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An understanding of soil water content dynamics is important for vegetation restoration
in an arid desert-oasis ecotone under different landscapes. In this study, the dynamics of
soil water content under three typical landscapes (i.e., desert, sand-binding shrubland,
and farmland shelter woodland) were investigated in the Hexi Corridor, northwest China,
during the growing season from 2002 to 2013. The results showed that the soil
water content in the deep layers decreased from 20-30% to a stable low level of
3-5% in the desert and shrubland. For the farmland shelter woodland, the soil water
content at the deep layers also decreased, but the decrease rate was much smaller
than the desert and shrubland. The decrease of soil water content in the deep soil
layers among desert—shrubland-woodland was strongly associated with the increase
of groundwater depths. The greatest increase of groundwater depths mainly occurred
during 2008-2011, while the largest decrease of soil water content took place during
the years 2009-2011, with a time-lag in response to increase in groundwater depths.
This study provides new insight into the long-term dynamics of soil water content in a
typical desert oasis ecotone under different landscape components from the influence
of overexploiting groundwater that cannot be inferred from a short-term study. The
findings demonstrate that the sharp increase of groundwater depths could be the
main reason behind the reduction of soil water content in the clay interlayers, and
sustainable development of groundwater resources exploitation is very important for the
management of desert-oasis ecotone from a long-term perspective.

Keywords: desert-oasis ecotone, vegetation restoration system, soil desiccation, clay inter-layers, textural profile

INTRODUCTION

Soil water refers to the amount of water stored in the soil unsaturated zone and is often used as an
indicator of water limitation in arid and semi-arid regions (Dobriyal et al., 2012). As an important
component of the hydrological cycles, soil water is involved in many hydrological processes, such
as soil infiltration from precipitation, the formation of runoff, discharge from groundwater, soil
evaporation, and plant transpiration (Porporato et al., 2002; Kizito et al., 2012; Li et al., 2014). Soil

Frontiers in Environmental Science | www.frontiersin.org 1

November 2020 | Volume 8 | Article 577406


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2020.577406
http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2020.577406&domain=pdf&date_stamp=2020-11-26
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:gimi123@126.com
https://doi.org/10.3389/fenvs.2020.577406
https://www.frontiersin.org/articles/10.3389/fenvs.2020.577406/full

Wang et al.

Temporal Variation Soil Moisture Different Landscapes

water content is better expressed in terms of water availability
to plants from an eco-hydrological perspective compared with
rainfall or aridity index in dryland systems (Wang et al., 2012).
A growing literature has demonstrated that the stability and
availability of soil water in root zone is closely associated with
the maintenance of arid ecosystem functions and services (Gao
et al., 2015). Thus, monitoring soil water content is critical for
comprehensively evaluating the benefits and consequences of
vegetation restoration and ecosystem sustainable management
in dryland ecosystems (Mohanty and Skaggs, 2001; Ruiz-Sinoga
et al., 2011; Betti et al., 2016).

In arid northwest China, a defining geomorphologic feature
is that many natural or artificial oases of different shapes and
sizes are interspersed in widespread sandy deserts (Cheng et al.,
1999). Desertification around the edge of these oases is a long-
standing environmental problem and is expected to continue in
the future due to human activities and climate change (Wang
etal., 2015). This makes reestablishment of vegetation (i.e., shrub
and tree plantations) a key strategy in ecosystem restorations
and provision of ecosystem services in the translated zone

between desert and oasis (i.e., desert-oasis ecotone) (Li and Shao,
2013a). However, the stability of artificial vegetation could be
threatened by the deterioration of soil water and groundwater
due to irrational agricultural irrigation (e.g., over exploitation of
groundwater). Meanwhile, the dynamics of soil water content is
also considered to differ significantly among components of a
disturbed ecosystem (Li and Shao, 2013b). Thus, it is not an easy
task to monitoring long-term dynamics of soil water content in
a desert oasis ecotone with various soils, topography, vegetation,
and land use types (Yi et al., 2014).

The Hexi Corridor is one of the main desert oasis regions in
arid northwest China. Most of the oases are established naturally
in the inland river deltas or on alluvial-diluvial plains (Zhang
et al., 2003). Due to the rapid growing population and intensive
demand for food, the conversion of shrubland or grassland to
farmland is a recurrent problem in the oasis margins (Su et al.,
2007). It has been reported that about 10% of shrubland or
grassland previously used for pasture has been converted to
cropland within the first half of the twentieth century. This
conversion typically results in over exploitation of groundwater
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FIGURE 1 | The dynamics of soil water content of different soil layers at (A) 20cm, (B) 40cm, (C) 60cm, (D) 80cm, (E) 100cm, (F) 120cm, (G) 140cm, (H) 160cm,
and (I) 180 cm in desert.
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in the remaining marginal lands and increases groundwater level
and shrinks groundwater resource. Understanding the spatial
heterogeneity and variables of groundwater and estimating the
dynamics of soil water content in different landscapes is crucial
for various management and environmental protection in a
desert oasis ecotone (Huang et al., 2012). Although many studies
have been conducted to examine the temporal and spatial
dynamics of soil water content of single landscape, e.g., the
farmland (Ji et al., 2007), forest (Knight et al., 2002), and desert
(Li et al., 2008), long-term monitoring of the dynamics of soil
water content under different landscapes is urgently needed (Hu
etal., 2011).

In this study, we considered the desert, shrubland, and
woodland as an entire continuum system in the desert oasis
ecotone to investigate the soil moisture dynamics, groundwater
depths, vegetation conditions and their hydrological relations
during the growing season from 2002 to 2013. The main
objectives were to: (i) compare the dynamics of soil water
content between distinct three landscapes and (ii) investigate the
potential hydrological relations between groundwater and soil
moisture across different landscapes.

MATERIALS AND METHODS
Study Area

The study area is located in a typical desert-oasis ecotone
in Linze County of Gansu province in northwestern China
(39° 21’ N, 100° 07" E and altitude of 1,374m). The area
has a continental temperate desert climate: dry and hot in
summer and cold in winter. The mean annual precipitation is
only 117mm. The potential annual evaporation is 2,390 mm,
and the dryness index is 20.5. The annual rainfall has no
significantly increasing or decreasing trend in the past 40 years
(Supplementary Figure 1A). The mean annual temperature is
7.6°C, with the highest temperature at 39°C in July and
lowest at —27°C in January, respectively. The annual mean
and max temperature during the growing season also has no
significantly increasing or decreasing trend in the last decade
(Supplementary Figure 1B). The mean annual wind velocity is
3.2 ms™!, and the wind direction is mainly from the northwest.
Gales with wind velocity above 17m s~! occur about 10-15
days year™!.

To curb wind erosion and alleviate its influence on the oasis,
a succession of protection measures was implemented from
desert to farmland, including fencing natural desert, conversing
desert to shrubland and woodland at the edge of the oasis.
After several decades, three distinctive landscapes (i.e., desert,
sand-binding shrubland, and farmland shelter woodland) have
gradually established along unprotected desert to farmland
(Supplementary Figure 2).

Experimental Design and Measurements

To compare the temporal variation of soil moisture under
different landscapes, three replicates of measurement sites for
each landscape unit were selected in each landscape to minimize
errors due to soil, topography, and vegetation heterogeneity
(Supplementary Table 1). At the beginning of the soil sampling,
the soil texture at the profile of 0-180cm was determined

by pipette method, and the soil is classified as different soil
types based on international soil texture classification. The soil
water content varied throughout the growing season (April-
September), mostly through strong interactions with vegetation
and groundwater, and basically remained constant over the
winter, due to negligible root activity and human agricultural
activity. And thus we considered the growing season to be the
study period of interest here. At each site, a composite soil sample
at different depths (20, 40, 60, 80, 100, 120, 140, 160, and 180 cm)
was randomly collected from three sampling points by using
a stainless steel auger (5cm in diameter) on a sunny day on
mid-April, May, June, July, August, and September during the
growing season from years 2002 to 2013. Soil water content was
then measured gravimetrically and calculated as the ratio of the
mass of water to dry soil after drying the samples at 105°C.

Six groundwater depth monitoring wells were established
along the desert, shrubland, and woodland at the edge of Linze
Oasis (Supplementary Figure 1). The groundwater depths were
recorded every 10 days from 2002 to 2011. The variation of soil
water content was closely related to the local groundwater depths
and the irrigation event. The farmland shelter woodland was
irrigated once or twice from June to August with an irrigation
amount of approximately 100 mm.

TABLE 1 | Mann-Kendall test and field trends of soil water content in desert (red
represents sharp decrease rate of soil water content).

Sites Depths B Zc Zy_,» Significance Soil types
(cm)
Leeward slope 20 - —140 196 N Sand
40 - -088 196 N Sand
60 001 234 196 Y Sand
80 001 452 196 Y Sand
100 0.01 494 196 VY Sand
120 001 419 196 Y Sand
140 001 366 196 Y Sand
160 0.01 380 196 Y Sand
180 0.01 364 196 Y Sand
Dune top 20 -0.01 —245 196 Y Sand
40 - —-046 196 N Sand
60 - —-0.11 196 N Sand
80 - -055 196 N Sand
100 - -058 196 N Sand
120 - 0.04 196 N Sand
140 - 1.79 196 N Sand
160 001 271 196 Y Sand
180 - 151 196 N Sand
Interdune lowland 20 - —-0.19 196 N Sand
40 - —-182 196 N Sand
60 -0.01 —=8.04 196 Y Sand
80 -0.02 -8.17 196 Y Sand
100 —-0.15 —5.91 196 Y Silty clay loam
120 -0.15 —=7.13 196 Y Silty clay loam
140 -0.18 =820 196 Y Silty clay loam
160 -0.14 —5.76 196 Y Silty clay loam
180 —-0.11 —3.61 196 Y Silty clay loam
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Statistical Analysis

SPSSV15 and Origin 8 were used to estimate the soil moisture
variation and trends of six observation sites. Mann-Kendall trend
and linear regression analysis methods were performed to show
the trend of soil moisture changes in different depths at different
landscapes. According to the difference of soil water content, we
divided the growing season into three different periods: early
growing season (April-May), the middle growing season (June-
August), and the late growing season (September—October). Soil
water content anomalies during the different periods were used
to assess soil moisture stress compared with normal conditions.

RESULTS

Dynamics of Soil Water Content of
Different Landscapes

Desert

The vertical distribution of the soil water content could be mainly
divided into two-layer types. For the interdune lowland, there

was a slight difference between the soil water content of different
depths in the upper soil layers, but the soil water content in
the deeper layers (i.e., 80-180cm) (Figures 1D-I) was much
higher than that of the upper layers (i.e., 20, 40, and 60 cm)
(Figures 1A-C). The soil water content was relatively stable
in the upper layers, but the soil water content at deep layers
decreased sharply from an initial 20-24 to 3-5% (Figures 1D-G),
and the values of 8 of Mann-Kendall analyses ranged from —0.11
to —0.18 (Table 1). For the leeward slope and dune top, the soil
water content at different layers showed a similar pattern, and
there was a slight difference among different depths.

Shrubland

In the shrubland of Elaeagnus angustifolia, there was also a
slight difference between the soil water content of different
depths in the upper soil layers, but the soil water content
at deep layers of 160-180cm decreased drastically from an
initial 24 to 3%. The decline trend of the soil water content
could be well-described by a linear function with a decrease
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TABLE 2 | Mann-Kendall test and field trends of soil water content in shrubland
(red represents sharp decrease rate of soil water content).

Dominant plant Depths B Zc Zy_,» Significance Soil types

species (cm)
Elaeagnus 20 -0.01 =214 196 Y Sand
angustifolia 40 -002 -362 196 Y Sand
60 -0.01 —2.00 196 Y Sand
80 - —1.40 196 N Sand
100 -0.01 -3.61 19 VY Sand
120 -0.02 —4.75 19 VY Sand
140 -0.02 —5.00 196 VY Sand
160 -0.10 —-6.56 196 Y Silty clay loam
180 -0.14 —6.65 196 Y Silty clay loam
Haloxylon 20 - —167 196 N Sand
ammodendron 45— _097 196 N Sand
60 - =025 196 N Sand
80 - 1.27 196 N Sand
100 - 1.68 196 N Sand
120 0.008 2.41 196 VY Sand
140 0.001 2.07 196 VY Sand
160 - 1.34 196 N Sand
180 - 0.23 1.96 N Sand
Populus 20 - 0.04 196 N loam
gansuensis 40 - 005 196 N loam
60 - 0.64 1.96 N Sand
80 - —1.34 196 N Sand
100 - —1.73 196 N Sand
120 - 1.89 196 N Sand
140 - 019 196 N Sand
160 - 0.58 196 N Sand
180 - 0.55 196 N Sand

rate of 0.1% every year (Figures 2H,I). Meanwhile, the values
of f8 of Mann-Kendall analyses ranged from m0.10 to —0.14
(Table 2). In the shrubland of Haloxylon ammodendron and
Populus gansuensis, the soil water content at different depths was
basically at a low level of 2-3%, except for the litter fall layers of
Populus gansuensis (Figure 2).

Woodland

In the farmland shelter woodland, the soil moisture of
different depths of three sites show similar temporal trends
and decreased uniformly and slightly at deep layers. The
soil water content ranged between 4 and 12% at the
surface layers (i.e., 20cm), which was covered by litter falls
(Figure 3). The soil water content at deeper layers decreased
slightly and was basically kept stable (5-8%) (Figure 3;
Table 3).

The Anomalies of Soil Water Content of

Different Landscapes

Desert

The anomalies of soil water content clearly varied over the
growing season and exhibited strong seasonality in the interdune

TABLE 3 | Mann—Kendall test and field trends of soil water content in woodland.

Dominant plant Depths B Zc  Zi_,» Significance Soil types

species (cm)
Pinus sylvestris 20 -  —-0.15 196 N Sandy loam
var.mongolica 45 _ 005 196 N Sand

60 - =016 196 N Sand

80 - 0.37 196 N Sand

100 - 0.83 196 N Sand

120 - 0.67 196 N Sand

140 -0.02 —2.84 196 Y Sand

160 —-0.02 —2.80 1.96 Y Sand

180 -0.08 —4.32 196 Y Sand
Platycladus 20 - 0.28 1.96 N Sandy loam
orfentalis 4 - -138 196 N Sandy loam

60 - —-167 196 N Sand

80 -0.01 -260 196 Y Sand

100 —-0.01 —2.33 196 Y Sand

120 - =189 196 N Sand

140 -0.02 -3.17 196 Y Sand

160 -0.02 —2.30 196 Y Sand

180 —-0.02- —2.30 196 Y Sand
Pinus 20 - 0.28 1.96 N Sandy loam
tabuliformis 40 - 103 196 N Sand

60 - -003 196 N Sand

80 - 048 196 N Sand

100 - =122 196 N Sand

120 -0.02 —-2.87 1.96 Y Sand

140 —-0.083 —4.04 196 Y Sand

160 —-0.08 —4.84 196 Y Sand

180 -0.08 —4.97 196 Y Sand

lowland. The higher values were mainly in early period and
lower values were in middle and late period at the deep layers
of 100-180 cm (Figure 4C1).

Shrubland

In the shrubland of Elaeagnus angustifolia, the anomalies of soil
water content exhibited similar pattern as desert lowland: the
higher values were mainly in early period, but lower values were
in middle and late period (Figure 4A2).

Woodland

For farmland shelter woodland, the soil water content anomalies
of the three sites exhibited similar patterns: higher values are
observed in early and middle period, but lower values in late
period (Figures 4A3-C3).

DISCUSSION

In this study, the differences of soil water content under the
three landscapes were compared at several soil layers. Increased
variability with soil depth was observed at the desert and
shrubland. We found that distinct silty clay layers existed in the
deep soil profiles of desert and shrubland. The soil water content
in these clay interlayers was more variable than upper soil layers
(i.e., sand layers). Consistent with our study, Sun et al. (2018)
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FIGURE 3 | The dynamics of soil water content of different soil layers at (A) 20cm, (B) 40cm, (C) 60cm, (D) 80cm, (E) 100cm, (F) 120cm, (G) 140cm, (H) 160cm,

also found that clay layers existed at the same study site. Qi et al.
(2003) and Gong et al. (2005) also reported that alluvial alluvium
or the loess-like parent material was the main soil-forming parent
material in the inland river basin of Heihe. Compared with sand
layers, these silty clay layers have much stronger water-holding
capacity but greater variations (Miller and Franklin, 2002; Su
et al., 2004; Betti et al., 2016). In this study, we found that the
clay layers could hold more water compared with sand layers, but
the soil water content decreased sharply after the year 2009. In
desert, the soil water content of sand layers would not change
too much due to its limited soil water-holding capacity. This
result seemed to support the findings from other similar studies.
For instance, Mohanty and Skaggs (2001) reported that the soil
water content of sandy loam was more stablethan silty loam in
0-5cm. Hu et al. (2010) also found that the temporal stability
of sandy soils was significantly stronger than that of the sandy
loam and silt loam. The inverse texture effects suggest that “taller
and denser perennial vegetation” could mainly occur on coarse-
textured soils but not fine-textured soils at arid regions with
limited precipitation and high evaporation (Noy-Meir, 1973;
Sperry and Hacke, 2002). This may be attributed to the soil

desiccation at the silty clay layers and its negative effects of
preventing root penetration into deeper layers (Li et al., 2013). As
such, we predicted that in our study environmental degradation
(i.e., significant reduction of soil water content) may lead to
a sharp reduction in the biomass and diversity of deep-rooted
plants in arid desert ecosystems.

In arid desert ecosystems, the soil water can be replenished
by infiltration from rainfall and recharge from groundwater,
and the soil water is mainly lost from the soil by evaporation
and transpiration of different vegetation types. These inputs
and outputs resulted in the changes of soil water content.
Surface water in the oasis is very limited and restricted due
to rapid population growth, social-economic development, and
large-scale expansion of farmland in the recent decades (Liu
et al, 2010). Agricultural production therefore heavily relies
on groundwater irrigation, and the groundwater irrigation area
increased nearly 10 times from 2002 to 2011 in this study area
(Wang and Zhao, 2015; Wang et al., 2015).

In this study, we found that the soil water content in the
woodland decreased slightly and was apparently more stable than
that in the desert and shrubland. Obviously, this was caused by
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the irrigation in the woodland, which could enhance the soil
water content in the different soil layers. In contrary to woodland,
the soil water content decreased sharply in the interdune lowland
with clay interlayers during the years 2008-2010. The decrease
of soil water content may be attributed to the increase of
groundwater depths, which restricts groundwater access to deep
soil layers via capillary transport (Supplementary Figure 3). In
the natural desert, the groundwater depths ranged from 2 to
5m, and as the depths of groundwater increased, groundwater
could not be transported to plant roots through capillary actions.
In the shrubland, we also found that the soil water content
in 160-180cm decreased continually with time. Three major
mechanisms may account for the decrease in soil moisture. First,
large-area re-vegetation of big shrubs and trees caused high
evapotranspiration amount (Chang et al, 2006). Second, the
annual precipitation amount is only 110 mm, and the dominant
rainfall types are small rainfall events (<5mm) which can
only wet the top soil (0-60cm) and normally evaporate back
quickly after rainfall (Shen et al, 2014; Wang et al, 2019).
Furthermore, intensive abstraction of groundwater for farmland
irrigation may lead to the increase of groundwater depths,

and less groundwater can recharge the soil water content at
deep layers.

The low soil water content anomalies at different landscapes
were observed mainly around the middle and late period,
which coincides well with the increased in groundwater
depths (Supplementary Figure 4). These results suggest that the
groundwater depths have an influence on soil water content
at 160-180 cm. The desert-oasis ecotone is a groundwater-
dependent system, where groundwater controls the soil water
content at deep depths, which directly affects the dynamic
of soil water content and vegetation at different temporal
and spatial scales (Huang et al, 2012). Normally, the soil
water content is much higher under shallower groundwater
depths than deeper ones. This may be caused by the effects
of capillary actions. In this study area, due to the intensive
expanding farmland at the edge of oasis, agricultural irrigation
have consumed too much groundwater, and the groundwater
depths significantly increased (Supplementary Figure 3). When
groundwater depths are higher than the capillary rise height,
groundwater could not support soil water content at deep soil
layers. The intensive expanding of farmland, strong competition
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between agricultural and ecological water, intensive pumping
of groundwater, and sharp decrease in soil water content
have made good water management more important than
ever before.

CONCLUSIONS

This study examined the dynamics of soil water content of
three different landscapes in a typical desert-oasis ecotone of
northwestern China. For desert and sand-fixing shrubland,
the soil water content at deeper clay layers decreased sharply
due to increased groundwater depths and intensive shrub
plantation. For the farmland shelter woodland, the soil water
content was relatively stable except for the deep soil layers.
The soil water content at deep depths also decreased, but
the decrease rate was much smaller than the desert and
shrubland due to irrigation. The increase of groundwater
depths is the major reason for the decrease of soil water
content of desert and shrubland, so a balance between
ecological and agricultural water requirement should be
considered based on the groundwater storage in the desert-
oasis ecotones.
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