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Abstract

To increase reserve farmland resources, ensure food security, and to improve the ecological environment, large-scale gully
regulation projects in Yan’an area of the Loess Plateau have been undertaken in China since 2013. Understanding the spatial
and temporal distribution characteristics of slope soil moisture during the rainy season is, therefore, important for vegetation
selection used in restoration measures in this area. The temporal stability of soil water content in the upper 100 cm soil depth
in a gully regulation watershed was examined using six measurements taken during the rainy season (May—November 2016).
Temporal stability analysis of the soil water content was undertaken using Spearman’s rank correlation coefficient and the
relative difference method. Results showed that soil water content in the 0-50 cm and 0-100 cm soil depths demonstrated
moderate temporal and spatial variability, and soil water content variability gradually decreased with increasing soil depth.
Soil water content in both depths had strong temporal stability, having a positive correlation with soil depth. Furthermore,
temporal stability may decrease with increasing soil water content (p <0.05). The number and position of representative
locations were not constant, which varies with the soil depth and the estimation method. Five methods (mean relative dif-
ference, minimum relative difference standard equilibrium, temporal stability index, mean absolute deviation and root mean
square error) can be used to determine the representative location of temporal stability. However, the prediction accuracy of
the soil water content at representative locations obtained using the different methods for mean slope water content differed.
Comparatively, the mean absolute deviation method had a higher accuracy, followed by the minimum relative difference
standard equilibrium method. Results indicate that the prediction accuracy of five methods increased with soil depth.
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Introduction
This article is a part of Topical Collection in Environmental Earth
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Technology and Remediation Methods, edited by Dr. Derek Kim, As an important variable of regional eco-hydrology, soil
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2015; Wang et al. 2015). To obtain sufficient soil moisture
information, continuous monitoring of a large number of
points is required, which is both costly and time consuming
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temporal and spatial variability characteristics, Vachaud
et al. (1985) identified that its spatial distribution pattern is
relatively stable and proposed the concept of temporal stabil-
ity (Cheng et al. 2017; Xu et al. 2016). Temporal stability is
an important characteristic of soil moisture, defined as the
temporal persistence of the spatial model of soil water con-
tent. Strong stability over time indicates that the spatial dis-
tribution pattern of soil moisture is more similar (Zhu et al.
2017). Recently, identifying suitable locations to estimate
the status of soil moisture for an area has become one of
the most important applications of the concept of temporal
stability (Lei and Shao 2012). By reducing the number of
measuring locations, studies on soil moisture characteristics
over a large area can be undertaken using a lower workload
and less financial input, while also ensuring recorded data
have high precision. Currently, the temporal stability of soil
moisture has been widely examined and successfully applied
in different ecosystems, on different research scales and for
different soil depths (Bai and Shao 2011; Brocca et al. 2010;
Lei and Shao 2012). For example, Jia and Shao (2013) stud-
ied the temporal stability variation of soil moisture under
four vegetation cover modes in the Loess Plateau; and Mar-
tinez et al. (2014) explored the effects of different climate
and soil texture on the temporal stability of soil moisture.
A lot of work has been done on the temporal stability of
soil moisture in the Loess Plateau. However, the Chinese
government initiated a large-scale gully regulation project
in the Yan’an area of the Loess Plateau in 2013, a total of
14,000 hectares of gully regulation area had been completed
in this area by the end of 2015 (Liu and Li 2014; Liu et al.
2015). Engineering practices used in excavation and filling
during the gully regulation project changed the topography
and vegetation cover of some areas, having a significant
impact on the hydrological cycle of the project implemen-
tation area and the spatial and temporal distribution of water
resources (Sun et al. 2017; Yin et al. 2016). Furthermore,
the spatial and temporal distribution characteristics of soil
moisture in slopes were affected. Therefore, studies on the
temporal stability of soil moisture during the rainy season
in a slope under gully regulation conditions are important
when examining the restoration of slope vegetation in a gully
regulation watershed. Currently, however, few studies have
focused on the temporal stability of soil moisture during the
rainy season under such engineering conditions.

To further examine the spatial characteristics and tem-
poral stability of soil moisture on a slope during the rainy
season, it is important to understand the eco-hydrological
effect of gully regulation processes. Currently, little work
has been undertaken examining the temporal stability of soil
water content. In this study, Spearman’s rank correlation
coefficient and the relative difference method were used to
analyze the temporal stability of soil water content at 15
locations on typical slopes in a gully regulation watershed.
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Five methods were used to estimate the representative loca-
tions with temporal stability, and the prediction accuracy
of these methods was evaluated using standard statistical
methods. The main objectives of this study were to (1) ana-
lyze the temporal stability of soil water content in different
soil depths on typical slopes of a gully regulation watershed
during the rainy season, (2) identify the representative loca-
tion of the temporal stability of soil water content, and (3)
evaluate the accuracy of different prediction methods and
identify the best method for selecting representative tempo-
ral stability locations suitable for this area.

Materials and methods
Description of the study area

The study area, located in the Jiulongquangou watershed
(36° 11" 50"-36° 19" 08" N, 109° 34’ 26"-109° 39’ 36"
E), 66.80 km southeast of Yan’an City, Shaanxi Province,
China (Fig. 1), was in a hilly and gully area characterized
by severe erosion. The watershed has a continental mon-
soon season climate with an area of 69.35 km?. Mean annual
precipitation is approximately 576.9 mm, of which more
than 60% falls between July and September. Mean annual
temperature is 9.15 °C. Soil in this area is classified as loes-
sial soil, mainly consisting of silt. The mean soil grain size
distribution from 15 samples were described as follows: clay
(<0.002 mm; 6.5%), silt (0.002—0.05 mm; 78.6%) and sand
(>0.05 mm; 14.9%) (Table 1). A large-scale gully regulation
project was undertaken in this watershed (between 2013 and
2015) which changed the characteristics of water storage
in some areas. A typical slope, located downstream in the
watershed, was selected for this study, having a slope length
of 248 m, an altitude range of 1117-1165 m, and a slope
angle of 11°. The main vegetation types on this slope were
Festuca elata and Ficus microcarpa. The mean spacing of
F. microcarpa was 3 m, and the forest age was 10 years. A
rectangular test plot with an area of 20,750 m* was set on
the slope. Along the length of the hillslope, 15 polycarbon-
ate tubes (length 1.2 m and diameter 44 mm) with a steel
cutting shoe were vertically installed along three transects,
as shown in Fig. lc. All tubes were installed so that 1 m
was underground and 0.2 m was exposed above the ground
(Fig. le). From May 13th to November 17th, 2016, observa-
tion of soil water content in the 0-50 cm and 0-100 cm soil
depths was carried out using a time domain reflectometry
(TDR) soil moisture measurement system (TRIME-PICO
IPH, Germany) with an interval of 30 days. Volumetric soil
water content was calculated using the different transmission
time of the electromagnetic wave emitted by the bottom of a
cylindrical probe in different dielectric constant substances.
The velocity of an electromagnetic wave propagation in the
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Fig. 1 Location of the study area (a, b) and the 15 polycarbonate tubes located across the study site (c, d)
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Table 1 Grain size distribution

. A Soil type Sample number Grain size distribution (%)
of soil particles
Clay Silt Sand
(<0.002 mm) (0.002~0.05 mm) (>0.05 mm)
Loessial soil 15 6.5 78.6 14.9

medium is inversely proportional to the square root of the
dielectric constant of the medium, which can be expressed as

S
N

where C is the velocity of the electromagnetic wave propaga-
tion in the medium, C) is the velocity of the electromagnetic
wave propagation in a vacuum (3 s v®m/s), £, is the dielectric
constant in a medium, and g, is permeability in a medium. In
a nonmagnetic medium, C=1 in the absence of a magnetic
medium. The relationship between a dielectric constant and
a volumetric water content is (Topp et al. 1980)

C= (1)

€, =3.03+9.30, + 1460, — 76.76,°. Q)

During sample measurement, a handheld reader was con-
nected using a Bluetooth connection to sensors before they
were inserted into the cylindrical probes (length 20 cm)
and located vertically at the bottom of the polycarbonate
tube. Volumetric soil water content was calculated from
readings taken at intervals of 0.1 m in the polycarbonate
tube by raising the cylindrical probe from the base to the
top (Fig. 1g). Soil water content in the upper 0—50 cm soil
depth was calculated as mean water content of data recorded
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Fig.2 Rainfall distribution from May—November 2016
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at 0-10-, 10-20-, 20-30-, 30—-40-, 40-50-cm intervals; soil
water content of the 0—100-cm soil depth was calculated as
the mean water content of 0-50-, 50-60-, 60-70-, 70-80-,
80-90-, 90-100-cm intervals. The distribution of rainfall
during the rainy season, accounting for 93% of total annual
precipitation is shown in Fig. 2. As variability of precipita-
tion and soil water content in the rainy season is greater, it
is important to study the temporal stability of soil moisture
during this period.

Data analysis

To describe the distribution of soil water content and its
temporal and spatial variability, maximum, minimum, mean,
standard deviation and coefficient of variation of soil water
content were recorded and calculated six times at 15 loca-
tions. The coefficient of variation is the ratio of the standard
deviation to the mean. According to the division criteria of
Nielsen and Bouma (1985), the coefficient of variation has
a weak variability when it is 10% or less, it has a moderate
variability when it is between 10 and 100%, and a strong
variability when it is more than or equal to 100%.
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Temporal stability

In this study, Spearman’s rank correlation coefficient and
the relative difference method were adopted to examine
the temporal stability of soil water content. Spearman’s
rank correlation coefficient method reflects the spatial
similarity of observed locations at different observation
times (Vachaud et al. 1985). A rank correlation coeffi-
cient r, value close to 1 indicates that the spatial distribu-
tion pattern of the soil water content is more similar over
time. That is, the temporal stability of soil water content
is stronger. The calculation formula of r, is

_ 6 Zf\il (R — Ry)
N(N?—1)

3

T

where R; is the rank of the observed value of the soil water
content at location i on day j; R is the rank of the same
value at the same location, but on day j’; and N is the number
of observation locations (n=15).

The relative difference method is based on the theory
of relative difference. According to Vachaud et al. (1985),
equations for calculating the relative difference value of
soil water content at observation locations i at observation

time j are
0.— 06
Y J
0= —=> @)
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where Gij is the observed value of soil water content at loca-
tion i on day j, and 6, is the mean value of soil water content
at all locations on day j. Therefore, the mean relative differ-
ence (9_]-) and the relative difference standard deviation o (5,-)
at the measuring location i can be calculated as
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where M is the number of observations (n=06).

The mean relative difference is generally used to deter-
mine the proximity of soil water content at the measured
location to the mean soil water content at the sample site.
A relative difference value of the measuring location
close to 0 indicates more soil water content can represent

the mean soil water content of the sample site. When the
relative difference value is greater than or less than 0, the
mean soil water content of the sample site is overestimated
or underestimated, respectively. The temporal stability of
soil water content can also be determined using the rela-
tive difference standard deviation. A smaller temporal sta-
bility value indicates a stronger temporal stability of the
soil water content at the measuring location. When there
is a certain measuring location on the slope, the mean
relative difference is close to 0, and the standard devia-
tion of the relative difference is very small, then the water
content at this location can be used to represent the mean
soil water content in the sample site.

A method for determining the representative
measuring location of temporal stability

The representative measuring location of the temporal sta-
bility of soil water content was determined using the meth-
ods of mean relative difference, minimum relative difference
standard equilibrium, temporal stability index, mean abso-
lute deviation, and root mean square error. Previous studies
by Jacobs et al. (2004) and Zhao et al. (2010) determined the
measuring location of temporal stability using the temporal
stability index, a composite index of mean relative difference
and standard deviation of the relative difference. The equa-
tion for this calculation is

I = V 61‘2 - 6(5i)2~ ®)

The most temporally stable location notably has the low-
est I,.. The I, can also be used to identify representative
location for directly estimating the mean soil water content.
Generally, the location with the time stability index less than
10% can be considered as the representative location of tem-
poral stability. The location corresponding to the minimum
value can be considered as the best representative location
of temporal stability.

The minimum relative difference standard equilibrium
method considers that the location corresponding to the
minimum value can be considered as the best representa-
tive location of temporal stability. The equation is used to
correct the measured soil water content at the representative
measuring location. The equation for this calculation is

g = Lo ©)
Y140,

where 6, is soil water content at the representative measur-
ing location at location i on day j, 0, is the soil water content
after calibration of the representative measuring location,
and 0, is the mean relative difference value of the repre-
sentative measuring location i for temporal stability.
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Hu et al. (2010a) and Lei et al. (2012) proposed the
method to determine representative measuring locations of
temporal stability using mean absolute deviation (MABE)
and root mean square error (RMSE), respectively. For this,
MABE and RMSE were calculated for each measuring
location, with the minimum value representing the measur-
ing location of temporal stability. Equations for MBE and
RMSE are.

1 < ;= 5:‘
N T M z = (10)
=1 | 1+§;
M
1 95j 95j
Rysei = 4| 77 - - , (11
M T\ 1+ 1+

Smaller values for MABE and RMSE indicate stronger
temporal stability of the soil water content. The location cor-
responding to the minimum value can be considered as the
best representative location of temporal stability.

Results and discussion

Temporal and spatial dynamic analyses of soil water
content

Results for the temporal variation of rainfall from May to
November 2016 are shown in Fig. 2. Results for the tem-
poral variation of soil water content and its correspond-
ing standard deviation and coefficient of variation for the
depths of 0-50 cm and 0-100 cm (Fig. 3) indicate that the
mean soil water content at two soil depths was 12.70% and
13.00%, respectively. The range of variation was from 2.64
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to 25.95%. Although our results indicate that soil water
content increased with increasing soil depth, the bilateral ¢
test indicated that there was no significant difference in soil
water content between the two soil depths (p > 0.05). This
result is consistent with the findings of Hu et al. (2010b),
who recorded no significant difference in soil water content
at depths of 40, 60, and 80 cm in the same watershed. At
the same time, the standard deviation of soil water content
in both soil depths was below 5%, indicating that the spa-
tial variation of soil water content was small at different
measuring times. The mean coefficients of variation were
0.31 and 0.29, respectively, indicating that the soil water
content had moderate spatial variability at different meas-
uring times. This result was similar to the spatial variation
characteristics of soil water content obtained by Zhang and
Shao (2013) in northwestern China. By comparing these
results to rainfall, it can be seen that soil water content and
rainfall had good synchronization, i.e., high levels of rainfall
in July and August coincided with the maximum records
for soil water content. In September, both rainfall and water
content decreased.

Soil water content mean value, standard deviation, and
variation coefficient recorded during six measurement
periods in the two soil depths are shown in Table 2. Mean
standard deviation for the two depths of 0—-50 cm and
0-100 cm was 4.01% and 3.77%, respectively, and the dis-
tribution range was 3.05-4.88% and 2.91-4.57%, respec-
tively. The mean values of the coefficient of variation were
0.32 and 0.29, and the distribution range was 0.27-0.38 and
0.25-0.34, respectively. The standard deviation of soil water
content was small, and the variation coefficient was greater
than 10%. Our results indicate that the soil water content of
the two soil depths recorded moderate variability over time.
In addition, spatially standard deviations of the standard
deviation and variation coefficient over time for soil water
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Fig.3 Mean value, standard deviation and variation coefficient of spatial average soil water content
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Table 2 S.p%ltial statistical Soil depth (cm) Variable Min Max Mean STD CV
characteristics of mean value,
standard devﬂ%@ns an? . 0-50 Mean (%) 11.06 14.14 12.70 1.38 0.11
variation coefficient of soi
moisture content over time ETD (%) 325 gi: gg; 8(8)2 222
\"% 27 . . R 1
0-100 Mean (%) 11.69 14.19 13.00 1.15 0.09
STD (%) 2.91 4.57 3.77 0.69 0.18
CvV 0.25 0.34 0.29 0.04 0.13
51 .os0om  ©0-100cm variability of the two soil depths not only has a good cor-
relation with the soil water content but is also affected
51 y =0.07x154 s -

R?=0.54

9
% 3 _ y =0.11x142
3 R2=0.56
2 4
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Mean/%

Fig.4 The relationship between mean soil water content and corre-
sponding standard deviation

content in the 0-50 cm soil depth were 0.80% and 0.05, and
the coefficients of variation were 0.50 and 0.14, respectively.
The spatially standard deviations of standard deviation and
variation coefficient over time for soil water content in the
0-100 cm soil depth were 0.69% and 0.04, and the coeffi-
cients of variation were 0.18 and 0.13, respectively. These
results indicate that temporal variability of soil water content
had no significant spatial change at the 15 locations, and
that spatial variability of soil water content over time in the
soil depth of 0—100 cm was weaker than that in the depth
of 0-50 cm. This result was consistent with the findings of
Zhu et al. (2017).

Mean soil water content had a good correlation with
standard deviation at p < 0.05 (Fig. 4), indicating that the
variability of soil water content was higher when soil water
content was larger. Penna et al. (2009) recorded that when
the soil water content was 23-29%, the variability of soil
water content reached a maximum. However, when soil
water content was lower than 20%, soil was in an unsatu-
rated state, and soil water was difficult to move under the
action of matrix potential. Therefore, the variability of soil
water content increases with its availability. The R? of the
mean value and standard deviation of soil water content
in the soil depths of 0-50 cm and 0-100 cm was 0.54
and 0.56, respectively. Compared with the conclusions of
Zhu et al. (2015), our results are relatively low. One rea-
son for our results may be because the soil water content

by external factors such as climate, vegetation, evapora-
tion, and vegetation. Differences in soil water status, study
scales, and sampling strategies between the studies may
also present differences in results (Brocca et al. 2007). At
the same time, soil water content in the upper soil layers
is more susceptible to external factors, reflected by the
R? value in the 0-50 cm soil depth being lower than that
recorded in the 0—100 cm soil depth. Results by Lei and
Shao (2012) also recorded R? of the fitting relationship
between soil water content and standard deviation in the
0-100 cm soil depth to be low (0.33).

Temporal variation of the spatial pattern of soil
water content

The spatial pattern of soil water content was analyzed
using the Spearman’s rank correlation coefficient method
(Table 3). Results indicate that soil water content in the
0-50 cm and 0-100 cm soil depths all had good corre-
lation during the six measuring periods (p <0.01). This
result indicates that soil water content had strong temporal
stability in both soil depths. Mean Spearman’s rank cor-
relation coefficients of soil water content in the two soil
depths were 0.714 and 0.688, respectively, and variation
ranged from 0.579-0.895 and 0.525-0.852, respectively.
The temporal stability of soil water content in the 0-50 cm
soil depth was stronger than that in the 0-100 cm soil
depth. These results differed from the majority of previ-
ous studies, whereby the temporal stability of soil water
content increased with soil depth (Hu et al. 2010b; Huang
et al. 2018; Xu et al. 2016). Analysis of correlations
between soil water content on set days (e.g., June 11 and
other monitoring periods) was weak (p > 0.05). Regard-
less of the water content on June 11, the mean Spearman’s
rank correlation coefficients were 0.750 and 0.753 for the
0-50 cm and 50-100 cm depths, respectively. This result
indicated a stronger temporal stability for the underlying
soil water content. Lei and Shao (2012) showed that differ-
ences in soil water content stability in different soil depths
were mainly due to differences in water absorption, the
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utilization of plant roots, and the water retention capacity
of the soil structure. Loess in the Loess Plateau is homoge-
neous, and the soil structure is less different, resulting in a
low difference in the stability of its water content.

Stability analysis of soil water content
Relative difference analysis

Relative difference standard deviation and Spearman’s rank
correlation coefficient are two different concepts related to
temporal stability. The relative difference standard devia-
tion is used to characterize the temporal variability of cer-
tain measuring locations, and Spearman’s rank correlation

Table 3 Spearman’s rank

. . Soil depth (cm) Sampling date 05-13 06-11 08-10 08-21 09-28 11-17
correlation coefficients
Correspfilﬂding to Soildwater 0-50 05-13 1 0.598™  0.730™ 06757 06717 0719
content data measured on s s s s
different periods 06-11 1 0.599 0.579** 0.616** 0.660**
08-10 1 0.847 0.734° 0.895
08-21 1 0.719"  0.869™
09-28 1 0.799™
11-17 1
0-100 05-13 1 0.637 0708  0.686™ 06137  0.658"
06-11 1 0.547 05657  0.595™  0.525™
08-10 1 0.833" 0741  0.852™
08-21 1 0.7477  0.836™
09-28 1 0.780™
11-17 1
*Correlation is significant at the 0.05 level
**Correlation is significant at the 0.01 level
0.6 0.6
0-50cm 13 0-100cm
(&)
g 0.4 4 0.4 4 11
e 11 12
o
0.2 . % 10 0.2 13
2 oo ; [ 1 L 0.0 —F T 2
o 5 I 1 14 2 f j J
N gl BERE:
O 0.2 { % % . 0.2 4 % 7 14
g 6
=} % 1 9
< 9 3
L 0.4 3 0.4
-0.6 0.6
Rank Rank
Fig. 5 Mean relative difference of soil water content at different soil depths. Vertical bars represent + standard deviation
g p p
T?ble 4 Mean relativ.e Soil depth (cm)  Parameter Min Max Range Mean STD
difference value and its
corresponding standard 0-50 Mean relative difference -032 040 072 000 023
deviation Standard deviation of relative difference ~ 0.06 047 041  0.12  0.10
0-100 Mean relative difference -0.26 045 0.71 0.00 0.20
Standard deviation of relative difference 0.04 047 043 0.11 0.11
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coefficient method is used to describe the similarity of spa-
tial distribution features in different periods. The temporal
stability of soil water content at each measuring location was
analyzed using the relative difference method. The mean
relative difference value of soil water content (from small
to large) and its corresponding relative difference standard
deviation are shown in Fig. 5; results in Table 4 indicate the
statistical characteristic values of the two soil depths. Soil
water content mean relative difference values between the
two soil depths of 0-50 cm and 0-100 cm were —0.32~0.40
and —0.26 ~0.45, having a range of 0.72 and 0.70, respec-
tively. The absolute value of the minimum value of the rela-
tive difference was recorded to be lower than the maximum
value. This result was similar to the conclusions of Hu et al.
(2010a) and Cosh et al. (2008). At the same time, because
the loess of the Loess Plateau has a vertical homogene-
ous structure, the relative difference values of the different
soil depths were similar (Lei and Shao, 2012). The relative
difference standard deviations of soil water content were
0.06-0.47 and 0.04-0.47, with mean values of 0.12 and 0.11,
respectively. As soil depth increased, the relative difference
standard deviation gradually decreased, indicating that water
content of the 0-100 cm soil depth had strong temporal sta-
bility. However, the difference was not obvious (p > 0.05).
These findings are similar to those recorded using the Spear-
man’s rank correlation coefficient method. As soil in the
0-50 cm depth was more susceptible to climate, vegetation,
and other factors, it, therefore, has weak stability. However,
as the 0—100 cm soil depth is also affected by these factors
to some extent, a small difference in the standard deviation
between the two soil depths was recorded.

At the same time, we found that the variation law of soil
water content stability with soil depth was similar to that
of soil water content: soil water content and its temporal

stability increased with increasing soil depth, but variabil-
ity of both decreased. A significant positive linear correla-
tion may also exist between temporal stability and the mean
soil water content (p <0.05, Pearson test), indicating that
the temporal stability of soil water content at the measur-
ing location was higher during a drought period. However,
as the R? values of the fitting relationship between water
content and relative difference in the soil depths of 0-50 cm
and 0-100 cm were 0.70 and 0.65, respectively (Fig. 6), low
water content may not necessarily indicate higher temporal
stability. Accuracy for these results obtained by this method
was lower than the conclusions obtained using the method
of relative difference score deviation (Lei and Shao, 2012).
This result was similar to previous findings indicating that
soil water content had more temporal stability in locations
with a low soil water content (Cosh et al. 2008; Jabobs et al.
2004).

Identification of representative locations of temporal
stability

One of the most important applications of temporal stability
of soil water content is to estimate mean soil water content
using soil water content values from representative meas-
uring locations. In this study, the representative measuring
locations of temporal stability were determined using the
methods of mean relative difference, minimum relative dif-
ference standard equilibrium, temporal stability index, mean
absolute deviation and root mean square error.

The mean relative difference method is generally used
to determine the closeness of the soil water content of
measuring locations to the mean water content of the sam-
ple site. If the value is close to 0 and the relative difference
standard deviation is small, then the soil water content of
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Fig.6 The linear relationship between the standard deviation of relative difference and the soil water content for the two soil depths
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these locations can represent the mean soil water content in
the sample site (Vachaud et al. 1985). As shown in Fig. 5,
the representative measuring locations of the 0—50 c¢m soil
depth were measuring location nos. 4 and 8, which had a
mean relative difference value close to 0 and an error range
of —5% to 5%. The relative difference standard deviation
of the two representative measuring locations was 0.12
and 0.07, respectively. As measuring location no. 8 had a
relatively smaller difference standard deviation, this site
was deemed the best representative measuring location.
Mean relative difference and relative difference standard
deviation of measuring location no. 4 in the 0—-100 cm
layer were 0.039% and 0.10, respectively, indicating that
this location was the best representative measuring loca-
tion for this soil depth. The temporal stability index is a
synthesis indicator of mean relative difference and relative
difference standard deviation. A smaller temporal stabil-
ity index indicates a stronger soil water content temporal

stability. Results for the order diagram of temporal stabil-
ity index (ranging from small to large; Fig. 7) indicate
that only measuring location no. 8 had a temporal stability
index of less than 10% for each soil depth (0.07 and 0.08,
respectively). The order of the mean absolute deviation,
from small to large, indicated that the minimum value of
mean absolute deviation for the 0-50 cm soil depth was
at measuring location no. 12 (0.05; Fig. 8). The minimum
value of the mean absolute deviation for the 0-100 cm
soil depth was at measuring location no. 3 (0.03); in this
soil depth, seven measuring locations recorded values less
than 5%. The order of the root mean square error, from
small to large, recorded a minimum value in the 0-50 cm
soil depth at measuring location no. 6 (0.79; Fig. 9); the
minimum value recorded in the 0—100 cm soil depth was
at measuring location no. 2 (0.50). Measuring location
no. 6 recorded the minimum value for the minimum rela-
tive difference standard equilibrium method (0.06) in the
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Fig.9 Ranked root-mean-square error of soil water content

0-50 cm soil depth; measuring location no. 3 recorded the
minimum value (0.04) for the 0-100 cm soil depth.

Results from our analysis indicate that representative
locations of temporal stability in the different soil depths
and at different periods differ. Due to factors such as soil
biology, soil erosion and vegetation growth years, multiple
representative measuring locations may be evident (Zhao
et al. 2010). Therefore, representative measuring locations
of the temporal stability of soil water content in the 0-50 cm
soil depth were nos. 8, 12, and 6, and the representative
measuring locations for the 0—100 cm soil depth were nos.
4,8,2,and 3.

The selection of the best representative measuring
locations and optimal estimation method for the temporal

stability of soil water content

Statistical values of the accuracy parameters of soil water
content estimated using the five methods and the mean soil

Table 5 Validation of estimation accuracy of the different methods

Rank

water content of the sample sites (Table 5) were used to
determine the best representative measuring locations of
temporal stability. The root-mean-square error (RMSE),
the Nash coefficient (NSE), the mean absolute error
(MAE), and the linear regression coefficient (R?) were
used to estimate the error between the mean soil water
content of the sample site and the soil water content of the
representative measuring locations corrected using Eq. (8).
In the 0-50 cm soil depth, MAE of measuring location
nos. 6, 8, and 12 was 0.70, and the variation was small.
For these three measurement locations, the NSE value had
the order of 6 (0.58)>8 (0.53)> 12 (0.38), RMSE had
the order of 12 (0.99)> 8 (0.86)> 6 (0.81), and R* had
the order of 6 (0.71)> 8 (0.54)> 12 (0.48). RMSE reflects
the extent to which measured data deviates from the true
value, and a smaller RMSE value indicates a higher accu-
racy. NSE is generally used to evaluate the quality of a
model, and an NSE value close to 1 indicates good model
quality, and that the model has high credibility. MAE is

Soil depth (cm) Method Representative  Fitting relation R? RMSE NSE MAE
location
0-50 Mean relative difference method No. 8 y=0.90x+1.40 0.74 0.86 0.53 0.70
Minimum relative difference stand-  No. 6 y=1.67 x+8.34 0.84 0.81 0.58 0.71
ard equilibrium method
Temporal stability index method No. 8 y=0.90x+1.40 0.74 0.86 0.53 0.70
Mean absolute deviation method No. 12 vy=0.69x+3.69 0.69 0.99 0.38 0.70
Root mean square error method No. 6 y=1.67x+8.34 0.84 0.81 0.58 0.71
0-100 Mean relative difference method No. 4 vy=0.34 x+8.61 0.31 1.21 -0.32 0.95
Minimum relative difference stand-  No. 3 y=0.71 x+3.75 0.92 0.57 0.71 0.71
ard equilibrium method
Temporal stability index method No. 8 y=0.78 x+2.91 0.70 0.78 0.45 0.73
Mean absolute deviation method No. 3 y=0.71 x4+3.75 0.92 0.57 0.71 0.71
Root mean square error method No. 2 y=1.02x40.26 0.88 0.50 0.78 0.46
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Fig. 10 Comparison of mean soil water content with corrected soil
water content at representative locations at different depths

the mean absolute deviation of all individual observations
from the mean arithmetic; the smaller the MAE, less error
between the measured value and the predicted value is
recorded, and simulation accuracy is greater. In summary,
accuracy of the predicted value of the mean soil water
content and the measured value at the sample site was the
highest at measuring location no. 6, followed by measur-
ing locations nos. 8 and then 12 (this having the lowest
accuracy).

In the 0-100 cm soil depth, temporal stability results
using mean relative difference, temporal stability, and root
mean square error indicated that the best representative
measuring locations were nos. 4, 8 and 2. Results using the
minimum relative difference standard equilibrium method
and mean absolute deviation method indicated that no. 3
had the best representative measuring location. RMSE
between water content-corrected value of the representa-
tive measuring locations and mean soil water content of
the sample site was in the order of 4 (1.21)>8 (0.78) >3
(0.57)>2 (0.50). The value order of NSE was 2 (0.78)>3
(0.71) > 8 (0.45)>4 (-0.32), the order of MAE was 4
(0.95)>8 (0.73)>3 (0.71)> 2 (-0.46), and the order of R*
was 3 (0.92)>2 (0.88)>8 (0.70) >4 (0.31). These results
indicate that the accuracy of predicted mean soil water con-
tent values compared with measured values was the highest
at measuring location no. 2, and the R? was also relatively
higher. Measuring location no. 2 had the best representative
temporal stability in the 0—100 cm soil depth, followed by
measuring location nos. 3, 8, and 4.

Results from our study, therefore, indicate that the best
representative measuring locations of temporal stability in
the 0-50 cm and 0-100 cm depths were nos. 6 and 8, and nos.
2 and 3, respectively. Among the five methods used in our
analysis, RMSE had higher estimation accuracy, followed

@ Springer

by the minimum relative difference standard equilibrium
method. All results indicated that the estimation accuracy of
the methods gradually increased with increasing soil depth.
Results for statistical regression of corrected water content
of representative measuring locations and measured value
of mean water content at sample sites (Fig. 10) indicate that
the majority of soil water content values of the representa-
tive measuring locations were within + 5% of the error range
of y=x. This result verifies the reliability of representative
measuring locations selection.

Conclusions

From May to November 2016, soil water content was ana-
lyzed during the rainy season at 15 locations on a typi-
cal gully regulation watershed slope in the Loess Plateau.
Results indicate that mean soil water contents in the soil
depths of 0-50 cm and 0-100 cm were 12.70% and 13.00%,
respectively. The soil water content of both soil depths had
good temporal stability, and temporal stability gradually
increased with soil depth. A significant positive correlation
was recorded between soil water content and temporal stabil-
ity (p <0.05). Although soil water content was lower under
drought conditions, it may still have strong temporal stabil-
ity. Due to the influence of soil depth and the estimation
method, the number and location of representative measur-
ing locations of soil water content was not constant, and
multiple representative measuring locations may be present.
In addition, water content of the best representative meas-
uring locations obtained using the root mean square error
had better accuracy for predicting water content during the
rainy season. Results also indicated that estimation accuracy
gradually increased with increasing soil depth.
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