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Abstract: The relationship between soil water content (SWC) and vegetation, topography, and
climatic conditions is critical for developing effective agricultural water management practices
and improving agricultural water use efficiency in arid areas. The purpose of this study was to
determine how crop cover influenced spatial and temporal variation of soil water. During a study,
SWC was measured under maize and wheat for two years in northwest China. Statistical methods
and entropy analysis were applied to investigate the spatio-temporal variability of SWC and the
interaction between SWC and its influencing factors. The SWC variability changed within the field
plot, with the standard deviation reaching a maximum value under intermediate mean SWC in
different layers under various conditions (climatic conditions, soil conditions, crop type conditions).
The spatial-temporal-distribution of the SWC reflects the variability of precipitation and potential
evapotranspiration (ETy) under different crop covers. The mutual entropy values between SWC
and precipitation were similar in two years under wheat cover but were different under maize
cover. However, the mutual entropy values at different depths were different under different crop
covers. The entropy values changed with SWC following an exponential trend. The informational
correlation coefficient (Rg) between the SWC and the precipitation was higher than that between
SWC and other factors at different soil depths. Precipitation was the dominant factor controlling
the SWC variability, and the crop efficient was the second dominant factor. This study highlights
the precipitation is a paramount factor for investigating the spatio-temporal variability of soil water
content in Northwest China.

Keywords: spatio-temporal variability; soil water content; entropy; arid region

1. Introduction

Soil water content (SWC) varies both spatially and temporally. Characterizing the spatio-temporal
variability of SWC is important for water management in agricultural irrigation [1]. The spatio-
temporal variability of SWC is related to a number of factors, such as certain soil properties, topography,
vegetation, and climate. The interactions among these factors control the spatio-temporal evolution
of soil water content at different scales, including gully scale [2], plot scale [3-5], hillslope scale [6-8],
catchment scale [9,10] and regional scale [11-13]. The factors that determine SWC depend on the
environment of the area of study and the presence or absence of vegetative canopy [14] and the
spatio-temporal variability of SWC affect vegetation coverage and density [15]. Investigations on
agricultural watersheds have shown that topography, rainfall, and soil texture have mixed effects on
SWC at the watershed and regional scales, and that land cover influences runoff, interception and
evapotranspiration processes, and in turn, the soil water dynamics [5,16-19]. The spatial-temporal
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pattern of SWC can be obtained from measurements carried out in different experimental plots [3,4].
Differences in SWC can be small or significant at different soil depths [20,21].

Because of practical limitations, measurements of SWC for deep soil profiles are time consuming
and costly [22]. Hence, only the near surface soil moisture has been investigated [3,4,16,23]. Examining
the SWC variability in the upper 30 cm of the soil on a Mediterranean abandoned terrace in north-east
Spain [24] showed that the spatial variability of SWC followed a bimodal pattern with increasing
soil water content. Only a few studies have taken into account the SWC variability at different soil
depths [23,25,26] and develop new high throughput approaches to measure soil water content in the
field [27]. Soil water contents vary with depth due to the heterogeneity of environmental factors, such
as water and energy input, soil texture [28] and genetic control of root architecture [29].

For investigating the spatio-temporal variability of SWC, both statistical and geostatistical
methods have been applied using ground-based and remote sensing data [17,19,24,26]. A few studies
have applied the entropy theory to investigate the spatio-temporal variability of SWC and dominant
factors [30]. Singh developed an entropy theory for describing the one-dimensional movement of soil
moisture in unsaturated soils, and tested the theory using experimental observations reported in the
hydrologic literature [31]. Gaur and Mohanty used the Shannon entropy to assess the effect of different
physical controls on the spatial mean and variability of soil moisture in Oklahoma and Iowa and found
that for most soil moisture conditions [30], soil texture as opposed to vegetation and topography is
the dominant physical control at both the point and airborne scales. There is little information on
the relationship between SWC and climate conditions or vegetation types in crop growing seasons in
arid and semi-arid agricultural areas. This relationship can provide a basis for improving agricultural
water use efficiency in arid regions.

Maize (being a C4 plant) and wheat (being a C3 plant) are the predominant crops grown in
northwest China, where population density and exploitation of water resources are high [32]. How
SWC is controlled in the maize and wheat fields is important for agricultural water management in
arid regions in northwest China. To address this question, a field scale experiment was conducted to
measure soil water content over canopies in northwest China in 2013 and 2014. The objectives of this
study therefore were to: (1) determine how environmental variables alter the spatial and temporal
variability of SWC; (2) determine the effect of crop growth stage on SWC at different depths; and
(3) quantify the environmental control on the variation of SWC using entropy.

2. Materials and Methods

2.1. Experimental Site and Design

A two-year experiment was conducted in two fields at the Shiyanghe Experimental Station for
Water-Saving in Agriculture and Ecology of China Agricultural University, located in Wuwei (Gansu
Province of Northwest China, 37°52' N, 102°50" E, altitude 1581 m) during the crop growing seasons
in 2013 and 2014 (Figure 1). The experimental site is located in a typical continental temperate climate
zone, where the mean annual temperature is 8 °C, the annual accumulated temperature (>0 °C) is
3550 °C d 1, the annual precipitation is 164.4 mm, the mean annual pan evaporation is about 2000 mm,
the aridity index (the ratio of mean annual evaporation to precipitation) is 15-25, the average annual
sunshine duration is 3000 h and frost-free days number 150 d. The groundwater table is below
40-50 m [33].



Entropy 2017, 19, 410 30f18

Shiyang River
. Experimental Station

Shiyang River Basin

AN

———— Meters

0 30,000 60,000

Figure 1. Location of the study area.

The two study sites (field I and field II) have a similar area of about 40 m long and 12 m wide.
The SWC (%cm3cm %) was monitored under two different crops at an interval of 10 cm providing
estimates covering 0 to 120 cm depth. A total of 46 sample points for the study site in 2013 (Figure 2)
and 24 sample points in 2014 (Figure 3) were monitored.
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Figure 2. Layout of soil water content measuring probes in the experiment field under maize and
wheat covers in 2013.
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Figure 3. Layout of soil water content measuring probes in the experiment field under maize and
wheat covers in 2014.
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Spring maize and spring wheat were used in crop rotation, that is, the plot on which wheat was
planted in 2013 was planted with maize in 2014. Maize seed was sown through 5.0 cm diameter holes,
with a row spacing of 50 cm and a plant spacing of 23.8 cm. Spring wheat was sown in holes of 3.0 cm
diameter, with a row spacing of 15 cm and a plant spacing of 10 cm for the two years using a hole
sowing machine. Spring wheat was sown with 10-15 seeds in each hole. During each growing season,
weeds were removed manually as required. The observation periods for maize were from 14 May to
17 September in 2013 and 28 April to 18 September in 2014; and those for wheat were from 12 May to
27 July in 2013 and 7 April to 23 July in 2014. Precipitation, solar radiation, air temperature, relative
humidity and wind speed were measured with a standard automatic weather station at a height of
2.0 m above the ground at the experimental site. A portable Diviner 2000 device (Sentek Pty Ltd.,
Stepney, Australia) was used to measure SWC at an interval of 3-5 days. Soil samples were collected
before and after irrigation events and after rainfall and the probes were calibrated against gravimetric
samples for the observation sites. Table 1 lists the physical properties of the soil profile.

Table 1. Physical properties of soil profile at different sites.

Soil Particle Content (g/g)

Field Site Soil Depth (cm) Soil Type
Sand Silt Clay
10 0.629 0.268 0.103 sandy loam
20 0.649 0.251 0.0996 sandy loam
40 0.656 0.241 0.103 sandy loam
I 60 0.443 0.412 0.146 loam
80 0.653 0.260 0.087 sandy loam
100 0.931 0.052 0.017 sandy soil
120 0.616 0.301 0.083 sandy loam
10 0.620 0.271 0.109 sandy loam
20 0.663 0.243 0.095 sandy loam
40 0.531 0.343 0.127 sandy loam
I 60 0.518 0.349 0.134 sandy loam
80 0.482 0.401 0.117 loam
100 0.505 0.362 0.133 sandy loam
120 0.706 0.219 0.074 sandy loam

2.1.1. Statistical Analysis

For each soil depth the coefficient of variation (CV;) was used for spatial analysis, and temporal
standard deviation (STDV;) for temporal analysis. The CV; and the STDV; were calculated as:

V= M
SWC;
1 & S
STDV; = N;(SWQ—SWC{) )

where S; is mean squared error. SWC; is the average soil water content for the each soil depth, i
represents the soil depth. Heterogeneity was considered weak when CV < 10%, moderate when
10% < CV < 100%, and strong when CV > 100% [34]. Descriptive statistics of soil water content under
different crop covers based on 10 cm-steps are given in Tables 2 and 3. The temporal average versus
the standard deviation of SWC in different soil layers under maize and wheat cover in 2013 and 2014
are shown in Figures 4 and 5, respectively.
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Table 2. Statistics of soil water content under different land covers in 2013.

50f18

Depth Land Field Minimum Maximum Mean Std. Deviation CV (%)
(cm) Cover Site (%cm3em™3)  (%cm3em™3)  (%cm3cm™3)  (%cm3em3) °
0-10 maize I 0.62 32.19 11.86 5.30 44.65

wheat I 2.13 3247 15.17 7.39 58.70

10-20 maize I 1.53 31.94 15.44 4.71 30.53

wheat 11 3.29 32.73 17.01 6.46 37.98

20-40 maize I 3.63 36.39 24.12 4.35 18.10

wheat 11 7.42 30.00 20.66 4.30 20.81

40-100 maize I 8.65 41.84 28.52 6.41 22.49
wheat 1I 12.86 34.31 22.33 4.41 19.75

100-120 maize I 8.19 35.61 20.39 5.75 28.20
wheat 1I 10.48 37.89 23.88 5.81 24.33

Table 3. Statistics of soil water content under different land covers in 2014.

Depth Land Field Minimum Maximum Mean Std. Deviation CV (%)
(cm) Cover Site (%em®em™3)  (%cm3em™3)  (%cm3cm™3)  (%cm3em—3) °
0-10 maize 11 4.76 31.59 16.74 5.03 30.05

wheat I 6.46 29.09 16.66 5.33 31.99

10-20 maize I 8.51 31.94 18.69 4.09 21.88

wheat I 10.09 30.81 20.74 4.40 21.22
20-40 maize 11 5.14 36.39 32.23 5.15 15.80
wheat I 12.76 33.66 22.71 3.46 15.24
40-100 maize 11 4.46 33.16 23.04 5.45 23.66
wheat I 13.72 35.89 25.48 4.75 18.64
100-120 maize 11 4.78 38.60 26.79 597 22.84
wheat I 8.37 30.90 18.33 5.22 28.48
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Figure 4. Temporal standard deviation (STDV) in time versus temporally averaged soil water content
for different soil depths in 2013. STDV values for (a) 0-10 cm, (b) 10-20 cm, (c) 20—40 cm, (d) 40-100 cm
and (e) 100-120 cm soil depths.
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Figure 5. Temporal standard deviation (STDV) in time versus temporally averaged soil water content
for different soil depths in 2014. STDV values for (a) 0-10 cm, (b) 10-20 cm, (c) 2040 c¢m, (d) 40-100 cm
and (e) 100-120 cm soil depths.
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2.1.2. Entropy

In this study, the Shannon entropy [35,36] was used to investigate the spatial variability and
dominant controls on the variability of SWC during the crop growing period. Entropy has an advantage
in that it is capable of incorporating the effect of dependent or independent factors on the SWC spatial
distribution, and can be used for short or long data sets. Entropy (H) is a statistical quantity representing
a measure of information that may be extracted from a system or analogously the uncertainty that
the system comprises. For a probability distribution P = {p1,p2,- -, pn}, where py,p2,- -+, pn are
the probabilities of N outcomes (x;, [ =1, 2, ..., N) of a random variable X or a random experiment,
Shannon defined a measure H as a function of probabilities as [35]:

N N
H(p1,p2 -+, pn) = — )_ pilogp; Y pi=1 (3)
i=1 i=1

According to the frequency histograms of SWC for each soil depth constructed with empirical
frequencies, a probability p; is assigned to each bin and calculated. We substituted p; in Equation (3) to
find out the marginal entropies.

For two or more independent random variables X and Y, their respective entropy values may be
added. However, if there is dependence between the random variables, then the dependence can be
accounted for through mutual information T(X,Y), which is the amount of information common to
both the random variables. Consider two simultaneous experiments whose outcomes are represented
by X and Y. The mutual entropy of X and Y, denoted as T (X, Y), defines the amount of uncertainty
reduced in X when Y is known. It equals the difference between the sum of two marginal entropies
and the total entropy:

T(X,Y)=H(X) + H(Y) — H(X,Y) 4)

Mutual information has an advantage over other measures of information, as it can provide a
quantitative measure of a description of the relationship among variables based on their information
transmission characteristics. Larger values of T correspond to greater amounts of information
transferred. Mutual information is superior to the Pearson correlation coefficient, since it captures both
linear and nonlinear dependence, whereas the Pearson correlation coefficient is only suitable for linear
relationships, or more generally, for spherical and elliptical dependence structures [37-39]. In reality,
the spatial patterns of SWC may be non-stationary and the related processes may be nonlinear [22].

2.1.3. Calculation of Marginal Entropy and Mutual Entropy for Soil Water Content

In this study, the random variables under consideration are the SWC, crop coefficients (Kc),
reference crop evapotranspiration (ET), and precipitation (P). The highest mutual entropy between
soil water content and other factors can be considered to be the most dominant factor that influences
the SWC variability.

We arranged SWC values SWC; 4, where i represents the soil depth, d represents the days (1,
2,...,d), and n represents the number of soil water content values (1,2, ... , n), P is daily precipitation,
and ET) is the reference crop evapotranspiration. In this study, ETy was calculated according to the
FAO (Food and Agriculture Organization) Penman-Monteith method using daily observed climate
data [40,41]. K¢ is the daily crop coefficients and was calculated by the single crop coefficient method
Equation (5) [40,42-45] as:
~ ETc
~ ETo
where ET¢ is the crop evapotranspiration. ET¢ was calculated according to the FAO Penman-Monteith
method [46].

The frequency histograms of SWC; ; ,, were constructed with empirical frequencies obtained from
observed the data with no zero counts [47], and hence the Shannon entropy H of the random variable

Kc ®)
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SWC; 4 from the corresponding observed counts SWC; ; ,. The marginal entropy of SWC at different
soil depths was computed from Equation (2). The mutual entropy between SWC; ; and ETy, SWC; 4
and K¢, SWC; ; and P were calculated using Equation (3).

2.1.4. Informational Correlation Coefficient

The informational correlation coefficient R is a measure of transferable information between
random variables X and Y and measures their mutual dependence and does not assume any type of
relationship between them. It is expressed in terms of transinformation as:

Rp = 4/1 —exp(—2T)) (6)

where Tj is the transinformation or mutual information representing the upper limit of transferable
information between two variables [38]. In this study, three groups were identified: SWC;; and
ETy, SWC;; and K¢, SWC; ; and P. From results one can infer the main dominating factors for the
SWC variability.

3. Results and Discussion

3.1. Temporal Variation of Soil Water Content under Different Crops

The two-year sampling in this study can be considered as representative of the usual conditions
in Northwest China. The accumulated rainfall during the maize growing period was 54.4 mm in
2013 and 196.6 mm in 2014, respectively, and the accumulated rainfall during the wheat growing
period was 29.6 mm in 2013 and 128.8 mm in 2014, respectively. Due to the meteorological forcing
(precipitation and ET), the SWC observed during the study period showed a succession of increases
and decreases in response to the succession of precipitation events (Figures 6a and 7a). This led to a
steady increase in SWC at different soil depths from June to mid-July for the maize cover. The mean
SWC at different depths increased when precipitation took place. The SWC of layer (20-40 cm) can
represent the average soil water content (0-120 cm) under different crop covers. During the growing
seasons, the SWC changed only slightly during the early growing period (April to mid-May) under
different crop covers (Figures 6 and 7) due to little water demand during this stage. The SWC in the
0-120 cm layer varied greatly over the crop growing period. The temporal variability of SWC changed
slightly with the increase of soil depth in the two years. Tables 2 and 3 show that the SWC at different
soil depths changed typically with crop and soil conditions.

During the observation growing period of maize (from May to late September) in 2013 (dry year)
(Table 2). The minimum SWC varied from 0.62%cm3cm =3 to 8.65%cm3cm 3 and the maximum SWC
varied from 30%cm3cm 2 to 41.84%cm3cm 3 for different soil depths. Corresponding to the same
soil depths, the ranges were 31.57%cm3cm ™3, 30.41%cm3em 23, 32.76%cm3cm 3, 33.19%cm3cm 3 and
27.42%cm3cm 3, respectively. During the observation period, the range for the 40-100 cm was greater
due to the soil texture, where the fraction of sand particles soil in the 40-100 cm layer range from 0.443
to 0.931 (Table 1).

For wheat growing period (from April to late July), The minimum SWC varied from
2.13%cm?*ecm =3 to 12.86%cm3cm 3 and the maximum SWC varied from 30%cm?cm~—2 to
37.79%cm3>cm 3 for different soil depths. Corresponding to the same soil depths, the ranges
were 30.34%cm3cm 3, 29.44%cm3cm 3, 22.58%cm3cm 3, 21.45%cm3cm 3 and 27.41%cm3cm 3,
respectively. The range of SWC under wheat cover was greater for the 0-10 cm soil layer (Table 2).
During the growing period of maize in 2014 (wet year), the minimum SWC varied from 4.46%cm3cm 3
to 8.51%cm3cm 3 and the maximum SWC varied from 30%cm3cm 2 to 38.6%cm3cm 2 for different
soil depths. Corresponding to the same soil depths, the ranges were 26.83%cm3cm 3, 23.43%cm3cm 3,
31.25%cm3cm 3, 28.7%cm3cm 3 and 33.82%cm>cm 3, respectively. The range of SWC under maize
cover was greater for the 100-120 cm soil layer. In this year, maize was arranged in field II. Table 1
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shows that the fraction of sand particles in 100-120 cm layer ranged from 0.507 to 0.706. Two years of
results of SWC under maize cover showed that soil texture had a direct influence on the SWC variability.
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Figure 6. Temporal variation of soil water content under maize cover and wheat cover in 2013. ETy, P
and SWC values for (a) maize and (b) wheat in 2013.
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Figure 7. Temporal variation of soil water content under maize cover and wheat cover in 2014. ETy, P
and SWC values for (a) maize and (b) wheat in 2014.

During the observation period under wheat cover, the minimum SWC ranged from
6.46%cm3>cm ™3 to 13.72%cm3>cm 3 and the maximum SWC ranged from 29.09%cm3cm~3 to
35.89%cm3cm 3 for different soil depths. Corresponding to the same soil depths, the ranges were
22.63%cm3cm 3, 20.72%cm3cm 3, 20.9%cm3em 3, 22.17%cm3cm 3 and 22.53%cm3em 3, respectively.
The range of SWC under wheat cover was greater for the 0-10 cm soil layer. The result was the same
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as that of 2013 in spite of the field plot in two years. Table 1 shows that the soil texture of 0-10 cm in
field I was similar to that in field IL. The fraction of sand particles in the 0-10 cm layer was 0.6291 in
field I, and 0.62 in field II.

The temporal variability of SWC in different layers under different crop covers displayed the
same trends. It can be seen that the range under wheat cover in different field plots in the growing
seasons in the surface layer was higher than in other layers, because the top layer was more sensitive
to the environment. The fluctuation of the upper soil layer (0-10 cm) under wheat was greater in
the observation period in 2013 and 2014. This result is similar to what found by Odhiambo and
Bomke (2007) with no differences in soil water content in depths 20-40 and 40-60 cm among cropping
treatments in south coastal British Columbia. However, the range of deep soil layer (>40 cm) under
maize was greater in the two year study period due to different soil textures. The fraction of sand
particles above 40 cm layer was from 0.443 to 0.931 in field I, and 0.482 to 0.706 in field IL

Figures 4 and 5 show the temporal average versus the temporal standard deviation of soil water
content of maize and wheat in 2013 and in 2014. In contrast with the top layers, a higher STDV
was generally found for the deeper layers under two crops. The STDV for deep layers changed
from 2.5%cm?cm 3 to 6.5%cm3cm 3 in two years. The temporal standard deviation (STDV) of SWC
increased with increasing depth. In the 20-40 cm layer, the value of wheat was smaller than that of
maize. This implies that roots in this depth had a significant effect. Temporally averaged values in
deeper layers (40-100 cm and 100-120 cm) had higher standard deviations. The result is similar to that
of [48] that SWC in crop covered deep layer (80-100 cm) exhibited a large degree of change, which was
affected by crop root water uptake in the same region.

3.2. Spatial Variation of Soil Water Content under Different Crops

3.2.1. Soil Water Content Analysis Based on Coefficient of Variation

For SWC measurements during crop growth, the coefficient of variation (CV) was used to evaluate
the spatial variation in soil water content in the experimental fields. Tables 2 and 3 show the CV of
the spatial distribution of SWC in different layers during the crop growing period in 2013 and 2014.
Table 2 shows the CV of soil water content under the maize cover varied from 18.10% to 44.65% for
different soil depths in 2013. The CV was between 10% and 100%, so that SWC was considered to
exhibit moderate heterogeneity. The CV of SWC was the highest in the top layer due to the SWC
in the top layer was strongly spatially influenced by precipitation and evapotranspiration, whereas
for deeper soil layers, SWC was steady. The CV of SWC under wheat cover varied from 19.75% to
58.70% for different soil depths. The spatial heterogeneity of soil water content under wheat cover was
moderate and the CV for the 0-10 cm layer was the highest.

From Table 3, it can be seen that CV of SWC under maize cover changed from 15.80% to 30.05%,
for different soil layers. SWC was considered to have moderate heterogeneity due to CV was between
10% and 100%. The extent of heterogeneity was less compared to that in 2013. The CV of SWC was the
highest in the top layer, because SWC in the top layer was strongly spatially influenced by precipitation
and evapotranspiration during the growing period, whereas for deeper layers, SWC changed more
slowly. The CV of SWC under wheat cover varied from 15.24% to 31.99% for different soil layers. It can
be seen that the CV range was similar to that under maize. The spatial heterogeneity of SWC under
wheat cover was moderate and CV for the 0-10 cm layer was the highest.

Table 2 showed that the CV (from 18.10% to 44.65%) of the spatial distribution of SWC in different
layers under maize cover was less than that (from 19.75% to 58.70%) under wheat cover during 2013.
In 2014, it can be seen from Table 3 that CV (from 15.80% to 30.05%) of the spatial distribution of SWC
in different layers under maize cover was similar to that (from 15.24% to 31.99%) under wheat cover.
From Figure 8, it can be seen that CV of spatial SWC decreased with increasing mean SWC under
different crop covers, because the evapotranspiration rate decreased with decreasing soil water content
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(Figure 5). Results for CV of the spatial SWC can be found in other studies [3,23], and the SWC varied
with depth due to the heterogeneity of environmental factors [28,48].
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Figure 8. Mean soil water content versus CV for maize and wheat in 2013-2014. CV values for (a) maize,
(b) wheat cover in 2013, CV values for (c) maize and (d) wheat cover in 2014.

3.2.2. Soil Water Content Analysis Using Entropy

The marginal entropy values of daily soil water content were plotted against the daily mean
soil water content for different soil depths under different crop covers in 2013 (Figure 9) and 2014
(Figure 10). Figure 9 shows that entropy was maximum when SWC was the maximum value, and
entropy was distributed in the intermediate range under the maize cover in field I in 2013. In the upper
soil layer (0-10 cm and 10-20 cm), entropy changed widely during the maize growing period. Entropy
was the maximum in the intermediate range under wheat cover for field II in 2013. In the upper soil
layer (0-10 cm and 10-20 cm), entropy changed widely during the maize growing period, but the
entropy value for the deeper layer changed not so much. The soil texture and crop growth patterns
led to the difference under the same weather conditions [49]. In different layers under different crop
covers, the marginal entropy of spatial variability and range increased with increasing SWC. In this
study, data of marginal entropy and mean SWC were fitted with an exponential model separately for
the 0 to 10, 10-20, 2040, 40-100 and 100-120 cm soil layers, and the results of fitting are shown in
Figures 9 and 10.

With all data points included in the analysis, the relationship between marginal entropy and mean
SWC apparently was different for different soil layers under the maize cover and the wheat cover in
2013-2014. Entropy changed with soil water content as an exponential model, in which the model
parameters indicated the magnitude of the proportional effect on the variability and the dependence
of variability on the mean SWC, respectively. Figures 9 and 10 show that the absolute values of both
parameters for different soil layers under wheat cover were larger than those of the soil layers under
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maize cover in 2013-2014. It seems that the soil layer had a relatively greater overall spatial variability
under wheat cover and entropy increased relatively faster for the soil layers with increasing SWC.
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Figure 9. Mean soil water content versus entropy for maize and wheat in 2013. Entropy values for
(a) 0-10 cm, (b) 10-20 cm, (c) 2040 cm, (d) 40-100 cm and (e) 100-120 cm soil depths.
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Figure 10. Mean soil water content versus entropy under maize and wheat cover in 2014. Entropy
values for (a) 0-10 cm, (b) 10-20 cm, (c) 2040 cm, (d) 40-100 cm and (e) 100-120 cm soil depths.

3.3. Calculation of Mutual Entropy for Influencing Factors of Soil Water Content

From Figure 11, it can be seen that a larger value of mutual entropy corresponds to a greater
amount of information transferred because the value of mutual entropy represents the amount of
information transmitted. In 2013 and 2014, the mutual entropy value of SWC and precipitation was
much higher than that of ET( and SWC, SWC and K¢ under different field plots, which is consistent
with previous studies [50]. Crop type was the second contributor that affects the soil water content.
Under wheat cover, it was observed that even though the marginal entropy values in 2013 were higher
than those in year 2014 (Figures 9 and 10), the mutual entropy values between SWC and precipitation
were similar to the value in 2014 (Figure 11). The results reflect that the influence of precipitation
to SWC is consistent in spite of the amount. The results reflects the entropy theory dose well in
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communicating with nature, it helps better understand soil water content and its influence factors in
natural systems. The mutual entropy values for different layers were different under wheat cover in
different years. For the top soil layers (0—10 cm and 10-20 cm) and observed deepest layer (100-120
cm), the value of mutual entropy between SWC and precipitation (Figure 11b) in dry year (2013) was
much higher than that (Figure 11c) in wet year (2014); results were similar to the value between SWC
and ET).
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Figure 11. Mutual entropy under different crop covers in 2013-2014. Mutual entropy values for (a)
Field I and (b) Field IT in 2013, mutual entropy values for (c) Field I and (d) Field II in 2014.

Figures 9 and 10 show that the marginal entropy values in 2013 were higher than those in 2014
under maize cover. The mutual entropy values between SWC and precipitation were from 0.055 to
0.091 in 2013 (Figure 11a), which were also bit higher than those (0.045 to 0.067) in 2014 (Figure 11d).
The mutual entropy values for different layers were different under wheat cover in the two year
period. For the top soil layers (0-10 cm and 10-20 cm), the value of mutual entropy between SWC and
precipitation (Figure 11a) in the dry year (2013) was much higher than that (Figure 11d) in the wet year
(2014). The value between SWC and ET in 2013 was similar to that in 2014. This result is different
from that under wheat cover. The difference resulted from the crop types, wheat (being a C3 plant)
extracts more water than maize (being a C4 plant).

Figure 12 shows that informational correlation coefficient (Ry) between SWC and other factors
for different soil layers. The value of Ry between SWC and precipitation was from 0.35 to 0.41 under
maize cover (Figure 12a) and from 0.31 to 0.37 under wheat cover (Figure 12b) in 2013. The R value
between SWC and precipitation was from 0.29 to 0.36 under maize cover (Figure 12c) and from 0.28 to
0.36 under wheat cover (Figure 12d) in 2014. For the 0-10 cm soil layer, the Ry value between SWC and
precipitation under maize cover was 0.41 and 0.29 in 2013 and 2014, respectively, which was bit higher
than the value (0.31 in 2013, 0.28 in 2014) under wheat cover. For the 10-20 cm soil layer, the R value
between SWC and precipitation under maize cover was 0.37 and 0.31 in 2013 and 2014, respectively,
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and the value under wheat cover was 0.34 and 0.32 in 2013 and 2014, respectively. The result was
similar to that for the 0-10 cm soil layer.
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Figure 12. Informational correlation coefficient (Ry) under different crop covers in 2013-2014. Ry values
for (a) maize and (b) wheat in 2013, Ry values for (c¢) maize and (d) wheat in 2014.

From Figure 12, it can be seen that the transferable information of precipitation for SWC was
more than ETjy and K¢c. The value between SWC and K¢ was the smallest for different soil layers.
The R value was similar under different crop covers in the two years. The influence of K¢ on SWC in
different layers was steady under different cover crops in the two years. The Ry value between SWC
and K¢ under maize cover was from 0.10 to 0.19 in 2013 and from 0.152 to 0.156 in 2014. For wheat
cover, the Ry value between SWC and K¢ was from 0.09 to 0.11 and from 0.04 to 0.06 in 2013 and 2014,
respectively. In spite of crop type, climate was the dominant factor that affected the SWC. In northwest
China, the precipitation is prior to ETy. So, the irrigation forecast can be according to the surface soil
water content and weather conditions for the certain crop cover.

4. Conclusions

In this study, entropy was employed, which was proved as an efficient tool for analyzing the
spatio-temporal patterns of SWC and the related environmental conditions. In order to examine
the spatial-temporal variability of SWC over the growing season in relation to the environmental
variables and to analyze how the influence of these factors vary with the crop growth in different soil
depths, both statistical and entropy methods were used to quantify the environmental control on the
seasonal variation of SWC based on two-year observations in a field site of Shiyang River basin in
Northwest China.

From the distribution of SWC in time, it was found that the temporal variability of SWC in
different layers under different cover crops displays the same change trends. The temporal variability
of SWC changed slightly with increase of soil depth in the two years. The CV of spatial SWC decreased
with increasing mean SWC under different covers. The marginal entropy of spatial variability and
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range increased with increasing SWC for different layers under different crop covers. Entropy changed
with SWC following an exponential model.

Mutual entropy results showed that precipitation is the dominant factor on SWC regardless of the
crop type. The crop coefficient (K¢) is the second dominant factors for SWC in the two years. So the
crop type is the second contributor that affects the SWC variability in different soil layers. The results
implied that changing crop type is a necessary adaptation to regional water scarcity exacerbated by
climate change in arid and semi-arid areas.

The mutual entropy values between SWC and precipitation are similar in different years under
wheat cover, but the marginal entropy values for different layers are different. The value of mutual
entropy of SWC with precipitation and that with ET for the top soil layer and observed deepest layer
are much higher in 2013 (dry year). This work opens a new avenue for further research to use entropy
theory for better understanding the variability of soil water contents and its influencing factors.
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