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A B S T R A C T

Identifying the soil water response processes to rainfall events can provide scientific guidance to sustain and
enhance ecosystem services of the terrestrial ecosystem. This study presents the results of soil water content and
isotopic compositions response to a typical rainfall in the subtropical zone in east China. The response of soil
water (including soil water content, hydrogen and oxygen isotope ratios) to rainfall event at three soil layers
(0–10, 10–20, 20–30 cm) in two croplands, two orchards (tea and peach), and two forests were analyzed. The
results showed that soil water recharge processes were varied in different land uses. The variation in the isotopic
composition of soil water showed a hysteresis pattern, and this pattern was affected by land use types. The
extents of isotopes depletion in topsoil (0–10 cm) were along the sequence of forest (9.90%) < orchard
(10.86%) < cropland (13.70%), in contrast to the reduction of soil water content (17.46% in cropland, 32.06%
in forest, and 41.78% in orchard). Little depletion in isotopes indicated limited evaporation effect on soil water,
and the corresponding large reduction in water content suggested large infiltration or water recharge into deep
soil, these implying a good water buffer for forest soils compared with crop soils. Soil texture and antecedent soil
water were the main factors influencing the variations of both soil water content and isotopic compositions. The
identification of different soil water changing processes may be important for water management and plant-
available water evaluation.

1. Introduction

Soil is an important water pool for terrestrial ecosystems because of
the huge storage capacity (de Boer-Euser et al., 2016). Soil water sto-
rage (or water capacity in soil layers) is an important function of soil to
directly provide water sources to plants' growth. As an important eco-
system service, soil water conservation can be reflected by storing and
buffering rainwater. The water buffer may include lengthening the
water releasing time and related hydrological processes. For example,
maintaining a stable soil water content and aeration condition which
may benefit plants, retarding the progression of runoff generation, and
decrease the possibility of triggering floods (Brooks et al., 2010; Mahe
et al., 2005; Oswald et al., 2011; Price et al., 2000; Spence et al., 2010;
Tetzlaff et al., 2014; Zhao et al., 2016a). Soil water dynamics and re-
lated rainwater recharge processes determine the water sources supply
and water-use efficiency for plants, and this is essential for water re-
source management (Zhao et al., 2016b).

Studies found that soil water movement or recharge processes are

closely related to soil properties, such as soil texture, bulk density, soil
porosity and other factors (Lee et al., 2007; Meißner et al., 2014). As
these properties also determined the soil water storage (Cosby et al.,
1984; de Boer-Euser et al., 2016; Hardie et al., 2011; Lin et al., 2006).
Despite soil properties have significant influences on soil water move-
ment and storage, soil water storage is more prone to be affected by
land uses, which is mainly attributed to the plants (Deng et al., 2016;
Good et al., 2015; Schlesinger and Jasechko, 2014; Zhang and Schilling,
2006). Plants act as an important integral of the plant-soil system
(Rodriguez-Iturbe et al., 2001; Tan et al., 2011). For example, the re-
moval of forests increases the frequency and magnitude of floods, while
reforestation could decrease floods (Andréassian, 2004; Sun et al.,
2006). Regenerating forest helps lessen effects on peak flows, because it
created greater soil water deficits and thus more storage capacity for
rainfall (Hornbeck et al., 1997). Thus, vegetation could be considered
as a water conditioner (Tan et al., 2011).

The integrated system of plant and soil can be considered as a buffer
zone of the earth surface, which contains two basic contents to water
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conservation: storage capacity and buffer capacity (absorbing or re-
leasing rate, and storage or buffering time of water). The soil water
storage capacity determines the storage threshold, and this has been
fully recognized (Bishop et al., 2011; de Boer-Euser et al., 2016; Oswald
et al., 2011; Spence, 2007). The buffer capacity means the rates for
water or solutions in/out the buffer zone, including the mitigating
function such as decreasing contaminant concentration (Sliva and
Williams, 2001). Fig. 1 shows the basic conception of the plant-soil
system acted as a water buffer. The buffer capacity is important for
water recycling in this buffer zone (Fig. 2), which can be expressed as a
recycle: water storage deficits/low antecedent soil water content →
precipitation → buffering (retarding hydrological response pro-
cesses) → high soil water or excess limit/threshold of water storage→
water release and evapotranspiration → water storage deficits/low
antecedent soil water. This recycle is vital for many pedo-hydrological
properties and related hydrological processes. Studies in north-east
Queensland (Herwitz, 1986) demonstrated that floods can emanate
from forests and they do not act as infinite ‘sponges’ because of the high
prevailing rainfalls (Bonell, 1993). This was in accordance with the
theory of Fig. 2 that the recycling would continue at an increasing
higher soil water content when suffered from continuous precipitation.

The temporal dynamics of soil water governed by the buffer effect
played an important role in hydrological processes. For example, the
runoff generation triggered by rainwater inputting is also determined
by the soil water saturation level (Shaw et al., 2013b; Spence et al.,
2010; Zhao et al., 2016b). Sayama et al. (2011) found an obvious sto-
rage limit and ‘storage excess’ pattern. The watersheds store significant
amounts of rainwater with little runoff generation when the water
amount below the storage limit. Considerably more water would re-
lease to the streams after they reach and exceed their storage capacities.
Hence, the trigger of large water release are closely related to the level
of soil water content (Oswald et al., 2011; Shaw et al., 2013a). While
the level of water content reflected by antecedent soil water condition
was determined by the water buffering capacity (Shaw et al., 2013a;
Spence et al., 2010). Given the effect of antecedent soil water content
on runoff, even flood generation, investigating the response of soil

water to rainfall events in different land uses is crucial for water sources
management and many hydrological processes.

The use of water isotopes (deuterium and oxygen-18) have been
demonstrated to be a valid way to explore water sources, trace the
hydrological processes, and determine the evaporation effect on water
loss (Buttle, 1994; Dawson and Siegwolf, 2007; Kendall and McDonnell,
2012; Klaus et al., 2013; Lee et al., 2007; Sprenger et al., 2016). By
using water isotopes method, Brooks et al. (2010) found that soil water
used by trees does not participate in downslope flow, and water from
initial rainfall events after rainless summers is locked into small pores
with low matric potential until transpiration empties these pores during
following dry summers.

Zhao et al. (2016b) quantified the proportion of rainwater in the soil
interflow and investigated the subsurface flow generation process using
isotopic methods on a farmland hillslope with a shallow soil cover in
southwest China, and found that the retained rainwater and pre-event
water in the soil was well and quickly mixed in hours with limited
evaporation. Base on the stable isotopes, estimated soil water transit
time ranged from hours to hundreds of days depending on the thickness
of soil layer, soil properties and air permeability (Lee et al., 2007; Salve
et al., 2008; Stewart and McDonnell, 1991; Tromp-van Meerveld et al.,
2007; Yang et al., 2018).

The water buffer controlling the mixing processes of rainwater and
pre-moisture stored in soil in different land uses are still poorly un-
derstood at multi-day timescale, especially in areas characterized as
shallow soil underlain by weathered rocks. Clearly understanding these
processes can increase the prediction accuracy of water transport and
benefit the water resource management and water conservation as-
sessment. The objectives of this study were to (1) investigate the re-
sponses of soil water to typical autumn rainfall in different land uses;
(2) reveal the processes and during time of rainwater mixed with pre-
moisture stored in soils in different land uses; (3) determine the main
factors that affecting the soil water dynamics during a rainfall event in
different land uses.

Fig. 1. Conception of plant-soil system as a buffer.

Fig. 2. Schematic diagram of water recycling in buffer zone.
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2. Materials and methods

2.1. Study site

The studied catchment is nested in humid Zhangxi catchment in
eastern China (29°48′N, 121°19′E) (Fig. 3). The soil is shallow (ca.
30 cm on average) and soils are dominated by a silt loam in topsoil and
sandy loam in deep soil. Beneath the shallow soil is frequently fractured
rocks with developed fissures. This bedrock profile (unsaturated zone)
can reach depths of > 19 m according to borehole records (Sun et al.,
2018a; Sun et al., 2018b). The study area has a moderate subtropical
monsoon climate with an annual mean temperature of 17.4 °C and
mean annual precipitation of 1463 mm. Totally 6 typical sites were
selected for this study, including 2 forest sites, 2 orchard sites (tea and
peach), and 2 crop sites. Basic information of each experimental site is
shown in Table 1.

2.2. Sample preparation

Water for δD and δ18O analysis was collected from rainfall and soil
water. Rainwater was collected during two rainfall events (6.7 mm
rainfall on November 1, 2016; 8 mm rainfall on November 8, 2016) in
triplicates using glass funnel (10 cm in diameter) connected to a poly-
ethylene bottle (0.6 L). Typical rain events in late autumn were selected
to avoid the plant roots influence, such as hydraulic redistribution, in
the growing season. A table tennis ball was placed in the funnel to re-
duce evaporation (Zhao et al., 2016b). Rainwater was collected with
centrifuge tubes and sealed with parafilm to prevent evaporation.

Soil samples were collected from 3 layers (0–10 cm, 10–20 cm,
20–30 cm) with a hand soil auger. All soil samples were stored into
centrifuge tubes (50 mL) sealed with parafilm. The soil samples were
collected five times at 2 days interval (from the first rainfall to the next
one, 1st on November 1, 2nd on November 3, 3rd on November 5, 4th
on November 7, and 5th on November 8). Three replicates were col-
lected at each sampling campaign. The collected soil samples were
stored in a refrigerator at 4 °C in the laboratory. Water stored in soils
was extraction by cryogenic vacuum distillation (West et al., 2006). The
water samples were analyzed with a Los Gatos Research 912–0008 laser
isotope analyzer following a standard measurement protocol (precision
of ± 0.4‰ for deuterium; ± 0.1‰ for oxygen-18). Isotopic ratios of
water samples were reported in the δ notion (‰) after calibration using
Vienna Standard Mean Ocean Water standards (Tetzlaff et al., 2014).
Due to greater variability, deuterium was mainly used in the analysis
that follows.

All the soil samples used for δD and δ18O analysis were weighted
before and after the water extraction. After cryogenic extraction, soil
samples were oven-dried at 110 °C for 24 h to calculate the soil water
content and check the efficiency of the water extraction. The water
extraction for soil samples would be re-conducted if the water extrac-
tion efficiency was < 98.0% (Meißner et al., 2014). The extraction ef-
ficiency of most soil samples (75%) was > 99.4% and the mean ex-
traction efficiency in this study was 99.6%. Soil bulk density was
measured using steel rings by oven-dried method (Sun et al., 2016). Soil
particle size distribution was measured using Mastersizer 2000 (Mal-
vern Instruments, Malvern, England). The soil porosity of each experi-
mental site was measured by water saturation method. Five poly-
ethylene bottles used for rainwater collection were also placed under
the canopy to explore the differences of throughfall amount in orchards
and forests. The meteorological factors were monitored by a weather
station near the experimental sites. Basic meteorological data during
study period were shown in Fig. 4.

2.3. Statistical analysis

Kolmogorov-Smirnov (KeS) test was used to determine the nor-
mality of the raw data (Li et al., 2015; Sun et al., 2016). The differences

Fig. 3. Study area and locations of sampling sites. Six sampling sites, including
two forests (F1 and F2), two crops (C1 and C2), and two orchards (O1, tea; O2,
peach).

Table 1
Study site characteristics regarding the altitude, topography, slope, land use, and basic soil properties.

Sites ID Land use Altitude (m) Slope Soil texture in topsoil Dominant soil
texture for
0–30 cm

Soil porosity Antecedent
gravimetric moisture
content (%)

Soil bulk density
(g cm−3)

Aspect (°) Sand (%) Slit (%) Clay (%) Total (%) Capillary (%)

C1 Crop 16 SE 0.3 80.36 18.66 0.97 Loamy Sand 45.98 ± 4.12 11.08 ± 5.41 16.61 ± 0.25 1.16 ± 0.09
C2 Crop 21 W 2.2 41.39 56.78 1.83 Silt loam 43.88 ± 1.73 10.25 ± 2.12 18.66 ± 0.26 1.16 ± 0.01
O1 Orchard

(tea)
41 S 5 58.61 38.93 2.46 Sandy loam 37.99 ± 5.30 5.71 ± 1.75 20.79 ± 4.86 1.27 ± 0.09

O2 Orchard
(peach)

44 SE 2.8 16.44 78.13 5.43 Silt loam 44.51 ± 1.76 10.89 ± 1.06 20.76 ± 0.91 1.17 ± 0.03

F1 Forest 124 S 14.9 24.02 72.19 3.79 Sandy loam 44.15 ± 5.77 15.43 ± 6.32 19.30 ± 2.28 1.16 ± 0.10
F2 Forest 183 S 9.7 41.05 55.93 3.02 Sandy loam 68.44 ± 5.41 18.56 ± 3.91 21.52 ± 0.63 0.87 ± 0.02

For cropland, harvest has been finished and without plants on sampling area. For C2, there are few trees nearby.
Dominant soil texture is regarding to the most frequency texture for three soil layers (0–10 cm, 10–20 cm, and 20–30 cm).
Basic soil properties are the mean value of triplicates and shown as mean ± St. Dev.
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in soil water content and related isotopic compositions between dif-
ferent sampling times were detected by using one-way analysis of
variance (ANOVA). Statistical tests were considered significant at
p≤ 0.05. Redundancy analysis (RDA) was used to identify affecting
factors correlated to soil water content and hydrogen isotopic ratios.
The RDA was also used to provide two redundancies to explain most of
the variability (Xiong et al., 2016). The RDA was conducted in Canoco,
the other statistical analyses were conducted by SPSS (Version 23.0,
SPSS Inc., Chicago, IL).

3. Results

3.1. Soil water content in different land uses

The soil porosity differed in different experimental sites (Table 1).
Generally, the greater total porosity indicates higher water storage
capacity. The temporal-averaged soil water content for the five sam-
pling times was 17.64% in crop1, 19.03% in crop2, 22.62% in the tea
garden, 22.19% in peach orchard, 19.45% in forest1, and 20.09% in
forest2. This result showed that high water storage capacity does not
mean high soil water content. The highest coefficient of variation (CV)
in soil water content (including all soil samples during study period)
was 19.15% in the tea garden, and the lowest CV of soil water content
was 9.89% in peach orchard. For the three land uses, the orchard had
the highest soil water content, and cropland has the lowest values in the
study period (Table 2).

The depth- and temporal-averaged soil water content were 18.33%
in cropland, 22.41% in orchard land, and 19.77% in forestland
(Table 2). The CV for the three land uses in soil water content were

10.63, 14.51, and 16.56% for cropland, orchard, and forest, respec-
tively. That is, the CV of soil water content in forest land was higher
than that of cropland. The temporal variation of soil water content in
different land uses during the study period is shown in Fig. 5. From the
1st to the 4th sampling, the heights of the boxes in Fig. 5 have a shorter
trend for the cropland and orchard. Soil water content in forest land has
a relative steady amplitude of variation between top and bottom out-
liers (black dots in Fig. 5). No significant difference was found in the
mean value of soil water content in crop soil. Significant differences
were found in soil water content between different land uses.

The variations of soil water content (packaged the data for six sites)
after the rainfall were shown in Fig. 6. The averaged soil water content
for three land uses in 0–10 cm soil layers (21.46%) were higher than
two layers below (19.62% and 19.42%, respectively). Furthermore, the
soil water content in the topsoil has greater variability than deeper
layers. The soil water content in 0–10 cm layer significantly decreased
after rainfall, and the mean values on November 7 decreased 30.9%
when compared with that on November 1. The soil water content in
20–30 cm layer had the smallest variations. The CV of soil water con-
tent during the study period are 10.88%, 5.37%, and 2.57% for 0–10,
10–20, 20–30 cm soil layers, respectively. Due to the buffering effect,
the decreasing trend of soil water content was not found in deep soil
layers.

The variation of soil water content in different land uses is shown in
Fig. 7. The mean soil water content in 0–10 cm layer decreased 17.46%
in cropland, 41.78% in orchard land, and 32.06% in forestland from the
1st sampling to the 4th sampling. For the 0–10 cm layer, all peak values
with high error bars of soil water content in three land uses occurred at
1st sampling. For the 10–20 cm layer, the peak value of soil water ap-
peared at 1st sampling for cropland and both 2nd sampling for orchard
and forest. For the 20–30 cm layer, the peak value of mean soil water
appeared at the 2nd, 3rd, and 4th sampling for orchard, cropland, and
forest, respectively. This indicated that the forest soil has a relatively
longer retarding time on water content variation.

3.2. Hydrogen and oxygen isotopic ratios

The isotopic composition of soil water in different land use ranged
from −26.56 to −54.44‰ (δD) and −3.80 to −7.98‰ (δ18O) for
cropland, −29.56 to −59.26‰ (δD) and − 4.04 to −8.27‰ (δ18O) for
orchard, and − 29.70 to −60.62‰ (δD) and −4.47 to −8.81‰ (δ18O)
for forest (Table 3). A decreasing trend of isotopic composition was
found along the sequence of cropland, orchard, forest (−37.81,
−41.57, and −42.90‰ in δD; −5.40, −5.71, and −6.30 in δ18O). The
highest coefficients of variation in δD and δ18O were 16.83% and
17.61% for the cropland2, and the lowest coefficient of variations in δD
and δ18O were 12.11% and 14.31% for the tea garden. For cropland,
orchard, and forest, the coefficients of variation were 15.78%, 13.81%,
and 15.47% in δD, and 15.48%, 16.16%, and 14.85% in δ18O, respec-
tively.

The variation of δD values of soil water in different land uses during
the study period is shown in Fig. 5. The boxes gradually narrowed the
variation in the upper half and enlarged the variation in the bottom half
when the stored soil water was gradually mixed with rainwater ac-
companied evaporation fractionation. Because the rainwater is iso-
topically enriched compared with the isotopic-depleted soil water. For
the changing trend of the bottom half, obvious increasing in δD values
appeared from the values at 2nd sampling to 3rd sampling for cropland,
1st sampling to 2nd sampling for orchard, and 3rd sampling to 4th
sampling for the forestland. Compared with the soil water content in
Fig. 5, the time that obviously increasing in δD values for bottom half
was generally consistent with the time that obviously changing of soil
water content.

The variation pattern of δD in each soil layer was different between
the three land uses (Fig. 6). For orchard, the maximum δD value for
each layer was appeared orderly at 2nd, 3rd, and 4th samplings at 0–10,

Fig. 4. Daily rainfall (bar), mean daily air temperature (dot line), and mean
daily air humidity (solid line) before, during, and after the experimental period
(1/11/16–8/11/16).

Table 2
Summary statistics of soil water content for the study period.

Sites Sample numbers Gravimetric moisture content (%)

Layers ×
replicates at each
layer × sampling
times

Total Mean Min Max St.
dev.

Crop1 3 × 3 × 5 45 17.64 10.36 22.55 1.86
Crop2 3 × 3 × 5 45 19.03 15.41 27.14 2.04
Tea garden 3 × 3 × 5 45 22.62 16.87 38.60 4.33
Peach orchard 3 × 3 × 5 45 22.19 18.24 26.23 2.19
Forest1 2 × 3 × 5 30 19.45 12.17 28.46 3.46
Forest2 3 × 3 × 5 45 20.09 13.17 28.39 3.08

For forest1, many stones are obstructing the hand soil auger when soil depth is
deeper than about 22 cm, thus only two soil layers for soil sampling.
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10–20, 20–30 cm layers. For 20–30 cm layer, the peak values of mean
δD appeared at 4th, 4th, and 3rd sampling in cropland, orchard, and
forest, respectively. The high error bars (large different in δD values)
indicated the mixing of rainwater and pre-moisture, while the shrinking
of the error bars indicated the mixing process continued and tending to
full mixed. For the 20–30 cm layer in cropland, the highest error bar
occurred at 2nd sampling and shrink from 2nd to 4th sampling, and
resulted in finally mean δD increase at 4th sampling. For the same layer
in the orchard, the higher error bars occurred at 3rd sampling and 4th
sampling. Different from cropland and orchard, the forest has two ap-
parent high error bars, the first one at 1st sampling and the second one
at 3rd sampling.

3.3. Factors influencing the soil water variability

Water movement in soil is partly affected by the topographical
features and soil properties. In this study, RDA was used to analyze the
effect of soil properties and topographical factors on the soil water
dynamics and isotopic compositions (Fig. 10). Results of RDA showed
that all the 12 factors were able to explain 88.32% (RDA 1 accounted
for 61.33%, RDA 2 accounted for 26.99%) of variability in soil water
content and 87.29% (RDA 1 accounted for 71.52%, RDA 2 accounted
for 15.77%) of water isotopic compositions. The variation in soil water
content was mainly explained by soil texture, antecedent soil water,
and topography. The variation in soil water δD was mainly explained by
soil texture, antecedent soil water, and soil organic matter. Soil texture
and antecedent soil water were the main factors influencing the var-
iations of both soil water content and δD.

Fig. 5. Response of soil water content and δD to the rainfall event in different land uses.

Fig. 6. Variation in soil water content and δD after the rainfall event from the perspective of soil layers.
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The rainwater inputs and mixing would increase the isotopic ratios
of soil water due to the isotopic enrichment by rainwater. After the
water mixing, the evaporation would result in the isotopic depletion of
soil water. Since the soil water content variability in subsoil was small
due to the buffering effect by topsoil, the variation in δD of 0–10 cm soil
layer is shown in the box (Fig. 8) to obtain a more explicit character-
ization. Significant difference in δD of topsoil was detected between
cropland and forestland. Significant difference among 5 sampling times
was only found in the orchard. Evaporative fractionation usually caused
deviation of isotopes signatures (plotting δD to δ18O) of bulk soil water
from the global meteoric water line. A slight deviation from the global
meteoric water line (Fig. 9), especially in deep soils. After the rainwater
mixed at the beginning, the followed decreasing of δD values was
mainly driven by evaporation. As shown in Fig. 8, no significant dif-
ferences were found between sampling times. At 0–10 cm layers, the
mean δD decreased 13.70% from 2nd sampling to 4th sampling for
cropland, 10.86% from 2nd sampling to 5th sampling for orchard, and
9.90% from 1st sampling to 3rd sampling for forest.

4. Discussion

4.1. Differences of soil water responses to a rainfall event in three land uses

This study was not unified the rainfall amount reaching soil surface
because the canopy and plant litter is an integral part of the plant-soil
system. The initial condition, for example, the rainfall amount is the
same for different land uses, however, the amount reach soil surface is
varied between different land uses. This situation can reflect the real
differences in buffer effect of soil.

The soil water buffering effect can be reflected by two aspects: the
difference in water content between sampling times narrowed with soil
layers. For example, the significant difference in soil water content at
0–10 cm layer vs. no significant difference in soil water content at
20–30 cm layer. As shown in Fig. 6, the peak value of profile-averaged
soil water content tends to appear later. For 0–10 cm layer, the peak
value corresponded to the 1st sampling. For 10–20 cm layer, the peak
value corresponded to the 2nd sampling. For 20–30 cm layer, the peak
value may locate between 2nd and 3rd samplings. These can be con-
firmed by the variation of soil water content in Fig. 7, especially for the
variation in soil water content in 20–30 cm layer.

Compared with cropland and orchard, the forest had the highest CV

Fig. 7. Variation in soil water content and δD after the rainfall event from the perspective of different soil layers at different land uses.

Table 3
Summary statistics of isotopic ratios for the study period from 1/11/2016 to 8/11/2016.

Water extraction Sample numbers Mean Min Max St. dev.

Replicates × layers × sampling times n δD (‰) δ18O (‰) δD (‰) δ18O (‰) δD (‰) δ18O (‰) δD (‰) δ18O (‰)

Rainwater 4 × / × 2 8 −22.63 −5.35 −30.85 −6.14 −14.40 −4.65 7.20 0.59
Stream 3 × / × 5 15 −41.66 −6.78 −42.30 −6.96 −41.25 −6.52 0.29 0.14
Soil water Crop1 3 × 3 × 5 45 −35.93 −5.11 −49.53 −7.13 −27.21 −3.83 5.29 0.75

Crop2 3 × 3 × 5 45 −39.70 −5.69 −54.44 −7.98 −26.56 −3.80 6.68 1.00
Tea garden 3 × 3 × 5 45 −42.10 −5.73 −59.26 −8.27 −34.54 −4.35 5.10 0.82
Peach orchard 3 × 3 × 5 45 −41.04 −5.68 −54.51 −8.22 −29.56 −4.04 6.36 0.95
Forest1 3 × 2 × 5 30 −45.38 −6.69 −60.62 −8.81 −29.70 −4.48 6.76 0.99
Forest2 3 × 3 × 5 45 −41.24 −6.05 −59.64 −8.42 −31.11 −4.47 6.61 0.90
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Fig. 8. Response of soil water content and δD in topsoil (5–10 cm) to the rainwater mixing and evaporation fractionation.

Fig. 9. Isotopes (δD and δ18O) signatures of bulk soil water during the experimental period.
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in soil water content, while the lowest CV in δ18O. The cropland had the
lowest CV in soil water content, while the relatively higher variance in
δD and δ18O. This result indicated that the forest had more capacity to
steady the amplitude of variability in isotopic composition, especially
for the δ18O, even though forest had the highest variance in soil water
content. However, for individual site, the tea garden had the lowest
coefficient variance in both δD and δ18O. This may attribute to the high
air humidity (Fig. 4) and the relatively enclosed environment in the tea
garden (ca. 85% vegetation coverage) induced by the tree structure and
high planting density. Importantly, the ability of forest in stabilizing the
isotopic composition of soil water may be crucial for plant water use.
The stabilization of isotopic composition is important for the plant
water use. This is because many plants in wet season usually do not
directly use rainwater or stream water (Dawson and Ehleringer, 1991;
Jackson et al., 1995; Nie et al., 2011; Querejeta et al., 2007). The
temporal variation of isotopic composition in soil water is an important
indicator of plant water use. A higher stable isotopic composition in-
dicated a wide scope of time or space for high plant water use effi-
ciency.

Zhao et al. (2013) found that soil water at the 10–20 cm depth had
the longest residence time, as indicated by its high proportion of pre-
event water. In this study, compared with orchard, forest soil did not
have an absolutely high proportion of water (Fig. 5) but maintained a
relatively longer steady time of isotopic composition (Figs. 5, 7). Be-
sides, the largest extent of isotopes depletion in topsoil was cropland,
the smallest is the forest. Little isotopic depletion in topsoil indicated
limited evaporation effect on soil water in forest. These suggested that
the changing rates of isotopic ratios are not only controlled by the
proportion of pre-event water, but also the buffer effect of the plant-soil
system. This can be confirmed by the results of RDA analysis that soil
texture explained many variations in soil water δD. Importantly, the
amount and the retention time of stored pre-event water are intimately
related to the soil buffer capacity as well.

The rainwater input and mix would increase the values of isotopic
ratios of soil water due to the isotopically enriched rainwater. As an
important water transport mechanism, preferential flow paths, common
in forest soils, accounted for few pore volumes but can conduct large
amount of rainwater rapidly to the deep soil or underground water
(Gazis and Feng, 2004; Jarvis, 2007; Weiler and McDonnell, 2007).
Given the rapid water transport of preferential flow, the influence of
preferential flow mainly occurs only at the first beginning of rainfall
and may have limited influence on the following water mixing pro-
cesses driven by matrix flow. For example, the high standard deviation
of δD values at 1st sampling in 20–30 cm layer of forest may attribute to
the preferential flow mechanism. Besides, the preferential flow paths
may contribute to good air permeability, which may account for the
decreasing trend of soil water content in forest soil in Fig. 5 and the no

increasing trend for forest at the former two samplings in Fig. 9.
Therefore, the soil water content variation in this study mainly re-
presents soil water was driven by matrix flow rather than preferential
flow.

Different from rainwater infiltration, the evaporation caused the
decrease of soil water content and δD of topsoil. As mentioned above,
the topsoil water content decreased 17.46%, 41.78%, and 32.06%, and
the corresponding δD decreased 13.70%, 10.86%, and 9.90%, for
cropland, orchard, and forest, respectively. Little depletion in isotopes
indicated limited evaporation effect on topsoil water, which was con-
sistent with the previous result (Zhao et al., 2016b). Little depletion in
isotopes and corresponding large reduction in water content suggested
large infiltration or water recharge for deep soil. This indicated the
orchard and forest had a greater buffer effect on water isotopic com-
position, and more rainwater infiltrated into the subsoil. It should be
noticed that the cropland had the smallest decrease in soil water con-
tent, but the greatest depletion in δD. This implied great water loss
induced by evaporation and a small amount of rainwater recharged the
subsoil water. All the above suggested a good water buffer for forest
soils compared with crop soils.

4.2. Changing of isotopes and content of soil water: consistency or
inconsistency, synchronization or asynchronization

The soil water dynamics was mainly influenced by two different
processes, 1) rainwater inputs and mixing with pre-moisture, and 2)
evapotranspiration, including isotopic unfractionated transpiration and
fractionated evaporation. For the cropland, the variation in soil water
content in 0–10 cm layer was unmatched with the variation in δD from
the 1st sampling to the 2nd sampling. The δD at 1st sampling had a big
error bar, but resulted in large mean δD at 2nd sampling. This suggested
a hysteretic response of δD compared with water content. For 20–30 cm
layer in the orchard, there is an inconsistent changing in soil water
content and δD values at the 3rd sampling, the low water content with
high error bar corresponding to the lowest mean δD values with a high
error bar. Given the consistent decreasing of water content and δD
values, this implied that the soil water or mixed water are depleted by
evaporation.

For the cropland, the peak values of δD were appeared orderly at
1st, 1st, and 3rd samplings at 0–10, 10–20, 20–30 cm layers, corre-
sponding to the peak values of soil water content appeared at 2nd, 2nd,
and 4th samplings (Fig. 7). For the orchard, the peak values of δD were
appeared orderly at 2nd, 3rd, and 4th samplings at 0–10, 10–20,
20–30 cm layers, corresponding to the peak values of water appeared at
1st, 2nd, and 2nd samplings. The changing trends between soil water
content and δD were consistent both in cropland and orchard. The
changing trend of δD showed a hysteresis response. However, for the

Fig. 10. Correlation between soil water
content (A), δD (B) for five sampling cam-
paigns and basic topography, soil properties
in redundancy analysis. Blue arrows denote
the soil water content and δD for fives
sampling campaigns. BD is soil bulk density;
CP capillary porosity; ASM antecedent soil
moisture; SOM soil organic matter; TP total
phosphorous; AN available nitrogen. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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forest, the peak values of δD were appeared orderly at the 1st, 2nd, and
4th samplings at 0–10, 10–20, 20–30 cm layers, corresponding to the
peak values of water appeared at 1st, 2nd, and 3rd samplings. The
variation in the isotopic composition of soil water had a hysteresis
except for forest. The preferential flow mechanism may be the reason.

4.3. Buffer effect of the plant-soil system

The buffer effect is a synthetical reflection of soil properties, plant
traits, and the organically combined plant-soil system. Great buffer
capacity may indicate a quick water absorption during rainfall and a
long time of water conservation in drought conditions. Low buffer ca-
pacity implies a relatively high speed of water loss for ecosystem
(Andréassian, 2004; Imaizumi et al., 2008; Nyssen et al., 2010). Com-
pared with crop soils, forest soils may be a better configuration for
water buffer in subtropical zones, due to the combination of pre-
ferential flow paths (high-speed roads) and matrix flow paths (low-
speed roads). High water storage capacity with high buffer capacity
maybe not always a good situation for the rainy season, because it will
keep soil water content at high level for a long time. As a result, a
subsequent rainfall event will meet high antecedent soil water, the
storage may exceed its capacity easily even if a small rainfall. Given the
storage excess pattern (Oswald et al., 2011; Sayama et al., 2011), the
plant-soil system will discharge a large amount of water, which may
significantly increase the potential possibility of triggering natural
disaster (e.g. flood, landslide, or debris). This gives an explanation why
high vegetation coverage still has a problem of flood. The triggering of
flow relies on both storage capacity and buffer capacity. Theoretically,
high water storage capacity and high buffer capacity is good for the
water-starved region, since it will conserve more water for a longer time
to sustain the plant's growth during drought conditions (de Boer-Euser
et al., 2016; Gao et al., 2014). High water storage capacity and low
buffer capacity may be good for the water-rich region, since it will
decrease the potential risk of flood or debris (Imaizumi et al., 2008), but
in turn, it will lead to a water limitation after rainy season especially in
the region that rainfall is quite unevenly distributed. The latter pattern
could not provide sufficient clear water storage. In the study area, the
soil is shallow and rainfall is unevenly distributed. The stored soil water
may be depleted soon during dry seasons and result in water shortage,
due to the low capacities both in storage and buffer.

As many properties exhibit spatial-temporal heterogeneity, the
buffer capacity may also show a changing trend across different scales.
This study will enhance our understanding of hydrological variability at
different scales. This study may also benefit scientists to address un-
certainties in hydrological and climate models. This study was con-
ducted under the condition of a typical small rainfall event. The soil
water dynamics may have a different response to rainfall event with
high intensity and large amount. Thus, further studies conducted under
different rainfall patterns are needed.

5. Conclusion

This study examined the response of soil water content and corre-
sponding hydrogen and oxygen isotope ratios to a typical rainfall event
at 3 soil layers (0–10, 10–20, 20–30 cm) in 3 different land uses. The
results showed that different land uses have different soil water dy-
namics. The variation in the isotopic composition of soil water had a
hysteresis pattern unless with the influence of preferential flow. Forest
had a different soil water response both in content and in δ D compared
with cropland. The extents of isotopes depletion in topsoil (0–10 cm)
were along the sequence of forest (9.90%) < orchard
(10.86%) < cropland (13.70%), in contrast to the reduction in soil
water content (17.46% for cropland, 32.06% for forest, and 41.78% for
orchard). Little depletion in isotopes indicated limited evaporation's
influence on soil water, and the corresponding large reduction in water
content suggested large infiltration or water recharge for deep soil. All

these implied a good water buffer for forest soils compared with crop
soils. Soil texture and antecedent soil water were the main factors in-
fluencing the variations of both soil water content and isotopic com-
positions. To gain deep insight into the water conservation function and
the efficiency of plant water use, further continuous and high frequent
monitor on soil water dynamics under different climate conditions is
needed.
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