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Abstract: Dune-interdune is the main landscape pattern of desert areas, such as the Horqin sandy
land of Northeastern China. Exploring the temporal and spatial variation of the water balance
is crucial for efficient vegetation restoration at the micro-landform scale. The SWMS-2D model
was used to estimate the seasonal variations of the water balance including evapotranspiration,
soil water storage changes, lateral flow and drainage, and to examine the effects of micro-landforms
(i.e., the top, upper, down, and bottom positions of the dune slope, and the interdune lowland
area) on these components from May to October 2013 and 2015. Results showed that the soil
water content was sensitive to rainfall pulses, particularly large precipitation events. Over 70%
of the total evapotranspiration occurred from June to August, with a maximum daily value of
6.56 mm. At a monthly scale, evapotranspiration was not synchronous with precipitation. The ratio of
evapotranspiration to precipitation was 1.84, 0.39, 2.49, 0.93, 2.26, and 1.14 in May, June, July, August,
September, and October 2013 (a wet year), respectively; and 2.40, 1.11, 0.69, 2.14, 1.07, and 1.11 in 2015
(a dry year), respectively. The components of the water balance were significantly different among
different micro-landforms. Evapotranspiration of a lowland area was greater than that in other
micro-landforms, and the value in the wet year (2013) was significantly greater than that in the dry
year (2015). However, water consumption in the lowland area was similar in both years. At the top,
upper, down, and bottom positions of the dune slope, the ratio of evapotranspiration to precipitation
in the wet year (2013) was 96%, 97%, 86%, and 96%, respectively; while in the dry year (2015), the ratio
was 103%, 103%, 88%, and 104%. Therefore, in the dry year, evapotranspiration was generally larger
than precipitation, indicating that almost all water from precipitation was evaporated. The lateral
flow of the root zone from top to bottom accounted for only a small portion of water budget at
the growing season scale. The results could be generalized to other similar region with corresponding
model calibration, and would help to reveal seasonal variations of water balance components under
the local topography, climate, soil, and vegetation conditions.

Keywords: dune-interdune landscape; SWMS-2D model; soil-water movement; water
balance components
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1. Introduction

Desertification is a major ecological problem worldwide [1,2]. In China, desertification threatens
more than a quarter of the national land area, and has become one of the most serious ecological and social
problems [3–5]. Revegetation using woody species can effectively halt desert encroachment [6]. However,
vegetation restoration in arid and semi-arid regions is largely controlled by soil water availability [7].
As the main source of soil water recharge in arid and semi-arid regions [8], rainfall directly affects
the tsoil water balance through hydrological processes, such as rainwater infiltration, runoff generation,
and groundwater recharge, at both local and catchment scales [9–11]. Thus, understanding the balance
is essential to quantify the linkage between regional hydrology, ecology, and physiography [12].

The Horqin Sandy Land, located in a semiarid agro-pastoral transition zone between the Inner
Mongolian Plateau and the Northeast Plains of China, has become one of the most severely desertified
regions in China, mainly attributed to long-term human disturbances including overgrazing and
extensive firewood harvesting [13,14]. Dune-interdunes (e.g., mobile, semi-mobile, semi-fixed,
and fixed dunes-interdunes) are the main landscape types in this region [11], where ecosystems
are sensitive and fragile to climate change and human activities [15]. Since the 1980s, large areas
revegetation projects have been initiated to stabilize sand dunes in the Horqin Sandy Land [16–19],
and rates of desertification has slowed down and even reversed in some areas [20–22]. However,
water shortages have become more serious as the initially simple vegetation system developed into
a complex ecosystem required to reverse desertification in these areas [14,23]. Given this situation,
a good understanding of water balance dynamics of micro-landforms in the dune-interdune landscape
is essential in determining the water-use efficiency of plants at different positions and developing
viable water-saving management strategies.

However, quantitative investigation of water balance dynamics including evapotranspiration,
soil water storage change, drainage, and lateral flow in the dune-interdune landscape, remains
a difficult task. This is because experimental observations are easily restricted by test conditions with
unexpected results, and there is an absence of sufficiently rapid techniques to measure these water
balance components. Numerical simulation is a flexible and cost-efficient alternative and approximates
the hydrological system using computational models. Some scholars have applied mechanistic models
such as HYDRUS, SWMS, and APRI to investigate the hillslope hydrological mechanisms related to
the management of water resources [24–26]. However, to our knowledge, there has been no research
on predicting hydrological processes in the dune-interdune landscape in the Horqin Sandy Land using
hydrological models. The SWMS-2D model offers ease of use and nearly perfect mass balances [27];
however, no data have yet been reported in the literature on the model’s ability to model the water
flow in the Horqin Sandy Land.

Therefore, in this study, the SWMS-2D model was applied to study the water flow in the
dune-interdune landscape. It was hypothesized that micro-topography drives differences in water
budgets among the top, upper, down, and bottom positions of the dune slope, and the lowland area.
The objective of this study was to compare the seasonal variations of water balance components based
on the calibrated and validated SWMS-2D model in different micro-landforms during the growing
season. The expected outcomes of this study could be generalized to other similar areas with
corresponding model calibration, and would improve our general understanding of water balance
variations under the local topography, climate, soil, and vegetation conditions.

2. Materials and Methods

2.1. Field Experimental Data

2.1.1. Study Site

The study was conducted at Wulanaodu Experimental Station of Desertification (43◦02′N,
119◦39′E and 498 m above sea level) (Figure 1), Chinese Academy of Sciences, located in Western
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Horqin Sandy Land, Northeast China. The region has a semiarid continental monsoon climate.
The mean annual wind velocity is 4.2 m s−1, and the prevailing wind direction is northwest in winter
and spring, and southwest to south in summer and autumn. The mean annual precipitation
(P) is 284 mm, with about 70% of this occurring between June and August, while the mean
annual pan evapotranspiration (ET) is over 2300 mm. The annual mean temperature is 6.2 ◦C,
and the frost-free period is 130 days. The minimum of monthly mean temperature was −11.7 ◦C
in January, and the maximum was 23.6 ◦C in July.
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Figure 1. The map around the study area.

The study area is characterized by sand dunes that alternate with gently undulating interdune
lowlands. Soil textures are mainly fine sand and sandy loam with a loose structure, which
are vulnerable to erosion. Moreover, caliche is generally found in the form of either nodules or
layers in the soil profile, and meadow saline soil is commonly distributed in the interdune lowlands.
The vegetation at the site is dominated by shrubs (e.g., Caragana microphylla in the dune area, and
Tamarix chinensis and Salix flavida in the lowland area), and herbaceous plants (e.g., Setaria viridis,
Leymus chinensis and Bassia dasyphylla) are randomly dispersed under these shrubs.

2.1.2. Sampling and Measurements

We selected an area of typical dune-interdune as the experimental plot. In this area, C. microphylla
was planted in 1 m × 1 m straw checkerboard sand barrier squares built on the dunes surface as sand
stabilization screens in the 1980s. A ~90 m transect was projected on the windward slope of the plot,
crossing from the dune top to lowland (southeast–northwest direction) (Figure 2). The sample positions
were set at 5 or 10 m intervals along the transect. The elevations of sample positions were measured
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using Global Positioning System (GPS) and the geometric gradienter, ranging from 486.76 to 497 m
with a height difference of ~10.24 m.

At each sample position, soil samples were taken at 10 cm increments from the surface to a depth
of 200 cm using a 3 cm-diameter soil auger, and the sample volume was about 20 cm3. Three replicates
were taken at each depth. This sampling procedure was repeated approximately every 10 days from
26 April to 30 September in 2013 and 2015. Soil water content was measured using the oven dry
method. The volumetric soil water content was obtained by converting gravimetric soil water content
based on soil bulk density [16].

Air temperature, precipitation, relative humidity, wind speed, actual vapor pressure, atmospheric
pressure and actual duration of sunshine hours were obtained from a meteorological station located
about 1000 m away from the study area. During the growing season, the total rainfall was 242 mm
in 2013, and 157.6 mm in 2015. We defined that 2013 and 2015 was the wet and dry year accordingly.
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2.2. Numerical Modeling

2.2.1. Modelling Approach

Numerical simulations of soil water movement in the experimental field were conducted using
the SWMS-2D model [28]. The code solves the two-dimensional form of the Richards’ equation using
a Galerkin linear finite element formulation, as given here:

∂θ

∂t
=

∂

∂xi

[
K(h)

(
KA

ij
∂h
∂xj

+ KA
iz

)]
− S, (1)

where h is the pressure head (L), θ is the volumetric water content (L3 L−3), K(h) is the unsaturated
hydraulic conductivity (L T−1), S is a sink or source term (T−1), xj is the spatial coordinates (i =1, 2),
t is the time (T), and KA

ij is the components of a dimensionless anisotropy tensor.

2.2.2. Flow Domain, Soil Properties, and Time Discretization

A 2D domain was considered in numerical simulations, which was in the x–z plane with 90 m
width (X axis) and 1.4–11.5 m depth (Z axis) (Figure 2). The total area of the transport domain was about
490 m2. An unstructured finite element grid was created with the sampling positions introduced.

Five soil types in the profile (Figure 2) were defined according to our measurements and previous
studies [16,29]. The Van Genuchten soil hydraulic properties (SHPs) including θr, θs, α, n and Ks

(Table 1) [30], which were required by the SWMS-2D model, were estimated using pedotransfer
functions and a Rosetta database [31]. The initial time step was 0.01 day and the minimum time step
was 0.0001 day.
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Table 1. The calibrated hydraulic parameters.

Soil Type θr θs α n Ks

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

Loamy sand 0.001 0.38 0.015 1.6024 40
Fine sand 0.001 0.33 0.0195 2.0024 65

Meadow saline soil 0.01 0.5 0.025 1.2074 5
Chestnut soil 0.01 0.5 0.0229 1.3024 4

Sandy silt 0.01 0.35 0.023 1.2524 20

2.2.3. Initial and Boundary Conditions

The measured soil water contents were converted into pressure head values by the Van Genuchten
model [30] including soil water retention θ(h) and hydraulic conductivity K(h), which were represented
as follows:

θ(h) =

{
θr +

θs−θr

[1+|αh|n]
m , h < 0

θs , h ≥ 0
, (2)

K(h) =

{
KsSl

e

[
1−

(
1− S1/m

e

)m]
, h < 0

Ks, h ≥ 0
, (3)

where

Se =
θ(h)− θr

θs − θr
=
[
1 +

(
|αh|n

)]−m, (4)

m = 1− 1/n, n > 1, (5)

where Se is the effective water content, θs and θr are the saturated and residual water contents (L3 L−3),
respectively, Ks is the saturated hydraulic conductivity (L T−1), α (L−1) and n are the parameters
controlling the shape of the retention curve, and l is the pore connectivity and tortuosity factor, which
is often set as 0.5.

The initial pressure head profile was determined from interpolation of all measured data at the first
step time studied (26 April 2013 and 2015). Additionally, it was assumed that there were the same
initial pressure heads at the bottom boundary, which were set as 0 (i.e., saturated soil water content).
The boundary conditions varied daily during the simulations. The upper boundary conditions
were provided from rainfall and potential values of evaporation (Ep) and transpiration (Tp) (Figure 3),
calculated according to Penman-Monteith equation and crop coefficient method recommended by
the FAO [32]. The bottom boundary was set as a variable flux boundary. The lateral boundary conditions
were established from the measured soil pressure-head data at the 0 m location of the dune slope, and 90 m
location of the lowland area (Figure 2). In addition, linear interpolation was performed between the two
nearest neighboring measurements to obtain the pressure-head values for all nodes during each time step.
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Figure 3. Potential values of evapotranspiration (ETp), evaporation (Ep), and transpiration (Tp) during
the growing season of 2013 (a) and 2015 (b).
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2.2.4. Root Water Uptake

Root water uptake S(h,x,z) in the model is described by the Feddes approach [33]. The approach
calculates the spatial distribution of root water uptake in the soil. The spatial distribution of potential
water uptake rate Sp(x,z) over the root zone is described by assigning a root-distribution function b(x,z)
to each node [34], which is implemented based on the observed root density and depth obtained by
field observations and relevant literature values [11,23,35]:

S(h, x, z) = a(h)Sp(x, z), (6)

Sp(x, z) = b(x, z)LtTp, (7)

where a(h) is a prescribed dimension1ess function of the soil pressure-head (0 ≤ a(h) ≤ 1),
Tp is the potential transpiration rate (L T−l), and Lt is the width (L) of the soil surface associated
with the transpiration process.

In this study, it was assumed that no roots were presented at soil surface (0 cm). For the dune
area, a large portion of roots were concentrated in the 40–80 cm depth section, and b(x,z) was set to 1.
In addition, linear growth was set in 0–40 cm interval, and a linear decrease in root density toward
0 was set in the 80–120 cm section. For the lowland area, there were more roots at 0–70 cm depth,
and b(x,z) was set to 1, and a linear decrease in root density toward 0 was set in 70–90 cm interval.

2.2.5. Performance Evaluation

The performance analysis was based on comparisons between the measured and simulated soil
water contents from 26 April to 30 September in 2013 and 2015. The root mean square error (RMSE)
was used to assess the accuracy of the simulation, which was represented as follows:

RMSE =

[
1
N

N

∑
i=1

(Si −Mi)
2

] 1
2

, (8)

where Si (cm3 cm−3) and Mi (cm3 cm−3) are the simulated and measured soil water contents, respectively.

2.3. Data Analyses

Water budgets in five micro-landforms (Figure 2, i.e., the top, upper, down, and bottom positions
of the dune slope, and the interdune lowland area) were investigated from May to October in 2013
and 2015. Based on the simulation results of the SWMS-2D model, the soil water storage change (∆S),
drainage (D) and lateral flow (LF) within 140 cm soil depth (root zone) were quantified at the daily,
monthly, and seasonal scales. The ET in different micro-landforms was calculated using the following
water balance equation [36]:

P = ET + LF + D + ∆S, (9)

3. Results

3.1. Model Calibration and Validation

The measured values of soil water content in 2013 were used to calibrate the soil hydraulic
properties (i.e., θr, θs, α, n and Ks) and root water uptake parameters. Figure 4a–f shows time
series plots of the measured soil water contents compared with the simulated values at different
depths (0–20, 40–60, and 90–110 cm) in different micro-landforms (the top and down positions of
the dune slope) in 2013, with RMSE values of 0.011, 0.017, 0.010, 0.014, 0.015, and 0.026, respectively,
which indicated good agreement.
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Figure 4. Temporal dynamics of simulated versus measured soil water contents during the growing
season of 2013, where (a–c) and (d–f) represent 0–20, 40–60, and 90–110 cm depths at the top and down
positions of the dune slope, respectively, in 2013.

The calibrated parameters (Table 1) were then used to simulate the soil water contents in 2015
to validate the model. Figure 5a–f shows time series plots of the simulated and measured soil
water contents at 0–20, 40–60, and 90–110 cm depths at the top position of the dune slope and
the lowland area in 2015, with RMSE values of 0.015, 0.015, 0.010, 0.024, 0.025 and 0.022, respectively.
During this validation period, the agreement between measured and simulated soil water contents
was similarly good. Therefore, the calibrated SWMS-2D model is effective for the simulation of water
flow in the dune-interdune landscape.
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Figure 5. Temporal dynamics of simulated versus measured soil water contents during the growing
season of 2015, where (a–c) and (d–f) represent 0–20, 40–60, and 90–110 cm depths at the top position
of the dune slope and the lowland area, respectively, in 2015.

3.2. Soil Water Dynamics

Figure 6 shows the seasonal variations of average soil water contents at 0–140 cm depth.
When a rainfall event of >5 mm occurred, soil water increased, but presented a declining trend
after rainfall. Rainfall of 6–10, 10–20, and >20 mm increased the mean soil water content by 0.003–0.005,
0.010–0.015, and 0.017–0.040 cm3 cm−3 in the 0–140 cm soil layers, respectively.
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Figure 6. The seasonal dynamics of mean soil water content and precipitation for the dune-interdune
landscape during the growing seasons of 2013 and 2015.

3.3. Characteristics of Daily Water Balances

Seasonal variations of water balance components including the P, ET, ∆S, D and LF at 0–140 cm
depth in the dune-interdune landscape are shown in Figure 7. The ET values ranged from 0.08 to
6.67 mm d−1 from early May to later October 2013, and 0.04–6.56 mm d−1 in 2015. Moreover, the higher
daily ET occurred in July and August, especially after rainfall (Figure 7b). The daily average of the ET
was 1.17 mm d−1 during the growing season in 2013, and 0.56 mm d−1 in 2015.
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Figure 7. The daily variation of water balances including the precipitation (a); evapotranspiration
(b); soil water storage changes (c); drainage (d); and lateral flow (e) for the dune-interdune landscape
during the growing seasons of 2013 and 2015.

The fluctuations in ∆S closely followed the rainfall events (Figure 7c). During a rainfall event,
the soil water storage generally started to increase, and the maximum ∆S was 59.3 mm d−1 for 2013,
and 27.2 mm d−1 for 2015, corresponding to the dates with the heaviest rainfall. However, the soil
water storage showed a declining trend after rainfall, and the minimum ∆S was about −6.50 mm d−1

during the study periods.
Figure 7d,e shows seasonal variations of the D and LF at 0–140 cm soil depth. The daily values

of the D and LF were generally less than 0.06 mm d−1 throughout the two study periods. However,
the LF prominently increased when the heaviest rainfall occurred, while the increase of the D lagged
behind the rain. Overall, the daily D and LF within 140 cm soil depths were far lower than the daily
values of other water balance components and were within the RMSE of the analysis.
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3.4. Characteristics of Monthly Water Balances

The monthly mean values of the ET, ∆S, D and LF at 0–140 cm depth varied from 11.56 to
83.32, −50.21–59.99, −0.04–0.42, and 0.04–0.27 mm during the growing season for 2013, respectively
(Figure 8a); and 10.62–51.02, −18.40–16.60, −0.04–0.42, and 0.01–0.27 mm for 2015 (Figure 8b).
These values indicate that compared with the other water balance components, LF and D were trivial
in the monthly water balance calculation.Sustainability 2017, 9, 1058  9 of 14 
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Figure 8. The monthly variation of water balances for the dune-interdune landscape during the growing
season of 2013 (a) and 2015 (b).

The ET was mainly concentrated in June, July and August during the growing season, accounting
more than 70% of the total ET, and peaking in July 2013 (Figure 8a), and June 2015 (Figure 8b).
The ET in each month was generally larger than the P, except for June and August 2013 and July 2015,
when the larger monthly rainfall occurred (e.g., >54 mm) (Figure 8). The ratio of ET to P in May, June,
July, August, September, and October was 1.84, 0.39, 2.49, 0.93, 2.26, and 1.14, respectively, for 2013;
and 2.40, 1.11, 0.69, 2.14, 1.07, and 1.11, respectively, for 2015. The monthly average of the ET in 2013
was higher than that in 2015, corresponding to the higher P.

The net soil water storage was synchronous with rainfall at a monthly scale. For example,
the soil water storage increased by 59.99 and 4.67 mm in June and August 2013, respectively
(Figure 8a), and 16.6 mm in July 2015 (Figure 8b), when the monthly rainfall was larger. However,
the monthly average of soil water storage generally decreased in other months of the growing
season, and the maximum monthly decrease was 50.21 mm in July 2013 (Figure 8a), and 18.40 mm
in August 2015 (Figure 8b).

3.5. Growing Season Water Balances in Different Micro-Landforms

Water budgets in different micro-landforms during the growing season of 2013 and 2015 are shown
in Table 2. In 2013, the ET at the top, upper, down, and bottom positions of the dune slope,
and the lowland area was 233.0, 234.0, 207.7, 231.4, and 369.1 mm, respectively, and the ratio of
ET to P was 96%, 97%, 86%, 96%, and 153%, respectively. In 2015, the ET for the five micro-landforms
was 162.3, 162.6, 138.8, 164.2, and 288.6 mm, respectively, and the ratio of ET to P was 103%, 103%, 88%,
104%, and 183%, respectively. It is clear that the interannual variation of the ET was consistent with the P
during the growing season. The ET in the lowland area was greater than in other micro-landforms and
the minimum occurred at the downslope position. At the top, upper, and bottom positions of the dune
slope, the ET was less than the P in the wet year (2013) and greater than the P in the dry year (2015).

The soil water storage at the lowland area was consistently depleted during the two growing
seasons, decreasing by around 134.0 mm from early May to later October. However, the net soil water
storage in the dune area was related to the P, and showed significant differences among different
micro-landforms. In 2013, the soil water storage at the top, upper, down, and bottom positions of
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the dune slope increased by 8.9, 7.7, 33.6, and 8.1 mm, respectively; while in 2015, the soil water storage
at the top, upper, and bottom positions decreased by 4.8, 5.5, and 8.2 mm, respectively, except for
an increase occurring in the downslope position.

Table 2. Water balances in different micro-landforms during the growing season of 2013 and 2015.

Year Location
ET ∆S D LF P Balance Error Percent Balance Error

(mm) (mm) (mm) (mm) (mm) (mm) (%)

2013

Top 233 8.9 0 0.1 242
Up 234 7.7 0.1 0.2 242

Down 207.7 33.6 0.5 0.2 242 10.4 4.3
Bottom 231.4 8.1 3.4 −0.9 242

Lowland 369.1 −133 −0.6 6.5 242

2015

Top 162.3 −4.8 0 0.1 157.6
Up 162.6 −5.5 0.1 0.4 157.6

Down 138.8 18.3 0.4 0.1 157.6 5.5 3.5
Bottom 164.2 −8.2 2.7 −1.1 157.6

Lowland 288.6 −134.7 −0.5 4.2 157.6

The D and LF were relatively lower than the other water balance components, and the values
at the top, upper, and down positions were less than 0.5 mm, which could be neglected in the water
balance calculation at the annual scale. The LF within 0–140 cm soil depths at the bottom position
was around 1.0 mm during the growing season; while the lateral outflow occurred in the lowland
area (6.5 mm in 2013 and 4.2 mm in 2015). During the growing season, the D at depth of 140 cm only
occurred in the bottom position (3.4 mm in 2013 and 2.7 mm in 2015).

4. Discussion

4.1. Seasonal Variations of Hydrological Budgets

In a semiarid climate, the ET during the growing season is strongly associated with P. In this study,
the ET rate was relatively high after rainfall, and the total ET in the wet year (2013) was highly greater
than that in the dry year (2015). This suggests that the ET response of vegetation declines at high soil
water deficit (i.e., with less rainfall), which was consistent with the findings of Ewers et al. [37] and
Pataki et al. [38]. Moreover, our results showed that at a monthly scale, the ratio of ET to P was generally
nearly equal to or larger than 1. Thus, all water from rainfall evaporated in most of the months, and the
soil water deficit was notable, especially in July 2013 and August 2015. The monthly ET was not
synchronous with P, and there was a time lag between them. For example, the P in June 2013 was far
heavier than that in July and August, and the P in July 2015 was heavier than that in June and August,
but the ET was in a reverse order. Therefore, despite the serious water shortage during most of
the studied months, the time lag could allow water supply in the month with the heavier rainfall to
compensate water consumption in the month with less rainfall. This could relieve temporary drought
in this area, and ensure continued plant growth.

4.2. Effect of Micro-Topography on Hydrological Budgets

Micro-landforms had different effects on hydrological budgets. Although previous scholars have
proposed that micro-topography drives differences in soil water condition and causes differences
in plant growth on a cropped hillslope [39], there has been an absence of quantitative and systematic
investigations of water balance at the micro-landform scale in the dune-interdune landscape.
Such analyses would help to reveal the mechanisms of soil water movement and provide practical
water management measures for similar areas.

In our study, water balance components at the top, upper, down, and bottom positions of the dune
slope and the lowland position were compared in detail. In the wet year (2013), the ratio of ET to P
was 96%, 97%, 86%, 96%, and 153% for the five micro-landforms, respectively. In the dry year (2015),
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the ratio was 103%, 103%, 88%, 104%, and 183%, respectively. In the lowland area, the ET was greater
than rainfall, and the soil water storage also showed the largest declining trend. This was mainly
attributed to larger vegetation coverage. In addition, water storage consumption of the lowland area
was similar in the wet/dry year, which indicated that vegetation in the lowland area used additional
water supply, such as groundwater recharge in the dry year, to maintain growth. However, in the dune
area, the ET in the wet year (2013) was less than the P, and soil water storage was recharged by rainfall,
which ensured growth of C. microphylla. Conversely, in the dry year (2015), ET was mostly larger
than the P and hence soil water storage was consumed, where the growth conditions of C. microphylla
was also poor. These results indicate that water shortages in dune areas are particularly acute,
and the density of sand-fixing shrub plantation at the top, upper, and bottom positions of the dune
slope should be appropriately reduced by grazing or other human disturbances with different intensity.
This would ensure that the soil water budgets are balanced, and the growth of plants are steadily.
At the downslope position of the dune, the ET was lower, which mainly attributed to lower vegetation
coverage (25%) compared with other micro-landforms (>30%).

Our results showed that the LF within the root zone from top to bottom was trivial, which might
be explained by the small elevation difference or rainfall intensity [40,41], or lack of a headwater
catchment [24]. Thus, further work is needed to quantify the response of LF to altered precipitation
intensity and sand-fixing shrub density in dune-interdune landscapes, which would contribute to
water resource management.

5. Conclusions

The SWMS-2D model was tested and used to estimate the variations of water balances during
the growing season in a semiarid dune-interdune area of Northeastern China. The main results can
be summarized as follows:

The soil water content, daily evapotranspiration and soil water storage change closely followed
with the change of rainfall patterns. The daily mean values in 2013 were higher than 2015.

At a monthly scale, evapotranspiration was greater than precipitation in most of the months
during the growing season, which suggested that water from rainfall mostly evaporated. Moreover,
the monthly evapotranspiration was not synchronous with rainfall. Therefore, despite the lack of soil
water in most of the studied months, water supply from the greater monthly rainfall would meet
temporary water use in the dry months, and ensure the growth of plants.

Among different micro-landforms, there was a significant difference in water balance.
Evapotranspiration in the lowland area was far greater than rainfall, and the soil water storage
also showed a larger decline compared with other micro-landforms, which was similar in the wet and
dry years. In the wet year (2013), the ratio of evapotranspiration to precipitation at the top, upper,
down, and bottom positions of the dune slope was 96%, 97%, 86%, and 96%, respectively. In the dry
year (2015), the ratio was 103%, 103%, 88%, and 104%, which indicates that evapotranspiration at
the top, upper, and bottom positions was larger than precipitation, and all water replenishment from
precipitation was consumed by evapotranspiration. The lateral flow of the root zone from top to
bottom accounted for only a small portion of water budget during the growing season.

The results of this study improve our general understanding of water balance variations at
the micro-landform scale in a revegetated semiarid sandy land. However, more work will be needed to
quantify the role that altered precipitation intensity and sand-fixing shrub density may play in lateral
flow generation.
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