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A B S T R A C T

Despite the development of rubber agroforestry systems for ecological and economic benefits in Southeast Asia,
knowledge of their water uptake dynamics and interspecific water interactions remains limited. The objective of
this study is to reveal the water relations (i.e., competition/complementarity) between rubber (Hevea brasiliensis)
trees and different kinds of intercrops. We investigated the stable isotopes (δD and δ18O), fine root length
density, and soil water content (SWC) under three agroforestry practices and one rubber monoculture across a
year (2017/2018). Our results indicated that rubber trees acquired more than 40.5± 21.3 % of their water from
shallow (0−20 cm) soil stratum, as do perennial galangal (Alpinia officinarum), tea (Camellia sinensis), and cocoa
(Theobroma cacao). The complementarity hypothesis was not supported for rubber trees and the intercrops. In
the dry season (November to April), there was strong interspecific competition for shallow water resources
where the intercropping was practiced. However, intercropping increased the available soil water, enabling
rubber trees to acquire more (9.4–24.3 %) shallow soil water. In the wet season (May to October), interspecific
water competition was less pronounced based on the relative difference in soil water content (RDSW). Higher
relative water content, in the order rubber-galangal> rubber-tea> rubber-cocoa, further showed that facil-
itative effects dominated interspecific water competition in all the agroforestry practices. This information re-
garding water relations between rubber trees and their intercrops will be essential to optimize land and water
resource utilization in this region.

1. Introduction

Agroforestry systems are managed plant communities based on the
ecological principles of species coexistence in natural forest commu-
nities (Anderson and Sinclair, 1993). They always consist of multiple
species and vertical structures, providing many advantages, such as
high productivity, valuable profits, and sustainable land use (Pavlidis
and Tsihrintzis, 2017). Complementary resource use has been suggested
as an explanation for the higher productivity of such systems
(Fernández et al., 2007; Schwendenmann et al., 2015). As droughts
become more intense and frequent (IPCC, 2013), it will be an important
reason for the development of agroforestry practices in the future.
However, the water uptake dynamics and interspecific water interac-
tions between species intercropped in various agroforestry systems are

still key issues for agro-ecologists.
Stable isotope techniques (δD and δ18O) are commonly used to trace

water source for plants, given a consensus that isotope fractionation
does not occur during the root water uptake process (Ehleringer and
Dawson, 1992). Such techniques significantly improve our under-
standing of the water relations in agroforestry systems (Asbjornsen
et al., 2008; Lin, 2010; Tobella et al., 2017; Tang et al., 2018). For
example, Asbjornsen et al. (2008) found that coexisting trees and
shrubs in the agricultural landscape extract water from different depths
in the soil profile. In another agroforestry parkland, Tobella et al.
(2017) has reported a negative relationship between tree size and the
groundwater acquisition. In addition, they provide scientific support for
the water managements in agroforestry practices (Smith et al., 1997;
Wu et al., 2016; Tobella et al., 2017). For instance, Smith et al. (1997)
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suggested that competition for water can be reduced between trees and
crops where groundwater is accessible. Wu et al. (2016) showed that
rubber (Hevea brasiliensis) trees exhibit wasteful water behavior unless
they are intercropped with crops. Nevertheless, these techniques are
expected to provide more implications for the optimization of agro-
forestry practices.

Complementary water use is presumed to be a fundamental hy-
pothesis in various agroforestry practices (Vandermeer, 1989;
Schwendenmann et al., 2015). It is based on the diversity of functional
traits among co-occurring species, which plays a positive role in mini-
mizing the temporal and spatial competition of limited water resources
(Meinzer et al., 1999; Gao et al., 2018; Tang et al., 2018). That is, the
deep rooted trees can acquire water from larger soil volumes, where are
inaccessible to the annual crops (Lott et al., 2003; Wu et al., 2016).
Therefore, the complementarity is ultimately dependent on the water
potential in soil stratum, and the differences of root distributions be-
tween trees and crops (van Noordwijk et al., 2015). It should also be
noted that plant species in agroforestry systems do not simply exist as
separate individuals, which can have a wide range of both positive and
negative impacts on the plant productivities. Generally, species mix-
tures with contrasting root patterns are more effective and efficient
than the monocultures in efficiency of use of water and nutrients
(Monteith et al., 1991; Pavlidis and Tsihrintzis, 2017). Moreover,
agroforestry farmers prefer to choose the mixed species with com-
plementarity because of their better yields. Evaluating the trade-offs
between the competition effects and the added values of intercrops on
the main crop is therefore essential for the promotion of agroforestry
practices.

Southeast Asia is the biggest rubber planting area worldwide, pro-
ducing over 90 % of global natural latex (Fox et al., 2014). It can bring
enormous profits to farmers, especially the smallholders. However, the
rapid expansion of rubber plantations has caused serious negative hy-
drological consequences in Xishuangbanna, in tropical southwest China
(Li et al., 2012; Liu et al., 2014). Various rubber-based agroforestry
practices for slowing soil organic matter loss (Chen et al., 2017) and
reducing water runoff volumes (Zhu et al., 2018) have shown promise
there. Nevertheless, these agroforestry practices are not all equally
suitable for the growth of rubber trees. The water consumption char-
acteristics of different agroforestry practices are still unclear in this
region.

The objective of this study is to investigate the water uptake dy-
namics and interspecific water interactions for three types of rubber-
based agroforestry practices, using the intercrops galangal (Alpinia of-
ficinarum), tea (Camellia sinensis), and cocoa (Theobroma cacao). Our
hypotheses were that (i) the water source used by rubber trees would be
modified by the intercropping practices, (ii) trees would exhibit a re-
latively higher range of water uptake plasticity than the intercrops, and
(iii) some agroforestry practices might be inappropriate because of
strong interspecific water competition.

2. Materials and methods

2.1. Study site

The study was conducted at the Xishuangbanna Tropical Botanical
Garden (XTBG) in southwestern China (21° 55′ 39″N, 101° 15′ 55″E,
and elevation 750 m). The site is located between two east-west hills on
flat land sloping less than 15° from south to north. The local climate
(1965–2004) is dominated by tropical monsoons, with mean annual air
temperature and precipitation of 21.7 °C and 1487 mm (Liu et al.,
2014). Soil thickness is approximately 2 m with a clay loam texture,
containing 42 % sand, 34 % silt and 24 % clay. Supporting meteor-
ological measurements were conducted to provide half-hourly air
temperature (HMP45, VaisalaInc., Helsinki, Finland), soil water content
(CS615-L, Campbell Scientific Inc., Utah, USA), soil heat flux (HFT-3,
Campbell Scientific Inc., Utah, USA) and precipitation (52203, RM

Young Inc., Michigan, USA). To determine local drought stress, we used
the Budyko aridity index (AI), calculated as the ratio of rainfall amount
to potential evapotranspiration (PET). PET was estimated as 1.26 times
the equilibrium evapotranspiration (ETeq), as described in Tang et al.
(2014):

= − × +ET R G s s γ[( ) ]/( )eq n (1)

where Rn is net radiation (W m−2), G is soil heat flux (W m−2), s is the
slope of the function relating saturation vapor pressure and tempera-
ture, and γ is the psychrometric constant (kPa K-1).

2.2. Experimental layout

The rubber trees in our catchment were planted on level bench
terraces (370 trees ha−1), after clear-cutting of the primary forests
around 1970. The 50-year-old trees were arranged in double rows 3 m
apart, separated by 18 m gaps, and received uniform management by
local farmers (e.g., control of understory growth, fertilization, and latex
extraction). Mean leaf area index (LAI) and canopy spread were 2.4 m2

m-2 and 11 m2 (Liu et al., 2014). By 2010, more than ten species of
intercrops had been planted between the rubber rows. In this study, the
rubber monoculture and three rubber based agroforestry practices were
selected to be regarded as the "control (CK)" and the "randomized set of
treatments". Mean trunk diameter of the rubber trees was 37.8± 5.3
cm according to a survey conducted in 2019 (n = 5, in each of the four
treatments). The three kinds of intercrops have been demonstrated as
optimal cash crops for intercropping with rubber trees because of their
medical or economic benefits. Galangal (Alpinia officinarum) is a per-
ennial herb, which was planted in small clumps of 10−20 propagules
(0.5 m × 0.5 m, and 1.7±0.2 m tall). Tea (Camellia sinensis) shrubs,
native to Southeast Asia, were arranged in double rows (1.0 m× 1.0 m,
and 1.5±0.1 m height). Cocoa (Theobroma cacao), a fruit tree origi-
nating from South America, was planted in single rows (4.7±0.7 m
height) between the rubber trees (Supplementary Fig. S1). After long-
term cultivation and management, the treatments had common char-
acteristics, such as well-drained soil and gently sloping geomorphology.
Aerial distances between the agroforestry practices were less than 500
m. In each of the treatments, four sampling plots were randomly se-
lected with dimensions of 6 m (perpendicular to rows) × 9 m (along
rows).

2.3. Root excavation

Root sampling was performed in October and November 2017. The
roots were sampled for both rubber trees and the intercrops. Soil vo-
lumes of 15 cm × 15 cm × 160 cm deep were excavated using spades
and hand cutters. Three such volumes were collected close to the rubber
trees, and three near the intercrops (in mid-rows). Each soil volume was
divided into strata by 10 cm increment from the surface down to 30 cm
deep, by 20 cm increment in the 30−130 cm layer, and by 30 cm in-
crement in the 130−160 cm layer. In total, 313 soil samples were
obtained. The fine roots of trees and intercrops were manually picked
out, flushed with water and separated in 2 mm sieves. Root length
density (RLD) was calculated for each stratum of the 0−160 cm soil
profiles by the WinRHIZO software (Regent Instruments Inc., Quebec,
Canada).

2.4. Isotopic sampling and measurements

On each sampling date between August 2017 and July 2018, three
suberized twigs were cut from the sunny side of the randomly selected
trees and shrubs. Phloem tissues were removed to avoid isotopic con-
tamination. Specially, the root crown of galangal was sampled for
xylem water analysis (Barnard et al., 2006). A 4 cm diameter bucket
auger was used to collect soil samples from seven depth zones (0−5 cm,
5−10 cm, 10−20 cm, 20−40 cm, 40−60 cm, 60−110 cm and
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110−160 cm) at three random locations per plot, providing 12 loca-
tions in total for each treatment and the control. Soil water content
(SWC, %) was determined by drying soil samples at 105 °C for 24 h.
Groundwater was sampled monthly from a deep well (∼ 40 m).
Rainwater was collected using a lab-made rain collector with a ping-
pong ball to prevent evaporation. Immediately following collection, all
samples were sealed with parafilm and frozen (−20 °C).

Liquid water in plant and soil samples was extracted cryogenically
by a vacuum line (LI-2100, Lica United Technology Limited Inc.,
Beijing). The isotopic composition of water samples was determined
using a high-temperature conversion elemental analyzer (TC/EA) cou-
pled with a DELTA V Advantage isotope ratio mass spectrometer (all
from Thermo Fisher Scientific, Bremen, Germany). An AS1310 auto-
sampler (Thermo Fisher Scientific, Bremen, Germany) was used for
automated water samplings and injections (n = 4, with the first in-
jection being eliminated in case of “memory effect”). Average precision
of the TC/EA-IRMS was 0.6±1.6 % for δD and 0.02± 0.13 % for δ18O
based on lab calibration measurements. The monthly weighted mean
for isotopic composition in rainwater was calculated as:

∑ ∑= ⎛

⎝
⎜ × ⎞

⎠
⎟
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⎝
⎜

⎞
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= =
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where δp,i is the δ value (%) of the ith rainfall, PPTi is the ith rainfall
amount (mm).

2.5. Water source and water interactions

The Bayesian-mixing model MixSIAR was used to predict the re-
lative water absorbing proportions from each soil layer, following the
method of Muñoz-Villers et al. (2018). This model has greater statistical
power to accommodate uncertainties in isotope signatures, multiple
sources and prior information. The dual isotopes (δD and δ18O) in in-
dividual xylem samples, and the mean± SD for soil water at the sam-
pled depths, were the model inputs. No ground water was included in
the model, because the water table in the experimental area was at
approximately 10 m below the surface. The fixed effect, SIAR, and no
discrimination (0) were specified as described by Yang et al. (2018).
The Markov Chain Monte Carlo (MCMC) length was set as “normal”.
The estimated contributions of each soil stratum were combined into
three layers for comparison: shallow, 0−20 cm; middle, 20−60 cm;
and deep, 60−160 cm.

Relative difference in soil water content (RDSW) was used to eval-
uate the degree of competition or facilitation in the water interactions
between plants. We assumed that where soil moisture differed in an
agroforestry system relative to the monoculture that this was caused by

the intercrops. Therefore, significant SWC decline (or increase) reflects
interspecific water competition (or complementarity) between rubber
trees and the intercrops. The RDSW of the shallow, middle, and deep
layers was calculated using a modified form of the formula of Gao et al.
(2018):
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where θa,i and θCK,i are the SWC percentages for a rubber agrofor-
estry practice and the monoculture, respectively, in the ith soil layer;
LTi is the layer thickness of the ith soil layer (cm). Here, negative values
of RDSW in an agroforestry system refer to the existence of water
competition between rubber trees and the intercrops.

2.6. Statistical analyses

All statistical analyses were performed using SPSS (version 17.0,
Chicago: SPSS Inc.). One-way analysis of variance (ANOVA) was used to
compare the SWC between months and treatments, and the RDSW
among treatments, with significance specified as P<0.05.
Comparisons of AI between the dry and wet seasons, and of the RLD
among treatments, were made using a paired t-test. To test the inter-
active effects of treatments, soil depth and season on water uptake of
rubber trees, the three-way ANOVA was performed including Tukey's
HSD test.

3. Results

3.1. Seasonal drought during the study period

Mean annual air temperature and precipitation between 2008 and
2017 were 22.6± 3.1 °C and 1412±180 mm (Fig. 1). Mean AI values
for each month across this period (2008–2017) suggested that a pro-
longed annual drought, of more than six months, was typical for the
region. Noting that an AI value of less than 1 indicates meteorologically
water-limited conditions, the mean AI in the dry season months (No-
vember to April) was 0.48±0.12, compared to 1.54± 0.67 in the wet
season months (May-October). October, with an AI of 0.93± 0.83 was
defined as a transition period between the dry and wet seasons. Overall,
the seasons could be classified into rainy (May-October), foggy and cool
(November-February), and hot and dry (March-April).

Mean air temperature and precipitation in the study period of
2017–2018 were 22.2±2.9 °C and 1619.9 mm, respectively. The
wettest month was June 2017 (AI = 3.19), with mean air temperature
and precipitation of 25.1 °C and 333.7 mm, respectively. Rainfall was

Fig. 1. Seasonal pattern of (a) rainfall, air temperature, and (b) Budyko's aridity index. Multi-year means of AI (2008-2017) are also shown. Error bars represent one
standard deviation. Arrows indicate the sampling dates.
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also relatively abundant (118.9 mm) in November 2017 (AI = 1.19).
The most serious water deficit occurred in February 2018 (AI = 0.08).
In this month, mean air temperature and precipitation were 17.5 °C and
8.1 mm, respectively. Compared to the long-term mean AI values, there
were corresponding normal (P ≥ 0.577), dry (0.52± 0.29), and wet
(1.79±0.53) seasons in this study.

3.2. Vertical distribution of soil moisture and fine roots

Soil water content (SWC) underwent pronounced (P<0.001) sea-
sonal variation in all the treatments (Fig. 2). The SWC in the shallow
layer declined sharply in the dry season and increased in the wet
season. This trend was consistent with the seasonal changes in local AI.
In the dry season, the SWC in the rubber-galangal and rubber-tea
agroforestry systems were slightly lower than that in the monoculture.
In the wet season, the SWC showed a smaller increase in the rubber-
cocoa system. Overall, the SWC was higher in the rubber-galangal
(21.7±2.0 %, P<0.001) and rubber-tea (21.0± 2.7 %, P<0.05)
systems. The SWC in the rubber-cocoa (20.6±1.5 %) system was si-
milar to that of the monoculture (20.5± 2.5 %, P = 0.799).

Rubber tree fine roots were predominantly distributed in shallow
(0−20 cm) soil layers (Fig. 3). Mean RLD of the agroforestry rubber
trees, compared to 0.19± 0.18 cm cm−3 in the monoculture, were
0.18±0.15 cm cm−3 (P = 0.649) in the rubber-galangal system,
0.18±0.18 cm cm−3 (P = 0.115) in the rubber-tea system, and
0.13±0.13 cm cm−3 (P<0.05) in the rubber-cocoa system, respec-
tively. Among the treatments, 60.7–72.5 % of the rubber trees' fine
roots were concentrated in the 0−20 cm soil layers. The rubber trees
also had plenty of lateral roots (ranging from 0.14±0.14 cm cm−3 to
0.21±0.23 cm cm−3). Fine roots of the tea and cocoa intercrops pe-
netrated to a depth of 160 cm; those of the perennial galangal reached
130 cm. Mean RLD were 0.05±0.02 cm cm−3 for galangal,
0.05±0.03 cm cm−3 for tea, and 0.07±0.05 cm cm−3 for cocoa. The
roots of galangal were also found adjacent to the rubber trees, mainly

because the intercrops were planted in multiple rows.

3.3. Water uptake patterns for rubber trees and intercrops

Soil water δD and δ18O significantly varied with months and depths
(Fig. 4). In August 2017, the soil water δD and δ18O exhibited little
vertical variation in any treatments. In this case, xylem water and soil
water often overlapped with two or more intersections. Then, the ver-
tical signatures of δD and δ18O were gradually enriched from shallow
(0−20 cm) to middle (20−60 cm) soil stratum. In May and July 2018,
the shallow soil water δD and δ18O became depleted again due to the
influences of rainwater. Xylem water δD and δ18O levels were within
the ranges found in the 0−160 cm soil layer (Fig. S2), indicating that
plants were primarily using this source during this period. Man values
of rainwater δD and δ18O decreased from -33.4±17.6‰ and
-5.17±2.13‰, respectively, in the dry season, to -55.1± 23.8‰ and
-7.60±3.36‰ in the wet season, respectively. Isotopic compositions of
groundwater changed little during the study period, with mean δD and
δ18O values of -60.8± 1.3‰ and -9.27±0.43‰, respectively.

Throughout the study year, the rubber trees and all intercrops
predominantly absorbed water from the shallow soil layers (Table 1).
The contributions of water at this depth to rubber trees were
40.5±21.3 % in the monoculture, 44.9± 19.7 % in the rubber-ga-
langal system, 46.9±22.9 % in the rubber-tea system, and 53.0± 20.0
% in the rubber-cocoa system. In all treatments, the rubber trees could
take up water from below 60 cm in the dry season. However, rubber
tree maximum utilization of deep (60−160 cm) soil water varied
among the treatments. This probably reflected an influence of inter-
crops on their water uptake. The contributions of shallow soil water
were 42.8± 17.6 % with galangal intercropping, 63.6±21.2 % with
tea, and 67.2±15.0 % with cocoa, respectively. All treatment groups
had significant correlations between root water uptake and fine root
distribution (Fig. 5). In the dry season, these correlations were more
prominent for both the rubber trees (y = -157.7x2 + 173.5x + 8.9, R2

Fig. 2. Mean gravimetric soil water content (SWC) in (a) the monoculture, (b) the rubber-galangal system, (c) the rubber-tea system, and (d) the rubber-cocoa
system. Error bars represent one standard deviation.
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= 0.40, P<0.001) and the intercrops (y = -194.6x2 + 706.6x + 4.0,
R2 = 0.45, P<0.001). The three-way ANOVA results for rubber tree
water uptake (Table S1) showed significant effects of soil depth and
interaction between soil depth and treatments.

3.4. Interspecific water interactions among depths and seasons

In the three intercropping practices, relative differences in soil
water content (RDSW) between treatments in all soil layers were sig-
nificantly higher than zero (P<0.05) (Fig. 6). The RDSW showed a
decreasing pattern from the rubber-galangal system (mean 0.04± 0.06,
P = 0.007) to the rubber-tea (0.03± 0.09, P = 0.023) and rubber-
cocoa (0.01±0.05, P = 0.045) systems. Only RDSW of the rubber-
galangal system was significantly different from zero in all three soil
layers (P<0.05). The RDSW in the rubber-tea system had a higher
value in the shallow soil layer (P<0.05). In the rubber-cocoa system,
however, RDSW did not differ from zero for any soil layer.

The water sources and RDSW are summarized in Fig. 7. In the dry
season, the shallow (0−20 cm) soil water contribution to the rubber
trees was 39.9± 20.8 % in the monoculture. This proportion increased
to 51.8±23.5 % in the rubber-galangal system, 52.2± 24.8 % in the
rubber-tea system, and 51.0± 19.1 % in the rubber-cocoa system.
Meanwhile, the shallow water contributions were 40.0±18.5 % for
galangal, 73.0±16.3 % for tea, and 65.1±14.9 %. Negative values of
RDSW were apparent in the rubber-tea system in all layers, and in the
rubber-cocoa system in the shallow and middle layers. In the wet
season, rubber trees' absorption from the shallow layers was
41.3±21.8 % (monoculture), 36.3± 13.2 % (rubber-galangal),
40.3±16.2 % (rubber-tea) and 55.4± 21.5 % (rubber-cocoa). Except
in the monoculture (−6.0 %), the water contributions of the deep soil
stratum were higher in the intercropping systems (2.5–29.6 %). In the
same period, water uptake proportions from shallow soil stratum were
46.2±14.1 % for galangal, 51.8± 22.8 % for tea, and 69.8±15.7 %
for cocoa. The RDSW values across the different agroforestry practices
mostly remained positive during this period.

4. Discussion

4.1. Water uptake patterns of the rubber trees subjected to drought

Soil water content (SWC) is a key factor affecting the rubber tree
water uptake patterns (Fig. 2). Among the three rubber-based agro-
forestry systems, intercropping with galangal and tea significantly im-
proved SWC compared to the monoculture. It has been suggested by
many previous reports that agroforestry practices can promote good soil
water conditions by capturing more rain, and reducing soil water eva-
poration and surface runoff (Monteith et al., 1991; Anderson and
Sinclair, 1993; Asbjornsen et al., 2008). As a result, the rubber trees in
such systems could acquire more water from shallow soil stratum in the
dry season. This confirmation that facilitative effects of intercropping
benefit main crops will be useful in the development of the agriculture
and forestry sectors under projected future drought scenarios (Smith
et al., 1997; Gao et al., 2018).

There is a consensus that deep-rooted trees possess dimorphic root
systems, which will allow them to use water primarily from the shallow
and deep soil layers in the wet and dry seasons, respectively (Ehleringer
and Dawson, 1992; Moreno et al., 1996). Nevertheless, we found that
the rubber trees in the four groups predominantly absorbed water from
shallow soil layers throughout the dry (November-April) and wet (May-
October) seasons (Fig. 4 and Table 1). This finding contrasts with those
of Smith et al. (1997); West et al. (2012), and Yang et al. (2015), who
reported that tall trees heavily relied on deep soil water under water
stress. Two explanations are possible for this discrepancy. First, in our
study, higher fine root length density (RLD) in the surface soil stratum
might predispose the rubber trees to utilize water at this depth (Fig. 5).
Priyadarshan (2011) also reported that the lateral root systems of
rubber trees can help them to use water from the surface soil stratum.
Second, the rubber trees in the study region have evolved to defoliate in
the dry season (Fig. S3), reducing water loss through leaf transpiration.
Surface soil water might therefore be sufficient in the dry season.

As in the dry season, the rubber trees typically utilized shallow soil
water in the wet season. However, the proportion of water they ab-
sorbed from deep soil layers was slightly higher in the agroforestry
systems (Table 1). Rubber trees have been considered to be “water
pumps” because they are associated with water depletion (Tan et al.,
2011; Liu et al., 2014; Wu et al., 2016). The annual latex production of

Fig. 3. Vertical profiles of root length density (RLD) in (a) the monoculture, (b) the rubber-galangal system, (c) the rubber-tea system, and (d) the rubber-cocoa
system. Error bars represent one standard deviation.
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Fig. 4. Seasonal variation of δD and δ18O in soil water, ground water and xylem water. Monthly weighted means of δD and δ18O in rainfall are also presented. Error
bars represent one standard deviation.

Table 1
Mean water uptake proportion from shallow (0-20 cm), middle (20-60 cm), and deep (60-160 cm) soil layers in rubber agroforestry systems.

Soil depth (cm) Rubber monoculture (%) Rubber-Galangal system (%) Rubber-Tea system (%) Rubber-Cocoa system (%)

Dry season Shallow (0−20) 43.7± 21.2 53.1± 28.3 40.0± 21.4 68.0± 24.7 73.0±20.1 61.8± 20.2 65.1± 20.3
Middle (20−60) 22.9± 5.70 34.1± 27.4 35.9± 25.0 22.2± 25.4 14.1±9.20 16.9± 6.70 12.2± 2.90
Deep (60−160) 34.2± 17.9 12.9± 6.30 24.1± 18.9 9.8±9.400 12.9±11.1 21.3± 21.5 22.8± 20.8

Wet season Shallow (0−20) 54.3± 25.0 53.0± 25.3 46.2± 20.7 40.3± 22.9 51.8±33.8 55.4± 26.4 69.8± 19.0
Middle (20−60) 30.8± 29.6 13.1± 8.60 32.8± 31.7 16.5± 5.40 34.3±38.6 14.8± 6.90 9.1±8.100
Deep (60−160) 14.9± 6.50 33.9± 22.9 21.1± 21.3 43.2± 55.4 13.9±17.2 29.8± 25.9 21.0± 18.1

Note: Values of the second columns in the rubber agroforestry systems indicate the water absorbing percentages of the intercrops.
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the study region was approximately 1500 kg ha−1, requiring approxi-
mately 5000 kg ha−1 water (Mann, 2009). The rubber tree peak growth
period occurs in the wet season. It is possible that surface soil water was
insufficient to meet the associated demand, forcing the trees to tap deep
soil water. Water competition between the rubber trees and the inter-
crops may also be responsible for the greater reliance on deep soil water
in the agroforestry systems.

4.2. Water complementarity

Despite their varying growth habits as herbs, shrubs and small trees,
all the intercrops, like the rubber trees, predominantly absorbed water
from the shallow soil layers (Fig. 4). Local annual rainfall is plentiful
(∼ 1500 mm), so dependency on surface soil water can be ascribed to
the shallow root networks of these intercrops (Schenk and Jackson,
2005). Water competition between the rubber trees and intercrops
showed that their niche separation in terms of water use patterns was
less evident than previously reported (Eggemeyer et al., 2009; West
et al., 2012; Liu et al., 2014; Gao et al., 2018). The most intense
competition for shallow soil water appeared in the rubber-cocoa system
(Table 1). This result is consistent with the previous findings that cocoa
trees mainly take up shallow-layer water in tropical areas (Carr and
Lockwood, 2011; Wu et al., 2016).

In several previous studies, complementary water use patterns have
been reported in a cocoa-Gliricidia (Gliricidia spp.) agroforestry system
(Schwendenmann et al., 2010), a rubber-tea system (Wu et al., 2016),
and a jujube (Ziziphus jujuba)-daylily (Hemerocallis fulva) system (Gao
et al., 2018). In this study, soil moisture deficit (i.e., negative RDSW)
resulting from intense interspecific water competition occurred mainly
in the dry season (Fig. 6). The RDSW was positive in the rubber-ga-
langal system (P>0.05), while negative values of RDSW were ob-
served in the rubber-tea and rubber-cocoa systems. However, the de-
cline of SWC did not reduce the utilization of surface soil water by the

rubber trees. On the contrary, the rubber trees probably absorbed more
shallow soil water in all the agroforestry practices (Fig. 7). These results
suggested that complementarity was operating through increased sur-
face water availability rather than by divergence in water acquisition
depth. Thus, more surface water is likely to be consumed in inter-
cropping agroforestry systems.

The water use pattern of rubber trees was less clear in wet months,
as reflected by the weaker gradients of soil water δD and δ18O (Fig. 4).
The δD and δ18O of xylem water and soil water often overlapped across
all layers. In fact, this is a common feature in tropical and subtropical
areas (Drake and Franks, 2003; Querejeta et al., 2007). About 80 % of
the total rainfall occurs between May and October in this area (Zhu
et al., 2018). Under such conditions, plant water uptake patterns tend
to be determined by other parameters, such as soil moisture conditions
and leaf water potential (Stahl et al., 2013; Yang et al., 2015). However,
the increased degrees of RDSW were less pronounced than that reported
in a semiarid agroforestry system (Gao et al., 2018). Compared to those
in the dry season, RDSWs in the wet season were higher in all of the
agroforestry systems (Fig. 7). This showed that facilitative effects
dominated interspecific water competition in the agroforestry systems.
It was not necessary for the rubber trees to acquire water from deeper
sources. We can therefore infer that both the rubber trees and inter-
crops still relied mainly on shallow soil water in the wet season. The
role of shallow soil water as a potential resource might be under-
estimated during this period. Furthermore, there is mounting concern
that models of agroforestry systems have the potential to advance
ecological understanding of the interactions in agroforestry practices in
both space and time (Luedeling et al., 2016; Burgess et al., 2019;
Dupraz et al., 2019). Therefore, further studies of agroforestry models
can be expected to provide more insights to the above-mentioned is-
sues.

Fig. 5. Relationship between the soil water contribution and
fine root distribution for (a) rubber trees (all: y = -81.9x2 +
116.2x + 14.7, R2 = 0.31) and (b) intercrops (all: y =
-932.1x2 + 501.1x + 2.8, R2 = 0.40). Correlation of different
periods are also presented for rubber trees (dry season: y =
-157.7x2 + 173.5x + 8.9, R2 = 0.40; wet season: y = 12.7x2

+ 44.5x + 21.9, R2 = 0.18) and intercrops (dry season: y =
-194.6x2 + 706.6x + 4.0, R2 = 0.45; wet season: y = 336.4x2

+ 244.2x + 11.3, R2 = 0.32). P<0.001 was observed in
each equation.

Fig. 6. Relative difference in soil water content (RWSD) in shallow (0-20 cm), middle (20-60 cm), and deep (60-160 cm) soil layers for (a) the rubber-galangal
system, (b) the rubber-tea system, and (c) the rubber-cocoa system. Error bars represent one standard deviation.
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5. Conclusion

In this study, the water uptake patterns of rubber trees were ob-
served for three types of intercropping agroforestry practices. Our re-
sults showed that interspecific water competition occurred between the
rubber trees and the intercrops during both dry (November-April) and
wet (May-October) seasons. This was probably because the fine roots of
the rubber trees (≥ 60.7 %) and the intercrops (50.2–62.4 %) were
mainly concentrated in the shallow (0−20 cm) soil stratum. In the dry
season, the rubber trees could absorb more shallow soil water where
intercrops were present. This indicated that the intercrops enhanced
soil moisture availability at this time. Water competition between the
rubber trees and the intercrops was also observed in the peak wet
season, during which the rubber trees still competed for shallow water
resources with the intercrops. Increased RDWS values suggested that
the intercrops were consistently facilitative in this respect in all the
agroforestry systems. The facilitative effects were greatest in the
rubber-galangal system followed by the rubber-tea system and the
rubber-cocoa system. These findings should encourage the development
of rubber-based agroforestry practices in Southeast Asia, which aim to
improve soil water management and maximize latex productivity.
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