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The springwheat–shelterbelt–maize agroforestry ecosystem is one of themost common land use patterns occur-
ring in oasis agriculture in the arid zones of northwest China. Soil water interactions were hypothesized to exist
between adjacent land use types, and that these interactions could be analyzed by using the soil water content
(SWC) measured at the most time-stable locations (MTSLs) under each land use type. Objectives of this study
were to (1) identify the MTSLs for the different soil layers under each land use type and (2) to investigate the
soil water relations between adjacent land use types using the SWC measured at the identified MTSLs. The
SWC was measured in 2012 and 2013 at 10-cm depth intervals within 0–260 cm soil profiles at 36 locations
along three transects that passed through spring wheat, shelterbelt, andmaize subplots. A time-stability analysis
of SWCwas used to identify theMTSLs in the four different soil layers under each of the three land use types. The
results indicated that temporal variations in soil water in the same soil layer among the three land use types
tended to have similar patterns. The SWC of the different soil layers under maize exhibited the highest temporal
stability among the three landuse types. The SWCmeasured at theMTSLs identified for each soil layer under each
land use typewas proven to represent their mean SWC. Correlation analyses of the SWCsmeasured at theMTSLs
between two land use types indicated that soil water relations occurred between adjacent land use types but not
between those that were non-adjacent land use types by the correlation analyses of the SWCs measured at the
MTSLs between two land use types. In the upper soil layer (0–200 cm), soil water relations weremainly affected
by shelterbelt root water uptake from the adjacent cropland into which the tree roots had extended. In the lower
soil layer (200–260 cm), the soil water relations among the three land use types were due to groundwater re-
charge, which was a result of crop irrigation that had raised the water table to a level at which it could replenish
this soil layer.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Sandy desertification is an important environmental problem
confronting oasis-agricultural ecosystems (Luo et al., 2005). In order
to protect the cropland against damage from sandstorms and dry ther-
mal winds originating in deserts, shelterbelts have been planted around
andwithin the oasis areas. However, perennial trees have greater water
consumption than annual crops (Ong et al., 1992;Williams et al., 2009).
In order to develop sustainable management systems of limited water
resources, it is essential to know about the soil water variations and re-
lations that occur within and among the different land use types that
comprise an agroforestry ecosystem.
rosion andDryland Farming on
on, Northwest A&F University,
TheHeihe River is one of the largest inland rivers in the arid zones of
northwest China. The Heihe River Basin (HRB) supports oasis agricul-
ture that is of great significance to the social and economic development
of the region. One of the most common land use patterns used in the
oasis agriculture is spring wheat–shelterbelt–maize agroforestry. Past
studies of soil water under oasis agricultural systems have mainly fo-
cused on the relations between soil water and plant species diversity
(Li et al., 2008), and on the spatial variability of soil water within the
oasis-desert (Wang et al., 2007) and cropland–shelterbelt–desert eco-
tones (Shen et al., 2014). However, few studies have considered the
spring wheat–shelterbelt–maize land use pattern as an entire continu-
um when investigating soil water variations and relations within it.
Such knowledgewould be of importance to themanagement of the lim-
ited basin water resources.

An agroforestry ecosystem refers to land use systems in which
woody perennials are purposely planted in the same landmanagement
units as agricultural crops (Nair, 1985; Nestel, 1983). In such a system,
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the effects on soil water variations are more complex under the combi-
nation of trees and seasonal crops than under the same trees and crops
when grown separately. Soil water variations within an agroforestry
ecosystem depend onmany factors, including the tree and crop species,
the proportions of land area allocated to the crops and the trees, root
distributions, soil properties, and the prevalent climate. Another factor
is the proximity of the crops to the trees and/or the pattern of their dis-
tributions in relation to each other. Previous studies had shown that
trees could extract water from the soil in adjacent cropland areas, and
that this depended on the type of agroforestry system (Ellis et al.,
2005; Knight et al., 2002; Malik and Sharma, 1990). The SWCs under
crops were depleted to a greater extent by tree root water uptake as
the distance from the trees became shorter (Huxley et al., 1994;
Livesley et al., 2004; Shen et al., 2014;Woodall andWard, 2002). Similar
results were obtained for adjacent land use types by Ellis et al. (2005)
who studied cropland and shelterbelt systems and by Knight et al.
(2002) who investigated shelterbelt and pasture interactions.

Understanding the temporal variability of soil water is essential to
water resources management. The concept of time stability, which
wasfirst proposed byVachaud et al. (1985), is usefulwhen investigating
SWC variability over time. It enables the time-invariant relations be-
tween SWC (or another soil property) at a given spatial location and
its basic statistical parameters to be characterized. Kachanoski and
Jong (1988) developed the concept of time stability of soil water at spe-
cific sampling locations to encompass the temporal persistence of spa-
tial soil-water distribution patterns, which was determined by using
Spearman rank correlation analysis between successive time intervals.
One of the most useful practical applications of the time stability con-
cept is to find themost time-stable locations (MTSLs) that can then rep-
resent the mean SWC for a given area (Brocca et al., 2009; Grayson and
Western, 1998; Hu et al., 2009, 2010;Martínez-Fernández and Ceballos,
2005; Liu and Shao, 2014).

Agroforestry systems are commonplace in all ecological and geo-
graphical regions of world (Nair, 1993). Therefore, understanding of
soil water relations among the different land use types of such agrofor-
estry systems is important in order to increase the water use efficiency
Fig. 1. Location of the study area in
of the whole system as well as the crop productivity. We hypothesized
that soil water interactions existed between adjacent land use types,
and that these interactions could be analyzed by using the SWC mea-
sured at the MTSLs under each land use type. The main objectives
were to: (1) identify the MTSLs for the different soil layers under the
three land use types comprising the agroforestry ecosystem and (2) to
investigate the soil water relations between adjacent land use types
using the SWC measured at the identified MTSLs.

2. Materials and methods

2.1. Study area

The study area is at the Linze Ecological Observational and Experi-
mental Station (39°21'N, 100°07'E), which is located in a desert-oasis
ecotone in the middle reach of the HRB of Northwest China (Fig. 1).
The site is characterized by continental arid temperate climate condi-
tions, with a mean annual precipitation of 116.8 mm (1965–2000),
about 90% of which falls during the rainy season between June and Sep-
tember. Themean annual air temperature is about 7.6 °C, and varies be-
tween the mean minimum temperature of −27.8 °C in December and
themeanmaximum temperature of 39.1 °C in August. Themean annual
open water evaporation is about 2365 mm (Chang et al., 2006). The
mean frost-free period is 165 days, and the relative humidity ranges
from 7.3% to 80.9% (Chang et al., 2006). The area is densely vegetated
with crops (mainly maize, Zea mays and spring wheat, Triticum spp.)
and shelterbelts consistingmostly of Gansu Poplar (Populus gansuensis).

2.2. Experimental design and measurements

An 80 m × 16 m experimental plot was established that included
three subplots along its length. In sequence, these were a spring
wheat subplot, a shelterbelt subplot, and a maize subplot with length
of 22, 36, and 22 m, respectively (Fig. 2). Thus, the shelterbelt was bor-
dered to the south by springwheat and to the north bymaize. The shel-
terbelt had nine rows of Gansu Poplars, which were planted in 1980
the Heihe River basin, China.



Fig. 2. The layout of the experimental plot.
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with a row spacing ranging from 4.45 to 6.7 m. The growing season of
the Gansu Poplars was from May to October, whereas those of the
spring wheat and maize were from March to July and April to Septem-
ber, respectively.

During the growing seasons, the cropland was irrigated by conven-
tional flood irrigation once every 7 to 14 days with an irrigation amount
of approximately 100 mm per irrigation event. A similar irrigation
amount was applied at the beginning of the winter season after sowing
both crops. The amount of irrigation was intended not only to meet the
crop water requirements but also to leach the soil profile of salts in
order to avoid problems related to increased salinity. As shown in
Fig. 3, 21 irrigation events occurred in the spring wheat subplot during
the studied period (nine events in 2012 and 12 events in 2013), while
24 irrigation events occurred in the maize subplot (12 events in both
2012 and 2013). Daily rainfall and other climatic variables were record-
ed by an AG1000 automated weather station at a distance of about
500 m from the study site. During the experimental period, there
were 21 rainfall events in 2012 and 25 rainfall events in 2013, which
produced total rainfall amounts of 84.4 and 73.2 mm, respectively. For
the 46 rainfall events, the mean rainfall depth, storm duration, rainfall
intensity, and interval time between two successive rainfall events
were 4.3 mm, 4.3 h, 0.84 mm/h, and 287.4 h, respectively.

Three parallel transects were laid out along the length of the spring
wheat-shelterbelt-maize plot, with a spacing of 4 m (Fig. 2). Twelve
Trime-Time Domain Reflectometry (TDR) access tubes (4-cm diameter,
polycarbonate) were installed to a depth of approximately 280 cm in
each subplot (Fig. 2). Four access tubes were located along each of the
three transects passing through a given subplot in order to facilitate
the measurement of volumetric SWC. The distance between adjacent
Fig. 3. Rainfall and irrigation events and variations in the water table level during the
observation periods of 2012 and 2013.
tubes along a transect in the wheat and maize subplots was 5.67 m,
while in the shelterbelt subplot it was 10 m. The three land use types
were considered as different treatments, while the 12 locations in
each land use type (3 transects × 4 locations along each transect)
were treated as replications. Since the 12 locations were not randomly
distributed within each land use type, this experimental design in-
volved pseudo-replication (Hurlbert, 1984).

Volumetric SWC was determined by a calibrated Trime-TDR probe
(TRIME-TDR-PICO-IPH-T3, Imko, Germany) at 10-cm depth intervals
to a depth of 260 cm, around which depth the level of the water table
frequently fluctuated. Measurements were made every 3–5 days, and
additional measurements were made before and after irrigation events,
and after rainfall. Monitoring of SWC was carried out from April 25 to
September 12 in 2012 and from April 25 to September 22 in 2013. The
Trime-TDR was calibrated in the field under both dry and wet condi-
tions against the calculated volumetric SWC of collected samples. Two
locations in each land use type were selected to collect the calibrated
soil samples at every 10-cm depth increment from the surface to the
depth of 280 cm using a coring device during the period of TDR tube in-
stallations, for which SWC was first determined using the gravimetric
method. A calibration curve was obtained between the TDR-derived
SWC (TDR, cm3 cm−3) and the gravimetrically-derived volumetric
SWC (θ, cm3 cm−3) as follows:

SWC ¼ 0:871TDRþ 0:041 R2 ¼ 0:86: ð1Þ

The soil particle-size distributions of collected soil samples were de-
termined by laser diffraction (Laser Scattering Particle Size Distribution
Analyzer Model LA-950, Horiba Instruments Inc., 2008). The disturbed
soil samples used for soil particle size determination were collected at
10-cm depth intervals down to a depth of 100 cm, and at 20-cm inter-
vals between the depths of 100 and 260 cm at each TDR tube location
during augering prior to the insertion of the TDR tubes into the soil. In
addition, a soil profile pit, 260 cmdeep,was dug in each land use subplot
for each transect. Undisturbed soil samples were taken from the soil
profile at every 20-cm depth increment using standard pre-weighed
100-ml Kopecki rings. These soil samples were used to determine bulk
density by the gravimetric method (ASTM C29/C29M-09, 2003). The
mean bulk density profile was calculated using the three replications,
which were taken from the corresponding soil depths of each of the
three profile pits in a given land use subplot. The soil profile was divided
into four layers (0–30 cm, 30–120 cm, 120–200 cm, and 200–260 cm)
based on the distributions of the measured soil properties (Table 1).
The mean SWC for the individual 0–30, 30–120, 120–200, and 200–
260 cm layers as well as for the entire soil profile (0–260 cm) at a
given measurement time were calculated by weighting the soil water
content against the corresponding soil layer thickness.



Table 1
Soil physical properties in the spring wheat, shelterbelt, and maize subplots.

Land use type Soil layer (cm) Soil texture Bulk density (g cm−3) Soil type

Clay (%) Silt (%) Sand (%)

Spring wheat 0–30 14.06 ± 2.64# 19.78 ± 3.60 66.16 ± 3.04 1.43 ± 0.03 Sandy loam
30–120 13.46 ± 1.1 13.42 ± 1.96 73.11 ± 3.59 1.55 ± 0.03 Sandy loam
120–200 16.23 ± 2.10 15.23 ± 1.91 68.54 ± 2.51 1.52 ± 0.01 Sandy clay loam
200–260 8.68 ± 1.89 10.69 ± 1.11 80.63 ± 3.65 1.54 ± 0.02 Sandy loam

Shelterbelt 0–30 20.82 ± 2.55 30.32 ± 2.34 48.87 ± 2.83 1.39 ± 0.02 Clay loam
30–120 18.24 ± 1.07 18.89 ± 1.72 62.87 ± 2.56 1.60 ± 0.02 Sandy clay loam
120–200 35.86 ± 2.16 36.71 ± 1.99 27.43 ± 1.28 1.49 ± 0.02 Loamy clay
200–260 19.24 ± 1.06 22.91 ± 1.64 57.85 ± 1.12 1.53 ± 0.01 Sandy clay loam

Maize 0–30 24.02 ± 1.05 36.64 ± 2.27 39.35 ± 2.67 1.41 ± 0.02 Clay loam
30–120 29.17 ± 1.61 28.14 ± 1.28 42.69 ± 2.72 1.57 ± 0.03 Loamy clay
120–200 32.34 ± 1.49 35.44 ± 2.74 32.22 ± 1.18 1.51 ± 0.02 Loamy clay
200–260 16.98 ± 1.94 29.13 ± 1.71 53.89 ± 2.46 1.54 ± 0.02 Clay loam

# Indicates the mean ± standard error.
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One groundwater levelmonitoringwell was established in each land
use subplot along themiddle transect (Fig. 2). Thewater table level was
automatically recorded every 20 min by a water-level logger (Hobo
U20-001-04, Onset Computer Corporation, Bourne, USA).

2.3. Assessment of temporal stability

The time stability of the SWCwas investigated using the relative dif-
ference analysis (Vachaud et al., 1985). The temporal deviation at a
given location was indicated by the standard deviation of the temporal
mean relative difference. In order to derive this value, the mean of the
relative difference, δikj, of the SWC measured in a given soil layer, at a
particular location and on a specific date, θijk, was calculated by:

δijk ¼
θijk−θjk

θjk
ð2Þ

where for every land use type, i is the location (i=1, 2, 3,……, N; N=
12), j is the soil layer (j=1, 2, 3, or 4; where j=1 refers the uppermost
soil layer, 0–30 cm), and k is themeasurement time (k=1, 2, 3,……, M;
M= 30 in 2012, and M= 37 in 2013), and θjk is the mean SWC at each
time, k, in a particular layer j, which is given by:

θjk ¼
1
N

XN

i¼1
θijk: ð3Þ

Then, for a given location, i, the temporalmean relative difference,δij
(MRD) and its standard deviation σ(δij) (SDRD), over time were calcu-
lated by:

δij ¼
1
M

XM

k¼1
δijk ð4Þ

σ δij
� � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

M−1

XM

j¼1
δijk−δij
� �2r

: ð5Þ

Generally, sampling locations that had relatively lower values of
SDRD were regarded as the locations with higher time stability
(Grayson and Western, 1998).

2.4. Selection of time-stable locations

Representative locations are usually defined as the locations where
the SWC values are close to the field mean value (Vanderlinden et al.,
2012). Zhao et al. (2010) proposed an index of time stability (ITS) com-
bining theMRD and its SDRD to determine the time-stable locations as:

ITSij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δij

2 þ σ δij
� �2q

: ð6Þ
The ITS provided a single metric that could identify the best sam-
pling locations that would be representative of the mean field SWC
(i.e., low δij) and that were also temporally stable (i.e., low σ(δij)). In
this study, the time-stable locations were selected as those having ITS
values lower than 5%, and the MTSLs were identified as those having
the smallest ITS values within a subplot.

To analyze the temporal stability of the SWC, thedatasetwasdivided
into two groups. The measured dataset for 2012 was used as a calibra-
tion dataset that identified the MTSLs for each of the four soil layers
under each land use type, while the measured dataset from 2013 was
used as a validation dataset that tested the accuracy, for each land use
type, of the measured SWC at the MTSLs when used to estimate the
mean SWC.

2.5. Statistical analyses

Considering that the SWCmeasurement locations were not selected
randomly and independently, a mixed-effects model with spatially cor-
related errors was used to investigate land use and soil layer effects on
SWC and correlations of SWC between different land use types and be-
tween soil layers (Lark and Cullis, 2004; Beguería et al., 2013; Hu et al.,
2015). The generalized least squares (GLS) model which splits the var-
iable of interest (i.e., SWC) into the deterministic component, spatially
correlated residue, and uncorrelated residual was applied. The residual
maximum likelihood (REML) method was used to fit the GLS model in
order to estimate the variance parameters because the study experi-
mental design involved pseudo-replication and the REMLmethod is un-
biased (Lark and Cullis, 2004). The SAS software was used for all
statistical analyses (SAS Institute Inc., 2008).

3. Results

3.1. Soil water variations under different land use types

3.1.1. Temporal variations of soil water
The time series of themean SWCdetermined for a given soil layer on

a specific date under each of the three land use types are presented in
Fig. 4, while Table 2 presents the correlation coefficients for the SWC be-
tween any two different soil layers under a particular land use type. In
the spring wheat subplot (Fig. 4a), the SWC in the 0–30 cm soil layer
was similar to that in the 30–120 cm soil layer, while overall in the
four layers they tended to increase with increasing soil depth. Signifi-
cant correlations (p b 0.01) were mainly found between two soil layers
thatwere adjacent (Table 2). In the deepest (200–260 cm) soil layer, the
mean SWC was significantly greater (p b 0.01) than those in the upper
three soil layers (0–30, 30–120, and 120–200 cm), which were not sig-
nificantly different from each. In the maize subplot, significant correla-
tions (p b 0.01) were found between any two soil layers within their



Fig. 4. Changes in soil water contents in the four soil layers under springwheat, maize and
shelterbelt subplots.
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respective profiles, although correlations were stronger, as indicated
by higher correlation coefficient values between two adjacent layers
than between two non-adjacent layers. The mean SWC values were
Table 2
Correlation coefficient matrix for soil water contents in four soil layers under each of the
three land use types.

0–30 cm 30–120 cm 120–200 cm 200–260 cm

Spring wheat
0–30 cm 1.00
30–120 cm 0.86⁎⁎ 1.00
120–200 cm 0.13 0.39⁎⁎ 1.00
200–260 cm 0.23 0.32⁎⁎ 0.75⁎⁎ 1.00

Maize
0–30 cm 1.00
30–120 cm 0.89⁎⁎ 1.00
120–200 cm 0.74⁎⁎ 0.85⁎⁎ 1.00
200–260 cm 0.39⁎⁎ 0.43⁎⁎ 0.63⁎⁎ 1.00

Shelterbelt
0–30 cm 1.00
30–120 cm 0.51⁎⁎ 1.00
120–200 cm 0.47⁎⁎ 0.87⁎⁎ 1.00
200–260 cm 0.64⁎⁎ 0.58⁎⁎ 0.74⁎⁎ 1.00

⁎⁎ Significance level less than 0.01.
significantly different (p b 0.01) among all four soil layers and increased
with increasing soil layer depth (Fig. 4b). Similarly, in the shelterbelt
subplot (Fig. 4c), mean SWCs followed the same pattern of increase
with soil depth. However, the mean SWCs were only slightly greater
in the 30–120 cm soil layer than in the 0–30 cm layer during most of
the observation period.Mean SWCs in the deepest soil layerwere signif-
icantly greater (p b 0.01, N = 67) than those in the upper layers.

Variations in SWC in each soil layer presented similar trends for all
land use types during 2012 and 2013 (Fig. 4). In 2012, SWCs tended to
initially decrease throughout the profile before increasing from about
June 5, reaching maximum values on slightly different dates just before
July 10; they then tended to decrease while fluctuating. In 2013, SWCs
tended to decrease throughout the whole profile before June 13th, al-
though the minimum values were attained in the deepest layer by the
end of May. After mid-June, SWCs tended to increase to different ex-
tents and to fluctuate due to irrigation and rainfall events.

3.1.2. Profile distribution of soil water
The profiles of themean SWCs are shown in Fig. 5 for the three land

use subplots. The soil water profiles could be divided into two layers
under the spring wheat and shelterbelt. The uppermost of these soil
layers (0–120 cm) was characterized by SWCs at different depths that
were similar. Consequently, the SWC within this layer was almost
constant but tended to increase with increasing depth. In the second
layer (120–260 cm), the SWC increased more rapidly with depth,
from 0.147 to 0.314 cm3 cm−3 under spring wheat and from 0.116 to
0.362 cm3 cm−3 under the shelterbelt. In contrast, under maize, the
SWC tended to increase at a relatively steady rate. However, there was
a notable decline in the SWC at depths between 200 and 210 cm. The
mean SWCs in the 0–200 cm layer were significantly different
(p b 0.01) among the three land use types. However, in the profile
below a depth of 200 cm, there were no significant differences among
the SWCs under the three land use types.

The variations in the soil water profiles on different dates for the
three land use types are presented in Fig. 6. For both the spring wheat
and shelterbelt subplots, the changes in the soil water profiles among
different dates were similar (Fig. 6a and b). In the 60–170 cm layer,
there was little change in the SWC over time. However, the SWCs
below 170 cm were significantly different (p b 0.01) on different dates
under both spring wheat and trees. In contrast, the soil water profile
under maize exhibited greater changes over time that were due, at
least in part, to responses to irrigation events (Fig. 6c).

3.2. Groundwater level variations under different land use types

Groundwater level fluctuated with the irrigation events and the
water level of the Heihe River. At the commencement of the study peri-
od in 2012, the water level fell and reached the lowest value of 308 cm
onMay 25. Then, it began to rise and reached a peak value of 220 cm on
July 5. Afterwards, the water level declined to 312 cm at the end of the
first study period. During the next study period of 2013, the water level
declined to the lowest value of 321 cm on May 18 and rose to the
highest value of 250 cm on July 14; it then fluctuated around 250 cm
(Fig. 3). The rise in the water table depth always lagged about 1 or
2 days behind irrigation occurrences. The mean groundwater level
was 280 cm under spring wheat, 282 cm under maize, and 276 cm
under the shelterbelt, no significant differences in groundwater level
(p b 0.01) were found among them.

3.3. Temporal stability of soil water contents under different land use types

3.3.1. Temporal stability during the calibration period
The rankedMRDof the SWCswith the corresponding SDRDpresent-

ed as error bars, alongwith the ITS values, are presented in Fig. 7 for the
four soil layers at each sampling location under the three different land
use types, while their statistical values are given in Table 3. The



Fig. 5. The mean soil water content profile under spring wheat, shelterbelt, and maize during the study period. The error bars represent the standard error for the mean values.
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temporal stability of the SWC values under maize was the greatest in
each soil layer as compared with the layers under spring wheat and
trees (Table 3). The spring wheat and shelterbelt subplots had similar
SWC temporal stability in each soil layer. However, a comparison of
means showed that there were no significant differences (p b 0.01)
under the three land use types in the SWC temporal stability of the
two deeper soil layers (120–200 cm; 200–260 cm). However, there
were significant differences in the SWC temporal stability of the two
upper soil layers (0–30 cm; 30–120 cm).
3.3.2. Estimation of mean soil water contents using measurements made at
the MTSL

The MTSLs for each soil layer under the three land use types were
determined by the lowest values of ITS, which are depicted by the
empty symbols in Fig. 7. Hence, the respective MTSLs identified for the
four soil layers under each land use type were: locations C3-1, C1-2, A3-

3 and A4-4 in the spring wheat subplot; A7-1, A8-2, A8-3 and C5-4 in the
shelterbelt subplot; and C10-1, C10-2, C12-3 and A11-4 in themaize subplot.

The measured SWC at the MTSLs during the validation period of
2013 were plotted against the calculated mean values as shown in
Fig. 8 for the four soil layers under each of the three land use types. Lin-
ear regression showed that the measured SWCs at the MTSLs were sig-
nificantly correlated (p b 0.01) with the calculated mean values and,
therefore, that these measured SWC values at the MTSLs could be
used to estimate the mean SWC values in all of their respective soil
layers under their respective land use type. Among the three land use
types, the values measured at the MTSLs in the maize subplot gave
the most accurate estimation of the mean SWC in the four layers as
Fig. 6. Soil water content profiles under (a) spring whe
indicated by the higher r values. The least accurate estimations of the
SWC were obtained for every layer under the shelterbelt.

Fig. 9a shows theMRD values of SWC, calculated using all SWCmea-
surements in the 2-year experimental period, for four soil layers at 36
sampled locations. The ranges between the minimum and maximum
values in the 0–30, 30–120 and 120–200 cm soil layers were relatively
similar, and were greater than that of the 200–260 cm soil layer. The
SWC values at the locations closed to the borders between cropland
and shelterbelt were drier than themean in croplands, hence exhibiting
negative MRD values (i.e. A3, B3, C3, B4, C4, A8, B8, C8, A9, B9, C9, A10,
B10). The cumulated ITS values were also computed for all sampled lo-
cations (Fig. 9b). An inspection of Fig. 9b reveals that the 30–120 and
200–260 cm soil layers had similar and lower ITS values, as compared
to the 0–30 and 120–200 cm soil layers. The maize subplot had a
mean ITS value of 14.7% lower than that in spring wheat (19.2%) and
shelterbelt (18.8%) subplots.

3.4. Soil water relations between adjacent land use types

The SWC measurements made at the MTSLs were used to analyze
the soilwater relations between adjacent landuse types. The correlation
coefficient was used to assess the similarity of the SWC temporal pat-
terns among the different land use types (Table 4). Temporal patterns
of the SWC distributions in the 200–260 cm soil layer were significantly
correlated (p b 0.01) among all three land use types. In the 0–30 and
120–200 cm soil layers, significant correlation (p b 0.01) only occurred
between adjacent subplots, while no significant correlations (p b 0.01)
were found among the subplots for temporal SWC distributions in the
30–120 cm soil layer. Therefore, the SWC measured at the MSTLs
at, (b) maize, (c) shelterbelt, and on specific dates.



Fig. 7. Ranked mean relative differences (MRD) of soil water contents of four soil layers under three land use types indicated by the three types of symbols. Error bars represent the
standard deviation of relative difference (SDRD). The most time-stable locations are indicated by the empty symbols. The curve indicates the index of time stability (ITS).
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could be used to investigate the soil water relations between adjacent
land use types.

The correlation coefficients relating SWC values between adjacent
land use types at different distances from their common borders are
presented in Table 5. The value of the SWC used for calculating the cor-
relation coefficient at each distance was the mean value for three repli-
cations each of which was along a different transect. The soil water
relation between adjacent subplots was affected by both the distance
from the border and the depth of the soil layer. In the deepest layer
(200–260 cm), all locations had a significant soil water relation among
Table 3
Statistical summary of the standard deviation of relative difference (SDRD) for soil water
content in four soil layers under each of the three land use types.

SDRD(%) 0–30 cm 30–120 cm 120–200 cm 200–260 cm

Maximum
Spring wheat 23.29 29.11 28.99 23.57
Trees 25.20 22.11 23.69 20.89
Maize 19.01 20.11 22.71 20.28

Minimum
Spring wheat 7.00 5.45 6.99 6.89
Trees 11.54 4.15 6.37 5.34
Maize 4.56 3.24 3.88 3.88

Mean
Spring wheat 13.54ab 12.30a 14.33a 11.21a
Trees 15.58a 11.97ab 14.58a 10.14a
Maize 9.20b 7.06b 9.53a 8.28a

Mean values followed by the same letter indicate that there was no significant difference
(p b 0.01) between the SDRD of a given soil layer under two different land uses.
themselves (p b 0.01). In contrast, significant soil water relations only
occurred among close locations between adjacent land use types in
the 120–200 cm soil layer. In the 30–120 cm soil layer, there were no
significant correlations between the SWCs at any distance for the loca-
tions under the shelterbelt andmaize subplots, but some significant cor-
relations occurred between close locations under the spring wheat and
shelterbelt subplots.

4. Discussion

4.1. Soil water content variations under different land use types

Soil water contents in the different soil layers under each land use
type differed significantly and followed the same descending order:
200–260 N 120–200 N 0–120 cm (Fig. 4). This patternwasmainly attrib-
uted to the different effects of groundwater recharge, evaporation, and
root water uptake. The 200–260 cm soil layer could be sufficiently
recharged by the groundwater due to the shallowness of the water
table, which ranged from a depth of 220 to 321 cm (Fig. 3). The top
soil layer (0–120 cm) dried rapidly because of the high evaporation
rate in this arid area (Chang et al., 2006; Zhao and Liu, 2010) and the
large amounts of root water uptake by spring wheat, maize, and trees
in order to meet their high transpiration demands (Shen et al., 2014;
White and Kirkegaard, 2010). Soil water contents in the 0–120 cm
layer exhibited different trends among the three land use types. In the
spring wheat subplot, SWCs were similar in the 0–30 and 30–120 cm
soil layers because soil water originating from both irrigation and rain-
fall were consumed by the crop roots, 87% of which were concentrated



Fig. 8. Comparisons of measured soil water contents at the most time-stable location
(MTSL) with the estimated values in the four soil layers under the three land use types.
The solid line is the 1:1 line.
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in the 0–120 cm soil layer (White and Kirkegaard, 2010). In contrast,
under maize, SWCs were significantly greater (p b 0.01) in the 30–
120 cm soil layer than in the 0–30 cm soil layer. This was because 90%
of the maize roots were concentrated in the 0–30 cm soil layer and de-
pleted the soil water from this layer (Shen et al., 2014). At the same
time, excess irrigation water could percolate into the lower layer
where it was unavailable to the crop thereby increasing the SWC. The
SWC values in the 200–260 cm soil layer were always larger than
those in the other soil layers (Fig. 4a and b). This percolation was
found to account for 43% of the irrigation water applied to the maize
field (Ji et al., 2007). Therefore, the upper soil water profile was influ-
enced by irrigation events differently under the two crops. In the non-
irrigated shelterbelt subplot, SWCs were only greater in the 0–30 cm
than in the 30–120 cm layer following certain rainfall events (Fig. 4c).

All of the correlations between SWCs in adjacent soil layerswere sig-
nificant (p b 0.01) while those between non-adjacent soil layers were
not significant (Table 2). This was because the layers were affected by
different factors. The two upper soil layersweremainly affected by rain-
fall and irrigation events, while the two lower layers were primarily in-
fluenced by groundwater recharge. In addition the correlations were
stronger among the three upper layers (r: 0.74 to 0.89) than between
the lowest layer and any other layer (r: 0.39 to 0.63). This reflected
the similarity in SWCs in the upper three layers that varied similarly
and were attributed to the increased percolation of irrigation water,
which was then retained by the middle layers of the soil profile, due
to the shallow roots of maize that were concentrated in the upper
layer (Shen et al., 2014). In the shelterbelt subplot, SWCswere relatively
weakly related in the top two soil layers (r= 0.51) while stronger rela-
tions existed between the two middle layers (r = 0.87) and between
the two lower layers (r = 0.74). The weaker correlation between
SWCs in the top two layers was due to rainfall events, which resulted
in greater increases and greater variability in the SWCs in the upper
layer than in the layer below it.

The soil water profiles in the upper 0–200 cm layer differed signifi-
cantly among the three land use types (p b 0.01) (Fig. 5). Themain rea-
son was due to the occurrence and number of irrigation events as well
as the amount of irrigation water applied. During the study period, irri-
gation was applied on 24 and 21 events to the maize and spring wheat
subplots, respectively, while no direct irrigation of the shelterbelt sub-
plot occurred. In addition, irrigation was applied at different times to
the two crops in order to meet their respective requirements.

Rainfall interception by the canopy was also a factor resulting in dif-
ferences in the SWCs of the 0–200 cm layer. Due to their relatively low
degree of cover and the relatively short time in which they provided
cover, the two crops did not intercept asmuch rainfall as the closed can-
opy of the Gansu Poplars. The tree canopy could reduce the amount of
rainwater that infiltrated the soil by 14%–28% (Wallace et al., 1995);
rainwater intercepted by the tree canopy was susceptible to evapora-
tion and little stemflow reached the soil surface (Young, 1997). The
overall effect was to generate SWCs in the 0–200 cm soil layer that
were the highest under maize, while those under spring wheat were
higher than those under the trees. The soil water distributions in the
0–200 cm layer contrasted with those in the 200–260 cm layer. The
SWCs were notably greater in the lower-layer than in the upper-layer
(Fig. 5) and there were no significant differences among the land use
types (p b 0.01). This was mainly attributed to groundwater recharge.
Groundwater uptake by vegetationwas vital for the sustainable growth
of the shelterbelt in this arid inland river basin. Miller et al. (2010) re-
ported that groundwater recharge accounted for 80% of the evapotrans-
piration by Quercus douglasii during the dry summer in a semiarid oak
savannah where the water table depth was between 700 and 1200 cm.

4.2. Spatial and temporal stability of soil water under different land use
types

In this study, the spatial variability of SWCs in the field could be de-
scribed by the range of theMRD. TheMRDamong the 0–30, 30–120 and
120–200 cm soil layers had similar ranges (Fig. 9a), and this indicates
that the spatial variability of SWC in the three soil layers was also simi-
lar. The 200–260 cm soil layer had a relatively lower range of MRD as a
result of the groundwater recharge. The MRD ranged within the values
of −30% to +30% (Fig. 7) for the three land use types demonstrating
moderate spatial variability. In our study area, the soil was relatively ho-
mogeneous over uniform topography. The MRD range in our study was
comparable to that reported by Martinez et al. (2013) for a study site
with homogeneous soil textures, where the ranges of soil water MRD



Fig. 9. Histogram of cumulated mean relative difference (MRD, a) and index of temporal stability (ITS, b) for each sampling point in the four soil layers.

158 Y. Zhang et al. / Geoderma 271 (2016) 150–160
were within−25% to +25%. Similar results of the same order of magni-
tude were published by other researchers (Coppola et al., 2011; Liu and
Shao, 2014; Martínez-Fernández and Ceballos, 2003). The ranges of
MRD would be larger with increasing heterogeneity of factors that
affected the spatial variability of SWC. Brocca et al. (2009) and
Schneider et al. (2008) reported that the range ofMRD for SWC increased
with larger sampling scales due to an associated expected increase in the
variability in soil textures, topography, vegetation types, etc. The ITS
values in the 30–120 cm soil layer were lower than that in the upper
soil layer (0–30 cm) because this soil layer was less affected by rainfall
and evapotranspiration (Fig. 9b). The ITS values in the 200–260 cm soil
layer were high and varied little due to the similar groundwater recharge
under the three land use types. The maize subplot had the lowest value
ITS among the three land use types because 90% of the maize roots
were mainly concentrated in the 0–30 cm soil layer (Shen et al., 2014).

Temporal stability of SWC was characterized by the SDRD of the
SWCs. The maize subplot had the highest temporal stability of SWC
throughout the profile (Table 3). This result was mainly due to the rel-
atively homogeneous effects caused by irrigation in combination with
the effects of the shallow roots of the maize. The roots of the maize
were mainly concentrated in the 0–30 cm layer. Consequently, irriga-
tion was controlled to maintain a relatively steady SWC in this upper
layer. Excess irrigation water drained and increased the SWCs at depths
below 30 cm, which were not subject to maize root water uptake but
were affected by drainage processes that occurred at a relatively steady
rate. Thus, while fluctuations occurred between irrigation events, a rel-
atively stable temporal system developed in the 0–200 cm soil layer. It
Table 4
Correlation coefficients for comparisons between two land use types of the measured soil
water contents at the most temporally stable locations (MTSL) of the four soil layers.

Soil layer
(cm)

Pearson correlation coefficient

Spring wheat and
shelterbelt

Maize and
shelterbelt

Maize and spring
wheat

0–30 0.35⁎⁎ 0.44⁎⁎ 0.23
30–120 0.14 0.12 0.08
120–200 0.80⁎⁎ 0.39⁎⁎ 0.21
200–260 0.93⁎⁎ 0.82⁎⁎ 0.78⁎⁎

⁎⁎ Significance level less than 0.01.
should also be noted that the practice of excessive irrigation in order
to leach salts from the soil profile in the croplandwas a factor in produc-
ing the stable temporal system. In the layer below 200 cm, the effects of
thefluctuations in thewater table induced a greater degree of SWC tem-
poral stability (Table 3). In the 200–260 cm layer, the groundwater re-
charge, which was temporally stable, was the dominating factor
affecting SWCwhereas the effect of root water uptake was a minor fac-
tor. The SWCs in the 120–200 and 200–260 cm soil layers had similar
degrees of temporal stability among the three land uses based on the
SDRD values (p b 0.01), while in the 0–30 and 30–120 cm soil layers
there were differences among the land uses (Table 3).

Measurements of SWCmade at theMTSLswere found to reasonably
estimate themean SWC values of the various soil layers under each land
use type. A number of studies have successfully used such measure-
ments at theMTSLs to estimate the spatialmean SWC or soil water stor-
age at different depths (Brocca et al., 2009; Zhao et al., 2010; Liu and
Shao, 2014; Penna et al., 2013; She et al., 2015). Our results indicated
that, at least in this study of the three land use types, a single location
under each land use could be used to estimate the mean SWCs of each
of the various layers under that land use type over multiple years. It
should be noted that the MTSLs in our study could change if the crop
and/or the irrigation regime was changed.

4.3. Soil water relations between adjacent land use types

The soil water relations between the cropland and shelterbelt play
an important role in the survival of trees facing potentially severe
drought conditions in arid and semiarid areas. The roots of the trees in
the shelterbelt were able to uptakewater from the deepest soil layer in-
vestigated in this study, where the SWC was typically maintained at
higher levels than in the shallower layers due to the groundwater re-
charge. However, soil water from areas adjacent to the shelterbelt was
also an important water source for the trees that could be taken up by
roots that extended into the cropland areas (Cubera and Moreno,
2007; Shen et al., 2014). Shen et al. (2014) reported that Gansu Poplar
roots could extend into maize cropland for a distance of at least 18 m.
Karray et al. (2008) quantitatively estimated that olive root water up-
take from cropland under irrigation contributed 50% of the water re-
quired for transpiration by adjacent olive trees in Central Tunisia.



Table 5
Correlation coefficient matrix of soil water contents of the four soil layers at different distances from the border between adjacent land use types.

Distance from the border (m) Location in spring wheat subplot Distance from the border (m) Location in maize subplot

1.0 6.67 12.34 18.01 1.0 6.67 12.34 18.01

0–30 cm layer
Location in shelterbelt 3.5 0.08 0.29 0.32⁎⁎ 0.38⁎⁎ 2.5 0.34⁎⁎ 0.35⁎⁎ 0.29 0.31⁎⁎

13.5 −0.08 −0.03 0.06 0.05 12.5 0.36⁎⁎ 0.32 0.32 0.38⁎⁎

23.5 0.08 0.40⁎⁎ 0.42⁎⁎ 0.45⁎⁎ 22.5 0.18 0.15 0.13 0.11
33.5 0.01 0.18 0.24 0.31 32.5 0.22 0.23 0.18 0.21

30–120 cm layer
Location in shelterbelt 3.5 0.59⁎⁎ −0.15 −0.30 −0.34⁎⁎ 2.5 0.30 0.27 0.27 0.29

13.5 0.39⁎⁎ 0.33⁎⁎ 0.22 0.11 12.5 0.25 0.15 0.24 0.22
23.5 0.44⁎⁎ 0.25 0.33⁎⁎ 0.21 22.5 0.08 0.00 0.09 0.06
33.5 0.13 0.02 −0.04 0.04 32.5 0.08 −0.01 −0.07 −0.08

120–200 cm layer
Location in shelterbelt 3.5 0.93⁎⁎ 0.48⁎⁎ −0.24 −0.04 2.5 0.49⁎⁎ 0.29 0.18 0.29

13.5 0.45⁎⁎ 0.70⁎⁎ 0.38⁎⁎ 0.22 12.5 0.43⁎⁎ 0.57⁎⁎ 0.49⁎⁎ 0.38⁎⁎

23.5 0.24 0.65⁎⁎ 0.60⁎⁎ 0.06 22.5 0.49⁎⁎ 0.48⁎⁎ 0.40⁎⁎ 0.30
33.5 0.18 −0.17 −0.17 0.48⁎⁎ 32.5 0.23 0.10 0.03 0.04

200–260 cm layer
Location in shelterbelt 3.5 0.94⁎⁎ 0.87⁎⁎ 0.88⁎⁎ 0.83⁎⁎ 2.5 0.83⁎⁎ 0.84⁎⁎ 0.76⁎⁎ 0.83⁎⁎

13.5 0.92⁎⁎ 0.92⁎⁎ 0.93⁎⁎ 0.88⁎⁎ 12.5 0.79⁎⁎ 0.85⁎⁎ 0.78⁎⁎ 0.79⁎⁎

23.5 0.83⁎⁎ 0.90⁎⁎ 0.91⁎⁎ 0.86⁎⁎ 22.5 0.77⁎⁎ 0.74⁎⁎ 0.70⁎⁎ 0.73⁎⁎

33.5 0.82⁎⁎ 0.89⁎⁎ 0.88⁎⁎ 0.87⁎⁎ 32.5 0.77⁎⁎ 0.77⁎⁎ 0.67⁎⁎ 0.65⁎⁎

⁎⁎ Significance level less than 0.01.
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Soil water in the 0–160 cm layer exhibited a decreasing trend with
increasing proximity to the shelterbelt under both spring wheat and
maize (Fig. 5). Similar trends have been reported for hedge–maize
(Rosecrance et al., 1992) and grevillea–maize systems (Livesley et al.,
2004). These SWC gradients were the result of the water uptake by
the extended root systems of the trees or shrubs separating the crops
(Shen et al., 2014). These gradients are reflected in the distributions of
the fine tree roots in the crop subplots, where the root biomass de-
creased logarithmically with the increasing distance from the borders
between the crops and the trees (Shen et al., 2014). Moreover, the cor-
relation coefficients were only significant for the SWC between loca-
tions closer to the borders (Table 5).

The soil water relations between adjacent plots in the deepest soil
layer under the three land use types were determined mainly by the
groundwater recharge. Similar levels of groundwater recharge occurred
in this layer under all three land uses and, thus, the SWCs among them
were highly correlated. The water table under the three land uses was
maintained at a high level due to the addition of percolating excess irri-
gation water from the cropland areas. Furthermore, the water table
level rose during the irrigation season. Therefore, both the deep perco-
lation of irrigation water in the deepest soil layer and the soil water in
the upper soil layers under the crops that was accessible to tree root up-
take were both important water sources that sustained the growing
shelterbelts. Consequently, SWC under the crops depended on the soil
depth and the distances from the borders between the plots due to
the uptake of soil water by the tree roots.

5. Conclusions

In this study, the soil water dynamics were measured in the 0–
260 cm layer during 2012 and 2013 along three transects passing
through a spring wheat-shelterbelt-maize plot in an oasis region. The
soil water relations between adjacent land use types were analyzed
using themeasured SWC at the identified MTSLs. The following conclu-
sions could be drawn from this study:

(1) Soil water contents in different soil layers were significantly dif-
ferent (p b 0.01) and decreased in the order: 200–260 cm N 120–
200 cm N 0–120 cm under each land use type. In the same soil
layer among the three land use types, temporal variations in
soil water tended to have similar patterns.
(2) The temporal stability of SWC in the 0–30 and 30–120 cm soil
layers was significantly affected (p b 0.01) by the three different
land use types. The temporal stability of SWC in the different soil
layers was greater under maize than under either spring wheat
or trees. The MTSLs were found for each soil layer under each
land use type, and it was established that the measured SWC in
a particular soil layer at the MTSLs could be used to estimate
the mean SWCs for each of the subplots for the different soil
layers.

(3) The SWCmeasured at theMTSLs in the different soil layers under
each land use type could be used to analyze soil water interac-
tions between adjacent land use types. The three land use type
subplots only affected adjacent subplots. In the 0–200 cm soil
layer, soil water relations frequently occurred between locations
close to the borders due to water uptake by tree roots that ex-
tended laterally into this soil layer under the cropland. The soil
water relations in the lower soil layer (200–260 cm) among
spring wheat, shelterbelt, and maize subplots were mainly due
to groundwater recharge.
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