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Abstract. Establishing whether uptake of rainwater-
recharged soil water (RRS) can increase plant transpiration
in response to rainfall pulses requires an investigation to eval-
uate plant adaptability, especially in water-limited regions
where rainwater is the only replenishable soil water source.
In this study, the water sources from RRS and three soil
layers, the predawn leaf water potential (9pd), the midday
leaf water potential (9m), the gradient of leaf water poten-
tial (9pd−9m), and the plant transpiration in response to
rainfall pulses were analyzed for two dominant tree species,
Hippophae rhamnoides subsp. sinensis and Populus tomen-
tosa, in pure and mixed plantations during the growing pe-
riod (June–September). Mixed afforestation significantly en-
hanced 9pd−9m, RRS uptake proportion (RUP), and the
relative response of daily normalized sap flow (SFR) and re-
duced the water source proportion from the deep soil layer
(100–200 cm) for both species (P < 0.05). In pure and mixed
plantations, the large9pd−9m was consistent with high SFR
for H. rhamnoides and the small 9pd−9m was consistent
with low SFR for P. tomentosa in response to rainfall pulses.
Therefore, H. rhamnoides and P. tomentosa exhibited aniso-
hydric and isohydric behavior, respectively, and the former
plant species was more sensitive to rainfall pulses than P. to-
mentosa. Furthermore, in pure plantations, the SFR was sig-
nificantly affected by RUP and 9pd−9m for H. rhamnoides
and significantly influenced by 9pd−9m for P. tomentosa
(P < 0.05). However, the SFR was significantly influenced
by RUP and 9pd−9m for both species in the mixed planta-

tion. These results indicate that mixed afforestation enhanced
the influence of RRS uptake on plant transpiration for these
different rainfall-pulse-sensitive plants. This study provides
insights into suitable plantation species selection and man-
agement considering the link between RRS uptake and plant
transpiration in water-limited regions.

1 Introduction

Rainwater-recharged soil water (RRS) uptake by plants and
plant transpiration in response to rainfall pulses drive the sur-
vival of plant species and ecosystem ecohydrological pro-
cesses, especially in arid and semiarid regions where rainwa-
ter is the only replenishable soil water source (Berkelhammer
et al., 2020; Gebauer and Ehleringer, 2000; West et al., 2012).
Generally, RRS uptake after a rainfall pulse refers to the root
uptake of soil water that was recharged by recent rainwater,
and can be quantified through water stable isotopes (Cheng
et al., 2006; Meier et al., 2018). The variability and inter-
mittency of rainfall, which plays an important role in plant
water uptake and transpiration (Swaffer et al., 2014; J. Wang
et al., 2020), have been predicted to increase in water-limited
regions (Mendham et al., 2011). Clarifying the influence of
RRS uptake on plant transpiration after rainfall pulses is es-
sential to understand the process of plant species adaptation
in water-limited regions (Meier et al., 2018; Tfwala et al.,
2019).
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RRS uptake by a plant is expected to increase plant tran-
spiration after a rainfall pulse (Cheng et al., 2006; Liu et al.,
2019). However, the uptake of RRS may also be mainly used
to reduce the water uptake from deep soil layers or decrease
the risk of cavitation in stems by some plant species (Plaut et
al., 2013; Tfwala et al., 2019). This variability in the response
of plants to a rainfall pulse – either RRS uptake or plant tran-
spiration – may be mainly attributed to an inconsistent influ-
ence of plant leaf physiological characteristics (West et al.,
2007), root morphology adjustment (J. Wang et al., 2020),
or environmental conditions (Tfwala et al., 2019) on these
two water processes. (Tfwala et al., 2019) on these two water
processes. Generally, plant transpiration is observed to in-
crease after rainfall pulses for plants with shallow (Liu et
al., 2019) or dimorphic (Swaffer et al., 2014) root systems;
meanwhile, no increase or a decrease in plant transpiration
is observed for plants with deep root systems (West et al.,
2012). However, regardless of the root distribution, the plant
leaf water potential gradient (9pd−−9m, the difference be-
tween the predawn (9pd) and midday (9m) leaf water po-
tentials) has been observed to regulate plant transpiration af-
ter rainfall pulses (Kumagai and Porporato, 2012; Liu et al.,
2019). For example, plant species that show isohydric be-
havior generally maintain relatively small 9pd−9m values
to protect the stem hydraulic architecture, which is vulnera-
ble to cavitation and limited plant transpiration under varied
soil water conditions (Franks et al., 2007; McDowell et al.,
2008). However, plant species that show anisohydric behav-
ior are generally less vulnerable to cavitation and adopt rela-
tive large 9pd−9m values to allow high plant transpiration
after rainfall pulses (West et al., 2007; Klein, 2014; Ding et
al., 2021). Thus, taking into consideration plant leaf physi-
ological or root morphological parameters could aid under-
standing of the mechanisms underlying the influence of RRS
uptake on plant transpiration in response to rainfall pulses.

Uptake of contrasting water sources by coexisting species
usually shows water source separation and can minimize
water source competition (Munoz-Villers et al., 2020; Sil-
vertown et al., 2015); however, overlapping water sources
among plant species may lead to competition in arid and
semiarid regions (Tang et al., 2019; Yang et al., 2020). Rain-
fall pulses have been observed to relieve or eliminate wa-
ter competition among coexisting species and thus main-
tain or increase plant transpiration in some water-limited
regions (J. Wang et al., 2020; Tfwala et al., 2019). Mean-
while, plant species with strong RRS uptake abilities gen-
erally exhibit more competitiveness than coexisting species
with weak RRS uptake abilities (Stahl et al., 2013; West et
al., 2012). However, Liu et al. (2019) attribute opposite RRS
uptake abilities to the stable coexistence of species in mixed
plantations in semiarid regions, where the rainfall events are
variable and less RRS is taken up by one of the coexisting
plant species. In addition, coexisting species may also cope
with or minimize water resource competition through plant
leaf water potential or root distribution adjustment (Chen et

al., 2015; Silvertown et al., 2015). It is still unclear whether
these adjustments could influence the RRS uptake and plant
transpiration for coexisting species in water-limited regions.

The “Grain for Green” project has increased vegetation
coverage by 25 % in the Loess Plateau through afforesta-
tion activities since the 1990s in order to deal with vegetation
degradation and water and soil loss (Tang et al., 2019; Wu et
al., 2021). Hippophae rhamnoides subsp. sinensis and Popu-
lus tomentosa are typical deciduous broadleaved tree species
that have similar leaf expansion (April) and falling (Novem-
ber) periods and occupy nearly 30 % of the plantation area
in this region (Liu et al., 2017; Tang et al., 2019). Our previ-
ous study indicated that H. rhamnoides generally took up soil
water from 0–40 or> 100 cm soil depths and adopted a large
value and variation of 9pd−9m to cope with varied soil wa-
ter conditions in this region (Tang et al., 2019). Meanwhile,
P. tomentosa generally took up soil water from> 100 cm soil
depths throughout the growing season under varied soil wa-
ter conditions (Xi et al., 2013). In addition, mixed plantations
of these two species were widely promoted by local govern-
ment due to their higher soil and water conservation capacity
than pure plantations in the original afforestation stage (Tang
et al., 2019; J. Wang et al., 2020). Tang et al. (2019) also sug-
gested that mixed afforestation with Ulmus pumila, a decidu-
ous broadleaved tree species with a similar leaf growth phe-
nology to H. rhamnoides, increased the water source from 0–
40 cm soil depth and enlarged 9pd−9m for H. rhamnoides
compared with the values for this species in a pure plantation.
Furthermore, rainfall events have obvious seasonal variabil-
ity, and the rainfall amount is generally lower than the ref-
erence evapotranspiration (ET0) during the plant growth pe-
riod in this semiarid region (Zhang et al., 2017). The imbal-
ance between rainwater input and plant water demand may
weaken the sustainability of plantations with further plant
growth (Jia et al., 2020; Wu et al., 2021). To understand the
adaptation of plantation species, the plant transpiration, wa-
ter sources from RRS and different soil layers, and plant leaf
water potentials for H. rhamnoides and P. tomentosa in pure
and mixed plantations were analyzed in this study. The spe-
cific objectives were as follows: (1) to investigate the influ-
ence of RRS uptake and leaf water potential on plant tran-
spiration after rainfall events in pure plantations, and (2) to
assess the effect of mixed afforestation on these influences.
Based on the variations of plant water uptake from different
soil layers and the leaf water potentials for these species in
Xi et al. (2013) and Tang et al. (2019), we hypothesize that
(1) the influences of RRS uptake and leaf water potential on
plant transpiration may differ for these species in pure plan-
tations, and that (2) these influences may differ for specific
species in pure and mixed plantations.
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2 Materials and methods

2.1 Study site

The study was conducted in the Ansai Ecological Sta-
tion in the semiarid Loess Plateau (36.55◦ N, 109.16◦ E,
1221 m a.s.l. – above sea level), Northern China (Fig. S1
in the Supplement). The study area has a semiarid con-
tinental climate. The annual average (mean±SD) rainfall
amount and air temperature are 454.8±105.2 mm and 10.6±
0.4 ◦C (2000–2017), respectively, with higher monthly rain-
fall amounts and air temperatures generally occurring during
June–September and lower values during the other months
(Fig. S1).

Three adjacent plantations were chosen for the study: a
pure H. rhamnoides plantation, a pure P. tomentosa planta-
tion, and an H. rhamnoides–P. tomentosa mixed plantation
(Fig. S1), with corresponding plantation slopes of 5.2, 4.5,
and 5.5◦. All plantations were planted on abandoned grass-
land in 2004, where Bothriochloa ischaemum was the dom-
inant herbaceous species at that time. Three adjacent plots
were selected (16 m× 10 m) for each plantation type, and
no soil and water conservation measure was conducted in
the plantations. In the pure plantations, the original planted
spacing for each individual plant was 2.0 m× 2.0 m. In the
mixed plantation, P. tomentosa was originally planted in the
4.0 m gaps in rows of H. rhamnoides, with individual plants
spaced 2.0 m× 2.0 m apart. Based on a survey performed
in July 2018, in pure plantations, the average tree trunk di-
ameter (at 1.2 m height above the ground) and height were
50.5±3.6 mm and 4.11±0.81 m for H. rhamnoides, respec-
tively, and the corresponding values were 52± 4.6 mm and
4.05± 0.63 m for P. tomentosa. Meanwhile, in mixed plan-
tations, the average trunk diameter and tree height were
51.3± 2.9 mm and 4.49± 0.7 m for H. rhamnoides, respec-
tively, and the corresponding values were 56.3± 3.8 mm
and 4.23± 0.79 m for P. tomentosa. B. ischaemum and Gly-
cyrrhiza uralensis were the dominant herbaceous species in
the H. rhamnoides and P. tomentosa pure plantations, respec-
tively; meanwhile, B. ischaemum was dominant in the mixed
plantation. Based on an experiment conducted in July 2018
using the cutting ring (Wu et al., 2016), constant water head
(Reynolds et al., 2002), and centrifugation (Qiao et al., 2019)
method, the soil bulk density, total porosity, saturated hy-
draulic conductivity, field capacity, and permanent wilting
point at 0–200 cm soil depth were found to be similar in
the three plantations. The average soil bulk density was
1.38± 0.08, 1.35± 0.11, and 1.35± 0.09 g cm−3 for pure
H. rhamnoides, pure P. tomentosa, and mixed plantations,
respectively, and the corresponding soil total porosity was
48.2±0.6, 48.1±0.4, and 48.1±0.7 %. The average soil sat-
urated hydraulic conductivity was 0.44± 0.08, 0.46± 0.09,
and 0.46± 0.08 mm min−1 for pure H. rhamnoides, pure
P. tomentosa, and mixed plantations, respectively. The av-
erage field capacity was 0.26±0.02, 0.25±0.03, and 0.25±

0.02 m3 m−3 for pure H. rhamnoides, pure P. tomentosa,
and mixed plantations, respectively, and the corresponding
permanent wilting point was 0.06± 0.02, 0.06± 0.01, and
0.06± 0.02 m3 m−3. The soil is characterized as a silt loam
soil according to United States Department of Agriculture
soil taxonomy, with average sand (2–0.05 mm), silt (0.05–
0.002 mm), and clay (< 0.002 mm) compositions of 24.3±
1.3, 63.2± 1.1, and 12.5± 2.1 %, respectively, for the three
plantation types at 0–200 cm soil depth. These compositions
were determined using a Mastersize 2000 (Malvern Instru-
ments Ltd., UK).

2.2 Environmental parameter measurements and ET0
calculation

Net radiation (Rn, CNR4, Kipp & Zone Inc., the Nether-
lands), atmospheric pressure (CS105, Vaisala Inc., Finland),
air temperature (Ta) and relative humidity (HMP45D, Vaisala
Inc.), and wind velocity (Ws, A100R, Vector Inc., UK) were
measured using a weather station nearly 500 m from the re-
search plots. Soil heat flux (G) and rainfall amount were
measured 5 cm belowground using two HFT-3 plates (Camp-
bell Scientific Inc., USA) and a TE525 rain gauge (Campbell
Scientific Inc.), respectively. At each plot, soil water con-
tent (SW) was measured 5, 20, 50, 100, 150, and 200 cm be-
lowground (SW5 cm, SW20 cm, SW50 cm, SW100 cm, SW150 cm,
and SW200 cm) by CS615 probes (Campbell Scientific Inc.).
All these parameters were measured and stored at 30 min in-
tervals by a CR3000 datalogger (Campbell Scientific Inc.).

ET0, which considers both aerodynamic characteristics
and the energy balance, was used to indicate atmospheric
evaporative demand (Allen et al., 1998).

ET0 =

(
0.408× s× (Rn−G)+ γ ×

900
Ta+ 273

×Ws

×VPD)/(s+ γ × (1+ 0.34×Ws)) . (1)

Here, γ , s, and VPD are the psychrometric constant
(kPa K−1), the slope between saturation vapor pressure and
air temperature (kPa K−1), and the vapor pressure deficit
(kPa), respectively. The units of Rn and G are MJ m−2 d−1,
and the unit of Ws is m s−1.

2.3 Sap flow observation

Three standard individuals of specific species that were of
approximately mean height and trunk diameter were cho-
sen in each of the nine plots (Table S1 in the Supplement).
In each plot in the mixed plantation, three individuals of
H. rhamnoides were chosen first, and then a neighboring
P. tomentosa individual at approximately 2 m distance from
each chosen H. rhamnoides individual was selected. The sap
flow was monitored by a pair of Granier-type thermal dis-
sipation probes (TDPs) 10 mm in length and 2 mm in di-
ameter in 36 selected individuals. During the plant growing
season, ranging from 11 May (DOY 132) to 30 September
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(DOY 273) in 2018, the 30 s original and 30 min average
sap flow values were monitored using a CR3000 data log-
ger (Campbell Scientific Inc.). Waterproof silicone and alu-
minum foil were used to avoid the impact of the external en-
vironment on and physical damage to TDPs (Du et al., 2011).
The standard sap flow density (Fd, mL m−2 s−1) was calcu-
lated as follows (Granier, 1987):

Fd = 119((1tmax−1t)/1t)
1.231, (2)

where 1t and 1tmax are the temperature difference between
heated and unheated probes at 30 min intervals and the max-
imum 1t each day, respectively.

Steppe et al. (2010) suggested that Fd should have a
species-specific calibration to validate Eq. (2). Meanwhile,
the possibility of underestimating the Fd value with the
Granier-type thermal dissipation method (Du et al., 2011)
should be considered when the whole tree transpiration is
calculated. However, due to the lack of species-specific cal-
ibration of Eq. (2) in the present study, the daily normalized
Fd for each replicate individual was calculated as the index
of plant transpiration by dividing Fd by the maximum value
from DOY 132 to DOY 273. Thus, each monitored individ-
ual had a maximum daily normalized Fd of 1. For each plan-
tation type, the average daily normalized Fd for a specific
species was calculated for each plot to determine the plant
transpiration characteristics rather than the absolute transpi-
ration amount (Du et al., 2011).

2.4 Rainwater, plant stem, soil water, and leaf sample
collection and measurement

From April to October 2018, at the end of each rainfall event,
19 rainwater samples were collected immediately using a
polyethylene rain gauge cylinder placed in the weather sta-
tion and then stored at 4 ◦C. A funnel containing a ping-pong
ball was connected to the top of rain gauge cylinder to avoid
rainwater evaporation (Yang et al., 2015). To avoid the influ-
ence of sample collection on sap flow observation, one stan-
dard individual for the specific species near to each sap-flow-
monitored individual was selected for plant stem and soil
water collection. In the mixed plantation, the distance was
approximately 2 m between the selected standard individu-
als of H. rhamnoides and P. tomentosa in each plot for sam-
ple collection. For plant stem and soil water collection, five
rainfall events were selected: 3.4 mm (DOY 194), 7.9 mm
(DOY 265), 15.4 mm (DOY 249), 24 mm (DOY 204), and
35.2 mm (DOY 155–156). Rainfall events with an interpulse
period of longer than 7 d were selected to eliminate the po-
tential influence of the previous rainfall event. In addition, no
runoff was generated during the selected rainfall events in the
three plantations according to the simulated results from the
HYDRUS-1D software (version 4.15) (Appendix A), which
is based on the Richards equation to describe soil water dy-
namics (Šimůnek et al., 2008). This software has been widely
used to simulate the runoff and soil water dynamics in the

Loess Plateau (Yi and Fan, 2016; Bai et al., 2020; S. F. Wang
et al., 2020).

On each of the 3 successive days after every selected rain-
fall event, one suberized stem with the bark removed was
collected at midday (11:30–13:30 LT) for each standard in-
dividual. Meanwhile, one soil core was collected at seven
depths (0–10, 10–20, 20–30, 30–50, 50–100, 100–150, and
150–200 cm) by soil drilling approximately 0.5 m from the
stem of each standard individual in the pure plantations and
in the middle between the two species in the mixed plan-
tation. The suberized stem and collected soil samples were
placed into glass bottles. These bottles were sealed with
parafilm and stored at −15 ◦C. On the same day as plant
stem and soil sample collections were performed, one leaf
was selected from each sap-flow-monitored individual for
leaf water potential measurement. 9pd and 9m were mea-
sured by a PMS1515D analyzer (PMS Instrument, Corval-
lis Inc., OR, USA) at predawn (04:30–05:30 LT) and midday
(11:20–12:40 LT), respectively.

All the plant stem, soil, and leaf samples collected on the
first day after a rainfall pulse were used for analysis, with
further details given in Sect. 2.6. There were 180 stem and
945 soil samples for water extraction and 180 leaf samples
for 9pd and 9m measurement, respectively.

A vacuum line (LI-2100, LICA Inc., China) was used to
extract water from soil samples and plant stems. The water
isotopic values of rainwater, soil samples, and plant stems
were determined using a DLT-100 water isotope analyzer
(LGR Inc., USA) with accuracies of ±0.1 for δ18O and
±0.3 ‰ for δD. The potential influence of organic matter on
water isotopic values produced during water extraction from
stems was eliminated using the method of Yang et al. (2015).
The isotopic values (‰) were calculated as follows:

δ18O(D)=
(
Rsample−Rstandard

)/
Rstandard × 1000‰, (3)

where Rstandard and Rsample indicate the 18O/16O (D/H) mo-
lar ratios in sample and standard water, respectively. Vienna
Standard Mean Ocean Water is the standard water for 18O
and D. The average water δ18O and δD values of plant stems
for specific species and corresponding soil samples in each
plot were calculated for further analysis.

2.5 Plant fine root investigation

In August 2018, four soil cores were dug around each se-
lected standard individual for plant stem and soil water col-
lection using a soil drill with a diameter of 20 cm to investi-
gate plant fine roots. The collected soil depths were 0–10,
10–20, 20–30, 30–50, 50–70, 70–100, 100–130, 130–150,
and 150–200 cm, and the cores were approximately 0.5 m
from the stem of the selected standard individual. The sum
of the root samples from the four soil cores taken at each soil
depth for each selected standard individual was used for fine
root distribution analysis, giving 324 fine root samples. Win-
RHIZO (Regent Instruments Inc., Quebec, Canada) was used
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to determine the fine root (diameter< 2 mm) surface area at
each soil depth. The average fine root surface area for each
species in each plot was calculated for further analysis.

2.6 Statistical analysis

2.6.1 Calculation of plant transpiration and leaf water
potential in response to a rainfall pulse

In the present study, the maximum normalized Fd within 3
days of a rainfall event for H. rhamnoides and P. tomen-
tosa occurred on the first day after rainfall in both planta-
tion types, except after 24 and 35.2 mm events, where the
maximum normalized Fd for P. tomentosa in the pure plan-
tation occurred on the second day. However, for P. tomen-
tosa in the pure plantation, there was no significant differ-
ence (P > 0.05) in diurnal sap flow between the first and
second day after each of these two rainfall events based on an
independent-sample t-test (Fig. S2). Therefore, the normal-
ized Fd on the first day after each selected rainfall amount
was used in Eq. (4) to calculate the relative response of the
daily normalized Fd (SFR, %) to rainfall pulses:

SFR =
(
(Xafter−Xbefore)

/
Xbefore

)
× 100%, (4)

whereXafter andXbefore are the normalized Fd on the first day
after and on the day before the rainfall event, respectively.

Meanwhile, neither9pd nor9m nor9pd−9m showed sig-
nificant differences between the first and second day after
each rainfall event (P > 0.05) for these two species in both
plantation types (Table S2). On the first day after each rain-
fall event, the average 9pd, 9m, and 9pd−9m for specific
plant species in each plot were used in the following analysis
to illustrate the influence of leaf water potential on SFR in
response to rainfall pulses.

2.6.2 Calculation of RRS uptake proportion and water
sources from different soil layers

The RRS uptake proportion (RUP, %) after a recent rainfall
pulse for a plant was calculated as the proportion of rainwater
in the plant stem as follows: (Cheng et al., 2006):

δ18O(D)P = RUP× δ18O(D)rain+ (1−RUP)× δ18O(D)swb,

(5)

RUP=
(
δ18O(D)p− δ18O(D)swb

)/
(
δ18O(D)swa− δ

18O(D)swb

)
× 100%, (6)

where δ18O(D)rain and δ18O(D)p are the isotopic values for
the rainwater and the plant stem after the rainfall, respec-
tively; δ18O(D)swb and δ18O(D)swa are the isotopic values
of soil water immediately before and after the rainfall, re-
spectively. Equation (6) is derived through the linear mixing
model for the water isotopic value in a plant stem after the
rainfall considered in Eq. (5). The RUP was the average value

calculated in Eq. (6) based on δ18O or δD for specific plant
species in each plot.

Equations (5) and (6) are based on the assumption that lit-
tle or no soil water is lost through evaporation. Thus, in this
study, only the values of plant stem and soil water collected
on the first day immediately after rainfall were used, and only
the RUP on the first day after each rainfall event was calcu-
lated.

In this study, the δ18O(D)swb could not be directly and
accurately determined through soil water sample collection
due to the unpredictability of natural rainfall events. A linear
mixed model can be used to calculate the δ18O(D)swb based
on the isotopic values for rainwater and soil water after rain-
fall and the soil-depth-interval-weighted SW before (SWb,
m3 m−3) and after (SWa, m3 m−3) rainfall:

δ18O(D)swb = SWb/SWa× δ
18O(D)swa

+ (1−SWb/SWa)× δ
18O(D)rain. (7)

In addition to RUP, the water uptake proportions from differ-
ent soil layers were calculated on the first day after a rainfall
event using the MixSIR program to complement the analysis
of plant water source variations in response to rainfall pulses.
The RUP method only calculated the proportion of recent
rainwater in the plant stem and did not include soil water be-
fore the recent rainfall event (Gebauer and Ehleringer, 2000;
Cheng et al., 2006). The water taken up from different soil
layers by the plant is a mixture of soil water from before the
recent rainfall event and the recent rainwater.

Firstly, the seven soil depths (0–10, 10–20, 20–30, 30–
50, 50–100, 100–150, and 150–200 cm) were combined into
three soil layers (shallow, middle, and deep) based on the
variation of soil water δ18O and δD and SW to facilitate a
water source comparison (J. Wang et al., 2020; Zhao et al.,
2021). The shallow (0–30 cm) soil layer was vulnerable to
rainfall, which exhibited high soil water δ18O and δD val-
ues and large water isotope and SW variations (Table S3,
Fig. S3). The middle (30–100 cm) soil layer was less vulner-
able to rainfall, with moderate soil water isotope values and
water isotope and SW variations. The deep (100–200 cm) soil
layer was relatively stable, with lower soil water isotope val-
ues and smaller water isotope and SW variations compared
with the shallow and middle soil layers. In addition, based
on one-way ANOVA followed by Tukey’s post hoc test, sig-
nificant differences (P < 0.05) were observed in soil water
δ18O and δD among the three soil layers in each plot. Then,
the water uptake proportions from the three soil layers were
calculated using the MixSIR program (Moore and Semmens,
2008), with the model’s input parameters being the average
δ18O and δD values in plant stem water and soil water at
each soil layer in each plot. The SD for δ18O and δD at each
soil layer was also used to accommodate the uncertainties of
these values. No fractionation during water source uptake by
these plant roots was considered because none of the plants
exhibited xerophytic or halophytic characteristics. Ellsworth

https://doi.org/10.5194/hess-26-4995-2022 Hydrol. Earth Syst. Sci., 26, 4995–5013, 2022



5000 Y. Tang et al.: Differential response of plant transpiration to uptake of rainwater-recharged soil water

Figure 1. (a) Variation in the rainfall amount and reference evapotranspiration (ET0). (b)–(d) Variation in the average soil water content (SW)
in (b) the pure H. rhamnoides plantation, (c) the pure P. tomentosa plantation, and (d) the mixed plantation from DOY 132 to 273 (11 May to
30 September) (n= 3) n is the number, indicating that each point in (b)–(d) is the average value of 3 number values. Standard deviation bars
for the SW in each soil layer are not shown to allow the variation of SW for each plantation to be displayed clearly. Arrows in (a) indicate
dates of sample collection (the first day after each rainfall event): DOY 157 (6 June), DOY 194 (12 July), DOY 204 (23 July), DOY 249
(6 September), and DOY 266 (23 September).

and Williams (2007) and Moore and Semmens (2008) sug-
gested that water stable isotope fractionation generally oc-
curred during root uptake by xerophytic or halophytic plants.

2.6.3 Statistical analysis of plant transpiration, water
sources, and leaf water potential in response to
rainfall pulses

A repeated ANOVA (ANOVAR) was used to analyze the dif-
ferences in plant transpiration, water sources, and plant phys-
iological parameters between these species in pure and mixed
plantations. This analysis was conducted with SFR, RUP, rel-
ative water uptake proportions from the three soil depths,
and 9pd−9m used as response variables and “species” and
“rainfall” used as between-subject and within-subject fac-
tors, respectively. The same analysis was used to detect the
mixed afforestation effect on response variables for each
plant species, with “plantation type” and “rainfall” used
as between-subject and within-subject factors, respectively.
Furthermore, significant differences in fine root proportion
for each soil layer (shallow, middle, and deep) for specific
species between pure and mixed plantations were detected
through the independent-samples t-test. All of these analyses
were calculated with SPSS 18 (IBM Inc., New York, USA)
after the data had been tested for a normal distribution and
homogeneity of variance.

3 Results

3.1 Variation in environmental parameters and the
plant fine root vertical distribution

The rainfall amount during the study period (262.7 mm,
DOY 132–273) was 15.6 % lower than the average value dur-
ing 2000–2017. Rainfall varied seasonally, with 36 consecu-
tive days having no rainfall event (DOY 157–192) and 5 days
having successive rainfall events (DOY 237–241) (Fig. 1).
The ET0 (554.7 mm) was approximately twice the rainfall
amount during the study period, with higher and lower val-
ues occurring during the low (DOY 132–202) and high (DOY
203–273) rainfall event periods, respectively (Fig. 1). TheRn
and VPD also exhibited higher and lower values during the
low and high rainfall event periods, respectively (Fig. S4).
The SW increased and subsequently decreased by different
degrees following rainfall events, with the shallow soil layer
(0–30 cm) exhibiting higher variation than the corresponding
value below 30 cm in the three plantations (Fig. 1, Table S3).
The coefficients of variation (CVs, SD/mean) for SW in the
shallow soil layer were 18.2 %, 16.7 %, and 17.3 % in the
H. rhamnoides and P. tomentosa pure plantations and the
mixed plantation, respectively. The SW in the shallow and
middle (30–100 cm) soil layers exhibited lower values than
the SW in some deep soil layers (100–200 cm) during the
periods with fewer rainfall events (such as DOY 157–192) in
the three plantations. In addition, compared with the shallow
and middle soil layers, the deep soil layer SW exhibited a
time lag in its response to rainfall events.
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Figure 2. Variation in the average surface area of fine roots at dif-
ferent soil depths for H. rhamnoides and P. tomentosa in (a) pure
and (b) mixed plantations. Error bars indicate the standard devia-
tion (n= 3).

The H. rhamnoides and P. tomentosa in the pure planta-
tions exhibited different fine root vertical distributions, with
more than 40 % of the fine roots observed in shallow and
deep soil layers, respectively (Fig. 2). In the shallow soil
layer, no significant differences in fine root proportion were
observed for H. rhamnoides between the pure and mixed
plantations (P > 0.05). However, the fine root proportion of
P. tomentosa in the shallow soil layer significantly increased
from 21.9 % in the pure plantation to 31.3 % in the mixed
plantation (P < 0.05).

3.2 Variations in sap flow

Daily normalized Fd for H. rhamnoides and P. tomentosa
fluctuated with rainfall events in pure and mixed plantations
(Fig. 3). The variation of normalized Fd for H. rhamnoides
and P. tomentosa in the mixed plantation was higher than
that for the specific species in pure plantations, with corre-
sponding CVs of 29.4 % and 31.8 % in the mixed plantation
and 19.8 % and 24.9 % in the pure plantations (Fig. 3). The
SFR after rainfall pulses was significantly influenced by both
rainfall amount and plant species (P < 0.001) (Fig. 3, Ta-
ble S4). Following large rainfall amounts (≥ 15.4 mm), the
diurnal variation of sap flow was significantly higher than
the value before rainfall (P < 0.05) for H. rhamnoides in
the pure plantation and for P. tomentosa in both plantation
types (Figs. S5 and S6). The lowest rainfall amount (7.9 mm)
that significantly increased the diurnal variation of sap flow
was observed for H. rhamnoides in the mixed plantation
(Fig. S5). Furthermore, in response to rainfall pulses, the
SFR for H. rhamnoides in pure (range 6.7±1.2 % to 106.3±
4.7 %) and mixed (range 2.2±0.5 % to 190.9±15.5 %) plan-
tations was significantly higher (P < 0.001) than the corre-
sponding values for P. tomentosa (ranges of 4.2± 0.5 % to

60.3± 5.7 % and 3.1± 0.5 % to 83.0± 14.2 %; Table S4).
Mixed afforestation significantly enhanced SFR for both
species (P < 0.001) (Table S4).

3.3 Variations in plant water sources

The soil water δ18O and δD for pure H. rhamnoides, pure
P. tomentosa, and mixed plantations showed large vertical
variations following small rainfall events (≤ 7.9 mm) and
exhibited relatively small vertical variations following large
rainfall events (≥ 15.4 mm) (Fig. S7). The average isotopic
values of soil water decreased from shallow to deep soil lay-
ers (Table S3), and water isotopic values in the shallow and
middle soil layers were close to those of rainwater in the
three plantations following large rainfall events.

Although no significant difference in RUP was observed
between H. rhamnoides (14.2± 7.8 %) and P. tomentosa
(12.4±7.3 %) in pure plantations (Fig. 4, Table S4), the RUP
was significantly higher for H. rhamnoides (19.2± 8.6 %)
than P. tomentosa (14.6± 5.9 %) in the mixed plantation
(P < 0.05) (Table S4). In addition, H. rhamnoides mainly
took up water from the middle soil layer in pure and mixed
plantations based on the MixSIR result, with corresponding
average values of 36.3± 2.4 % and 44.1± 3.1 % (Fig. 5).
The main water source for P. tomentosa in pure and mixed
plantations was from the deep and middle soil layer, respec-
tively, with corresponding average values of 41.4± 15.2 %
and 40.2± 5.9 %. In the pure plantation, the water absorbed
from the shallow and middle soil layers for H. rhamnoides
was significantly higher than for P. tomentosa; however, the
water absorbed from the deep soil layer was significantly
lower for the former species (P < 0.05) (Table S5). No sig-
nificant differences in the water sources from each soil layer
were observed between these species in the mixed planta-
tion (Table S5). In addition, mixed afforestation significantly
enhanced RUP and decreased the deep soil water uptake pro-
portion for H. rhamnoides and P. tomentosa (P < 0.05) (Ta-
ble S4, Figs. 4 and 5).

3.4 Variations in plant leaf water potential

In response to rainfall pulses, H. rhamnoides exhibited
higher CVs for 9m and 9pd−9m than the corresponding
values for P. tomentosa in both plantation types; meanwhile,
H. rhamnoides exhibited lower CVs for 9pd than P. tomen-
tosa did in pure (16.9 % and 18.3 %, respectively) and mixed
(13.5 % and 19.7 %, respectively) plantations (Fig. 6). Com-
pared with P. tomentosa, H. rhamnoides exhibited signifi-
cantly higher 9pd in the pure plantation, lower 9m in the
mixed plantation, and larger 9pd−9m in both plantation
types (P < 0.05) (Table S6). Meanwhile, mixed afforesta-
tion significantly reduced the 9m and increased the 9pd for
H. rhamnoides and P. tomentosa (P < 0.05), respectively,
and it significantly increased 9pd−9m for both species (Ta-
ble S6).
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Figure 3. Variation in (a) rainfall amount and (a)–(d) average daily normalized Fd for H. rhamnoides in (a) pure and (b) mixed plantations
and for P. tomentosa in (c) pure and (d) mixed plantations from DOY 132 to 273 (11 May to 30 September) (n= 3). Arrows in (a) indicate
dates of sample collection (the first day after a rainfall event): DOY 157 (6 June), DOY 194 (12 July), DOY 204 (23 July), DOY 249
(6 September), and DOY 266 (23 September).

Figure 4. Variation in average rainwater-recharged soil water uptake proportion (RUP) for H. rhamnoides and P. tomentosa in (a) pure and
(b) mixed plantations after five rainfall events (n= 3).

3.5 Influences of water sources and 9pd − 9m on plant
transpiration

The SFR significantly increased with increasing RUP and de-
creasing 9pd−9m for H. rhamnoides (P < 0.01) in both
plantation types (Fig. 7). Meanwhile, SFR significantly in-
creased with decreasing 9pd−9m for P. tomentosa in both
plantation types (P < 0.05). However, a significant relation-
ship between SFR and RUP was observed for P. tomentosa in
the mixed plantation (P < 0.05) (Fig. 7).

4 Discussion

4.1 RRS uptake enhances plant transpiration for
H. rhamnoides but not P. tomentosa in pure
plantations

Rainwater is the only replenished soil water source in the
studied region (Shao et al., 2018) because plants cannot take

up groundwater as it is approximately 150 m below the sur-
face (as determined through well observation; unpublished
data). Small rainfall events generally only wet the soil surface
and may evaporate before plant root uptake (Gebauer and
Ehleringer, 2000). However, large rainfall events are most
likely to recharge soil water and enhance the metabolic ac-
tivity of plant fine roots (Hudson et al., 2018), thus enhanc-
ing plant water uptake. Furthermore, the δ18O and δD val-
ues in small rainfall events are generally higher than those
in large rainfall events (Fig. S7). Salamalikis et al. (2016)
attribute this phenomenon to the sub-cloud evaporation ef-
fect in dry conditions, where rainwater in small rainfall event
is more vulnerable to evaporation during its descent process
compared to rainwater in a large rainfall event. Similar to
Salix psammophila and Caragana korshinskii in the studied
region (Zhao et al., 2021), both H. rhamnoides and P. tomen-
tosa take up water from different soil layers under varied soil
water conditions following rainfall pulses in pure plantations
(Fig. 5). In pure plantations, large water uptake proportions
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Figure 5. Variation in average plant water sources from three soil layers (0–30, 30–100, and 100–200 cm) for H. rhamnoides in (a) pure and
(b) mixed plantations, and for P. tomentosa in (c) pure and (d) mixed plantations, after five rainfall events (n= 3).

from the deep soil layer after 3.4 mm of rainfall for H. rham-
noides (52.5±8.7 %) and P. tomentosa (64.1±5.1 %) (Fig. 5)
suggested that this rainfall amount did not relieve the drought
caused by 36 d (DOY 157–192) of no rainfall. The RUP for
H. rhamnoides but not that for P. tomentosa significantly in-
creased following an increase in rainfall amount (P < 0.05)
(Fig. S8), indicating that water uptake was more sensitive to
rainfall pulse for H. rhamnoides. This may be mainly due to
the greater proportion of fine root surface area distributed in
the shallow soil layer for H. rhamnoides (40.9±3.1 %) com-
pared to P. tomentosa (21.9± 2.3 %) (Fig. 2).

The RRS uptake does not permit a plant transpiration in-
crease after rainfall pulses, especially in semiarid and arid en-
vironments (Grossiord et al., 2017; West et al., 2007), and the
influence of the water potential gradient (9pd−9m) on plant
transpiration should also be considered (Hudson et al., 2018;
Kumagai and Porporato, 2012). For example, although Ju-
niperus osteosperma, a deep-rooted plant species, could take
up RRS after large rainfall events in the west of the United
States, the plant transpiration did not increase with increas-
ing rainfall amount (West et al., 2007). The asynchroniza-
tion between RRS uptake and plant transpiration for J. os-
teosperma was mainly attributed to the uptake of RRS by
plants that were unable to reverse the cavitation in their roots
and stems (Grossiord et al., 2017; West et al., 2007). Our
previous investigations in the studied region indicated that
P. tomentosa is more vulnerable to cavitation than H. rham-

noides, with a water potential at a 50 % loss of conductivity
of −1.15 MPa (Zhang et al., 2013) and −1.49 MPa (Dang et
al., 2017), respectively, based on stem vulnerability curves.
Being less vulnerable to stem cavitation allowed H. rham-
noides to experience a significantly lower 9m and larger
9pd−9m compared with P. tomentosa in response to soil
water conditions after rainfall pulses. Meanwhile, 9pd−9m
was significantly higher for H. rhamnoides (0.54±0.26 MPa)
compared to P. tomentosa (0.2±0.06 MPa) (P < 0.01), indi-
cating that H. rhamnoides and P. tomentosa exhibited aniso-
hydric and isohydric behavior, respectively, based on the
definitions of Franks et al. (2007) and Klein (2014). Previ-
ous studies demonstrated that isohydric plants generally ex-
hibit more conservative transpiration than anisohydric plants
when contending with varied soil water conditions (West
et al., 2007; McDowell et al., 2008; Ding et al., 2021).
The significantly higher (P < 0.001) SFR for H. rhamnoides
(56.9± 43.9 %) than for P. tomentosa (35.1± 26.9 %) indi-
cated that plant transpiration was more sensitive to rainfall
pulses for H. rhamnoides than for P. tomentosa. Furthermore,
after rainfall events, the SFR for H. rhamnoides, but not that
for P. tomentosa, significantly increased following rainfall
amount increases (P < 0.05) (Fig. S8), which also confirmed
the greater sensitivity to rainfall pulses of H. rhamnoides
compared with P. tomentosa.

Consistent with the first hypothesis, the influences of RRS
uptake and 9pd−9m on SFR differed between these species
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Figure 6. Variation in average plant predawn (9pd), midday leaf water potential (9m), and leaf water potential gradient (9pd−9m) for
(a–c) H. rhamnoides and (d–f) P. tomentosa in both plantation types after five rainfall events (n= 3).

in pure plantations. The SFR was significantly influenced by
RUP and9pd−9m for H. rhamnoides in the pure plantation,
indicating that RRS uptake and leaf physiological adjustment
enhanced its plant transpiration (Figs. 7 and 8). However, the
SFR was significantly influenced by 9pd−9m for P. tomen-
tosa (Fig. 7), suggesting that its transpiration was mainly
constrained by plant physiological characteristics. The ET0
and VPD represent the atmospheric evaporative demand fac-
tors and Rn represents the energy factor, and these factors
have been observed to influence plant transpiration (Du et
al., 2011; Iida et al., 2016; Li et al., 2021). However, in the
present study, none of ET0, Rn, and VPD after rainfall sig-
nificantly influenced SFR for either species in pure planta-
tions; nor did the relative responses of ET0, Rn, and VPD
(Table S7). The influence of plant physiological characteris-
tics (i.e., 9pd−9m) on SFR for both species may partially
contribute to the lack of effect of atmospheric evaporative
demand and energy on plant transpiration in the studied re-
gion, although these species exhibited different rainfall pulse
sensitivities.

4.2 RRS uptake enhances plant transpiration for
coexisting species in a mixed plantation

Spatial water resource partitioning is considered one of the
essential plant strategies to maintain coexistence in mixed
plantations, especially in semiarid and arid regions (Munoz-
Villers et al., 2020; Silvertown et al., 2015; Yang et al.,
2020). However, water source competition has been widely
observed among coexisting plant species, according to the
literature surveys by Silvertown et al. (2015) and Tang et
al. (2018), in either water-sufficient or water-limited regions.
In the present study, the nonsignificant differences in xylem
δ18O and δD (P > 0.05) and plant water sources for the three
soil layers (Fig. 5, Table S5) indicated water competition be-
tween these species in the mixed plantation, although the
RUP was significantly higher for H. rhamnoides (Table S4).

Generally, two types of adaptation can be adopted by
plants to cope with resource competition: increased compe-
tition ability or minimized competition interactions (West et
al., 2007). Consistent with the first adaptation type, mixed
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Figure 7. Relationships between (a, b) average relative response of normalized Fd (SFR) and rainwater-recharged soil water uptake pro-
portion (RUP) and (c, d) SFR and leaf water potential gradient (9pd−9m) for H. rhamnoides and P. tomentosa in both plantation types
(n= 3).

afforestation significantly increased the RUP for H. rham-
noides and P. tomentosa (P < 0.01) (Table S4). Although
mixed afforestation did not significantly alter the 9pd and
9m for H. rhamnoides and P. tomentosa, respectively, signif-
icantly lower 9m and higher 9pd were observed for the cor-
responding species (P < 0.01) (Table S6). Mixed afforesta-
tion significant increased 9pd for P. tomentosa, possibly due
to the advantage of access to soil moisture recharged by rain-
water through an increased root surface area in the shallow
soil layer for this species in the mixed plantation (Fig. 2).
Thus, plant physiological (9m) and root morphological ad-
justments were adopted by H. rhamnoides and P. tomentosa
in the mixed plantation, respectively, to significantly enlarge
9pd−9m and increase RUP (Fig. 8). Similar to the results
in pure plantations, the significant higher 9pd−9m (0.72±
0.32 MPa) and SFR (89.2± 80.2 %) for H. rhamnoides com-
pared to P. tomentosa (0.39±0.09 MPa and 50.7±38.1 %, re-
spectively) in the mixed plantation (Figs. 3 and 6) suggested
that H. rhamnoides and P. tomentosa exhibited anisohydric
and isohydric behavior in the mixed plantation, respectively,
and the former plant species was more sensitive to rainfall
pulses than P. tomentosa. In addition, the changing influences
of RUP and 9pd−9m on SFR for the specific species de-
pending on whether they were in pure or mixed plantations
are consistent with the second hypothesis. Significant influ-
ences of both RUP and 9pd−9m on SFR were observed for
P. tomentosa in the mixed rather than in the pure plantations
(Fig. 7). Meanwhile, for H. rhamnoides in the mixed plan-

tation, compared to the specific value in the pure plantation,
larger and smaller slopes were observed in the linear regres-
sions between SFR and RUP and between SFR and9pd−9m,
respectively (Fig. 7). Furthermore, no significant relationship
of SFR with ET0, VPD, or Rn after rainfall, nor of SFR with
the relative responses of ET0, VPD, and Rn, was observed
for these species in the mixed plantation from DOY 132 to
273 and from DOY 203 to 273 (Table S7). This result also
confirmed the influence of physiological or morphological
factors on plant transpiration for these species in the mixed
plantation in response to rainfall pulses.

Additionally, consistent with other studies in the Loess
Plateau (J. Wang et al., 2020; Wu et al., 2021), the deep
soil layer generally exhibited lower SW than other soil lay-
ers in all plantation types in the present study (Fig. 1, Ta-
ble S3). Jia et al. (2017) and J. Wang et al. (2020) attributed
the lower SW in deep soil layers to the imbalance between
rainwater replenishment and plant uptake of water from this
soil layer in the studied region. Silvertown et al. (2015) and
Tang et al. (2019) suggested that coexisting plant species
generally reduce water uptake from soil layers that exhibit
low soil water content to avoid water source competition in
these layers and maintain a stable coexistence. In the present
study, consistent with the second adaptation type, mixed af-
forestation significantly decreased the water uptake propor-
tion from the deep soil layer for these species (Table S5).
Thus, both increased rainwater-recharged soil water uptake
and decreased water source competition from the deep soil
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Figure 8. Schematic of rainwater-recharged soil water (RRS) uptake, leaf water potential gradient, and plant transpiration for H. rhamnoides
and P. tomentosa in both plantation types. Both RRS uptake proportion (RUP) and leaf water potential gradient (9pd−9m) enhanced plant
transpiration after rainfall pulses for H. rhamnoides in pure and mixed plantations and for P. tomentosa in the mixed plantation. However,
9pd−9m significantly influenced plant transpiration after rainfall pulses for P. tomentosa in the pure plantation. Mixed afforestation effects
on these parameters for each species are indicated at the bottom half of the schematic, with “increase”, “decrease”, or “enlarge” indicating
a significant difference (P < 0.05) for a species between pure and mixed plantations. Mixed afforestation significantly enhanced RUP and
plant transpiration, decreased 9m, and enlarged 9pd−9m for H. rhamnoides, and it significantly enhanced RUP and plant transpiration,
increased 9pd, and enlarged 9pd−9m for P. tomentosa.

layer were adopted by these species in the mixed planta-
tion to minimize competition for water sources under water-
limited conditions.

4.3 Implications for plantation species selection based
on RRS uptake and plant transpiration

The RRS uptake and plant transpiration in response to rain-
fall pulses may influence plant physiological processes and
the water cycle (Meier et al., 2018; Zhao et al., 2021). In pure
plantations, H. rhamnoides rather than P. tomentosa showed
an advantage in RRS uptake due to the large 9pd−9m and
high fine-root surface area proportions distributed in the shal-
low soil layer for the former species. The excessive water
uptake from the deep soil may desiccate deep soil (Wu et al.,
2021), weakening plant resilience to drought stress and thus
plant community sustainability in the Loess Plateau region
(Song et al., 2018; Zhao et al., 2021). West et al. (2012) and
Wu et al. (2021) suggested that increased RRS uptake can
reduce plant water uptake from deep soil layers and is es-
sential for plantation adaptation in water-limited regions. In
the present study, physiological (e.g., 9m) and morphologi-
cal (fine root distribution) adjustments by H. rhamnoides and
P. tomentosa, respectively, to enlarge 9pd−9m and enhance

the RUP and plant transpiration were observed in the mixed
plantation (Figs. 2 and 8). Meanwhile, the significantly in-
creased RUP and decreased deep soil water uptake propor-
tion for both species in the mixed plantation may relieve the
deep soil water deficit and strengthen plantation sustainabil-
ity (Tables S4 and S5). Furthermore, mixed afforestation also
increased the total biomass of H. rhamnoides and P. tomen-
tosa calculated through the allometric equation indicated in
Zhou et al. (2018) and Tang et al. (2019) (Table S8). Thus, in
the studied region, rainfall-pulse-sensitive species should be
considered more often for use in pure plantations, and plant
species that can physiologically or morphologically adjust
to enhance rainwater-recharged soil water uptake and reduce
excessive water uptake from deep soil layers should be con-
sidered more often for use in mixed plantations.

5 Conclusions

The influences of water sources and 9pd−9m on plant
transpiration in response to rainfall pulses were determined
for H. rhamnoides and P. tomentosa in the semiarid Loess
Plateau region. In pure and mixed plantations, the large9pd−

9m was consistent with high SFR for H. rhamnoides, sug-
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gesting that this species exhibited anisohydric behavior and
sensitivity to rainfall pulses. Meanwhile, the small9pd−9m
was consistent with low SFR for P. tomentosa in both plan-
tation types, indicating that this species exhibited isohydric
behavior and less sensitivity to rainfall pulses. In addition,
significantly lower plant 9m and increased fine root surface
area were adopted by H. rhamnoides and P. tomentosa, re-
spectively, in the mixed plantation to enlarge 9pd−9m, en-
hance RRS uptake, and decrease water source competition
from the deep soil layer. The SFR was significantly influ-
enced by RUP and9pd−9m for H. rhamnoides in both plan-
tation types; however, the SFR for P. tomentosa was signif-
icantly influenced by 9pd−9m in the pure plantation and
by RUP and 9pd−9m in the mixed plantation. This study
indicates that, through plant physiological or morphological
adjustment, RRS uptake can enhance plant transpiration in a
mixed plantation regardless of species sensitivity to rainfall
pulses in water-limited regions.

Appendix A: Runoff simulated from the HYDRUS-1D
model

The HYDRUS-1D model is based on the Richards equation
(Richards, 1931) to describe soil water dynamics (Šimůnek
et al., 2008, 2013):

∂θ/∂t = ∂/∂z(K(h,z)((∂h/∂z)+ 1))− Sr(z, t), (A1)

where θ , t , h, and z are the soil moisture content (SW,
cm3 cm−3), simulation time (day), pressure head (cm),
and vertical coordinate (cm), respectively. K(h,z) and
Sr(z, t) are the unsaturated hydraulic conductivity (cm d−1)
(Mualem, 1976; van Genuchten, 1980) and root water uptake
(cm3 cm−3 d−1), respectively.

This model has been widely used with HYDRUS-1D soft-
ware (Šimůnek et al., 2013) to simulate soil water hydro-
logical processes such as soil water content dynamics and
runoff in the Loess Plateau (Yi and Fan, 2016; Bai et al.,
2020; S. F. Wang et al., 2020). his software (version 4.15)
was used to calculate the runoff for each plantation type in
this study after calibrating and validating this model using
the observed SW. Based on suggestions in Yi and Fan (2016)
and Bai et al. (2020), the atmospheric boundary condition
with surface runoff and free drainage were selected as the
upper and lower boundary conditions, respectively, to cali-
brate and validate this model and calculate runoff (Fig. A1).

A1 Data sources

The observed meteorological, plant, and soil hydraulic pa-
rameters were the basic inputs for this model.

A1.1 Meteorological parameters

The meteorological parameters required for HYDRUS-1D
include relative humidity, wind speed (WS), air temperature,

Figure A1. Upper and lower boundary condition selection in
HYDRUS-1D software (version 4.15).

rainfall amount, and reference evapotranspiration (ET0).
Daily relative humidity, maximum, minimum, and average
air temperatures, WS, and rainfall amount were measured
by a weather station approximately 500 m from the research
plots. The ET0 (cm d−1) was calculated through a method de-
scribed by Allen et al. (1998). The detailed information can
be observed in Sect. 2.2.

A1.2 Plant parameters

The plant parameters required for HYDRUS-1D include
plant height, root depth, and potential transpiration rate. Plant
height and root depth in each plantation type can be observed
in Table S1 and Figure S4, respectively. The leaf area in-
dex (LAI) was measured monthly from May to September for
each plantation type using an LAI-2200 (LiCor Inc., Lincoln,
USA). The potential transpiration rate (cm d−1) was calcu-
lated using the Beer equation (Ritchie, 1972) based on the
measured LAI and extinction coefficient value (0.39) sug-
gested in Šimůnek et al. (2013).

A1.3 Soil hydraulic parameters

The saturated soil water content (θs) and hydraulic conduc-
tivity (Ks), the van Genuchten model parameters (α and n),
and the residual soil water content (θr) were required pa-
rameters for HYDRUS-1D. The Ks, θs, and soil bulk den-
sity (BD) at soil depth intervals of 0–20, 20–50, 50–100, and
100–200 cm were measured in July 2018 using the cutting
ring (Wu et al., 2016) and constant water head (Reynolds
et al., 2002) method in each plantation type. The soil par-
ticle composition was determined using a Mastersize 2000
(Malvern Instruments Ltd., UK). Additionally, the slopes for
these three plantation types were required for HYDRUS-1D.
The detailed information can be observed in Sect. 2.1. The
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Table A1. Measured soil hydraulic parameters and particle compositions in both pure and mixed plantations.

Soil depth Soil particle
(cm) composition Soil hydraulic parameters

Sand Silt Clay θs BD Ks
(%) (%) (%) (cm3 cm−3) (g cm−3) (cm d−1)

Pure 0–20 26.4 63.5 10.1 0.37 1.28 75.7
H. rhamnoides 20–50 22.2 61.6 16.2 0.34 1.35 70.3
plantation 50–100 23.5 63.1 13.4 0.32 1.42 55.4

100–200 24.7 63.8 11.5 0.29 1.46 50.6

Pure 0–20 25.8 62.2 12 0.35 1.21 82.4
P. tomentosa 20–50 23.7 62.5 13.8 0.35 1.33 73.7
plantation 50–100 22.2 61.5 16.3 0.31 1.42 58.9

100–200 24.9 64.8 10.3 0.3 1.45 52.6

Mixed 0–20 25.5 63.8 10.7 0.36 1.25 78.5
plantation 20–50 24.3 62.7 13 0.35 1.31 73.2

50–100 23.8 64.9 11.3 0.34 1.39 60.5
100–200 24.6 63.7 11.7 0.31 1.45 53.4

θs is the saturated soil water content, Ks is the saturated hydraulic conductivity, and BD is the soil bulk density.

Table A2. Optimized soil hydraulic parameters in both pure and mixed plantations obtained through HYDRUS-1D.

Soil θr θs Ks a n

depth (cm3 cm−3) (cm3 cm−3) (cm d−1)
(cm)

Pure 0–20 0.08 0.36 74.9 0.018 1.6
H. rhamnoides 20–50 0.08 0.34 71.2 0.018 1.6
plantation 50–100 0.0823 0.31 56.2 0.01 1.45
100–200 0.0823 0.3 51.5 0.01 1.43

Pure 0–20 0.08 0.36 82.1 0.019 1.62
P. tomentosa 20–50 0.08 0.35 73.5 0.018 1.6
plantation 50–100 0.0821 0.31 59.2 0.01 1.51

100–200 0.0822 0.31 51.6 0.011 1.47

Mixed 0–20 0.08 0.37 79.2 0.018 1.61
plantation 20–50 0.08 0.36 74.2 0.018 1.61
50–100 0.0822 0.34 60.2 0.011 1.46
100–200 0.0823 0.3 55.8 0.011 1.45

θr is the residual soil water content, Ks is the saturated hydraulic conductivity, θs is the saturated soil water content,
and a and n are parameters of the van Genuchten model.

measured soil hydraulic parameters for the three plantation
types are shown in Table A1. The Rosetta pedotransfer func-
tion was used to calculate θr, α, and n (Jana and Mohanty,
2012; Bai et al., 2020).

A2 Model calibration and validation and runoff
calculation

In each plantation type, SW was measured 5, 20, 50,
100, 150, and 200 cm belowground (SW5 cm, SW20 cm,
SW50 cm, SW100 cm, SW150 cm, and SW200 cm) by CS615
probes (Campbell Scientific Inc.). The detailed information

can be observed in Sect. 2.1. The SW at each soil depth in
each plantation type from DOY 132 to 202 was used to cali-
brate HYDRUS-1D.Ks, θs, θr, a, and nwere optimized using
the inverse solution module in HYDRUS-1D (Table A2).

Subsequently, the SW values from DOY 203 to 273 in each
plantation type were used to validate the model. The root
mean square error (RMSE), Nash–Sutcliffe efficiency coef-
ficient (NSE), and determinant coefficient (R2) based on the
observed and simulated SW were used to evaluate the model
performance (Bai et al., 2020):
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Figure A2. Variation in soil water content (SW) at 5, 50, 50, 100, 150, and 200 cm depths during the HYDRUS-1D (a–f) calibration (from
DOY 132–202) and (g–l) validation (from DOY 203–273) periods in the pure H. rhamnoides plantation.

RMSE=

√√√√ N∑
i=1

(SWo−SWs)
2/N, (A2)

NSE= 1−

(
N∑
i=1

(SWs−SWo)
2

/
N∑
i=1

(SWo−SWoave)
2

)
, (A3)

R2
= 1−

(
N∑
i=1

(SWs−SWo)
2/

N∑
i=1

(SWo−SWoave)
2

)
, (A4)

where SWo and SWs are the observed and simulated SW at
time i at each soil depth, respectively. N is the observation
number. SWoave is the average observed SW. A low RMSE
and (or) NSE and R2 values that were close to 1 indicated a
high accuracy of SW simulation.

The simulated SWs at different soil depths closely
matched the variation of these values observed from
DOY 203 to 273. Examples from the pure H. rhamnoides
plantation can be observed in Figs. A2 and A3. The RMSE
ranged from 0.005–0.008, 0.006–0.009, and 0.006–0.01 in
the pure H. rhamnoides, pure P. tomentosa, and mixed plan-
tations, respectively (Table A3). The NSE ranged from 0.52–

0.7, 0.57–0.67, and 0.54–0.76 in the pure H. rhamnoides,
pure P. tomentosa, and mixed plantations, respectively, and
the correspondingR2 ranged from 0.71–0.84, 0.76–0.83, and
0.76–0.82. The calculated RMSE, NSE, and R2 indicated
that the simulated results were acceptable for three planta-
tion types in this study (Table A3), based on the criteria sug-
gested in Bai et al. (2020) and S. F. Wang et al. (2020). The
RMSE ranged from 0.022–0.036 and the NSE ranged from
−0.54 to 0.71 in Bai et al. (2020) and the RMSE ranged from
0.005–0.032 and the R2 ranged from 0.8–0.92 in S. F. Wang
et al. (2020) when comparing the observed and simulated SW
for this model.

Finally, for each plantation type, runoff was calculated
based on HYDRUS-1D (Šimůnek et al., 2013). The results
from the model indicated that no runoff was generated during
the studied period from DOY 132 to 273 in the pure H. rham-
noides plantation, the pure P. tomentosa plantation, and the
mixed plantation. Thus, we expect that no runoff would be
generated during the selected rainfall events.
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Figure A3. The relationship between the observed (SWO) and sim-
ulated (SWs) soil water contents at 5, 50, 50, 100, 150, and 200 cm
depths during the HYDRUS-1D validation period (from DOY 203–
273) in the pure H. rhamnoides plantation.

Table A3. The RMSE, NSE, and R2 between the observed and
simulated SW during the HYDRUS-1D validation period (from
DOY 203–273).

Soil RMSE NSE R2

depth
(cm)

Pure 5 0.008 0.65 0.84
H. rhamnoides 20 0.006 0.58 0.83
plantation 50 0.006 0.7 0.71

100 0.008 0.56 0.85
150 0.005 0.59 0.81
200 0.006 0.52 0.78

Pure 5 0.008 0.67 0.79
P. tomentosa 20 0.008 0.62 0.76
plantation 50 0.006 0.72 0.82

100 0.009 0.59 0.75
150 0.008 0.57 0.83
200 0.009 0.61 0.78

Mixed 5 0.009 0.61 0.81
plantation 20 0.01 0.54 0.76

50 0.008 0.68 0.82
100 0.008 0.7 0.79
150 0.006 0.76 0.82
200 0.008 0.67 0.81

RMSE is the root mean square error, NSE is the Nash–Sutcliffe
efficiency coefficient, and R2 is the determinant coefficient.

Code availability. The SPSS (version 18) software can be publicly
accessible at https://www.ibm.com/uk-en/products/spss-statistics
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be publicly accessible at https://www.pc-progress.com/en/Default.
aspx?hydrus-1d (PC-PROGRESS, 2022).
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