on water utilization characteristics during the dry season or
throughout the entire year should be ascertained in order to understand
DSL development processes.

5. Conclusions

This study used stable isotopes (820 and 8D) to reveal the dynamic
water uptake patterns of R. pseudoacacia during the transition period
from the dry to the rainy season in the CLP. Plant roots were mainly

10

distributed within the 0-120 cm soil layer. The SWC and the stable
isotope signatures in the upper soil layers showed significant variation
over the four-month study period. Moreover, §'80 and 8D signatures in
precipitation, soil water and plant water exhibited an apparent corre-
lation during the study period. The water uptake strategy of R. pseu-
doacacia was to switch between the different soil layers from April to
July. This tree species mainly utilized soil water from the 40-120 and
the 200-500 cm soil layer profiles in April, from the 0-40, 40-120 and
200-500 cm soil layer profiles in May, and from the 0-120 cm soil layer
profile in June and July. This closely correlated to precipitation and
plant root distribution. Results of R. pseudoacacia water-use character-
istics obtained by this study provide information concerning the re-
lationship between plant water uptake strategies and the development
of DSLs in the CLP.
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