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Abstract. Accurate and rapid assessment of soil salinity is a prerequisite for monitoring and
management of soil salinization. Electromagnetic induction technology (EMI) has been broadly applied
for scientific research and soil salinity monitoring. In this study, the path analysis method was used to
analyze the influence of the soil properties of different soil layers and groundwater (GW)
characteristics on apparent electrical conductivity (ECa) values measured at different heights of an
EM38. The results showed that for all soil layers, the standard electrical conductivity of a saturated soil
extract (ECe) was the most important factor affecting ECa measured at different heights. Both soil
moisture content and GW characteristics (GW depth, GW conductivity) had an obvious effect on ECa,
whereas the soil clay content had little effect. The reliability of ECe prediction models for different soil
layers was improved to various degrees by the addition of soil water content and GW characteristics as
auxiliary factors. The ECe prediction model was validated with the coefficient of determination (R?)
between the predicted and measured ECe values of each layer reaching more than 0.70. The ECe
prediction model can be used to accurately estimate any unsampled points in a study area.

Keywords: electromagnetic induction, soil profile, accurate interpretation, groundwater, soil
properties

Introduction

Soil salinization is a global problem, affecting more than 930 million hectares of
land, and the extent of the problem continues to increase (Rengasamy, 2006). High
evaporation rates in arid and semi-arid areas increase the problem of soil salinization
(Butcher et al., 2016; Li et al., 2014). Soil salinization negatively affects soil quality
and sustainable agricultural development (Cassel et al., 2015). Land areas that are
potentially impacted by soil salinization remain important resources for agricultural
development. The key strategy to ensure the development and utilization of such land
resources lies in the development of accurate and rapid soil salinity assessment and
measurement techniques (Kasim et al., 2018; Abdu et al., 2007; Yao et al., 2010;
Singh, 2018). At present, electromagnetic induction (EMI) is the most important and
broadly-applied scientific method for measuring and assessing soil salinity. EMI is
used to measure soil apparent electrical conductivity (ECa) to predict the salt content
of the soil profile (Heil and Schmidhalter, 2017). Based on the existing research
results, soil salinity (Dakak et al., 2017; Scudiero et al., 2016; Aboelsoud and Abdel-
Rahman, 2017), soil moisture (Hossain et al., 2010; Huang et al., 2018), soil clay
content (Doolittle et al., 2002; Triantafilis and Lesch, 2005), cation exchange capacity
(Triantafilis and Santos, 2010; Suddth, 2005), organic matter content (Martinez et al.,
2016; Bekele et al., 2005), soil temperature (Brevik et al., 2004), soil compaction
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(Krajco, 2007) and other major physical and chemical properties of the soil have an
impact on its ECa. Therefore, the major factors affecting EMI of areas with different
in soil properties differ considerably.

EM38 is a tool for rapid determination of ECa (McNeill, 1980). The assessment of
soil salinity using ECa should be calibrated relative to the standard electrical
conductivity of a saturated soil extract (ECe). Many scholars have used the EM38 to
determine ECa to quantify and monitor soil salinity in arid and semi-arid irrigated
agricultural areas (Jadoon et al., 2015; Ding and Yu, 2014; He et al., 2018). In the
aforementioned research, almost all other soil physical and chemical properties were
considered to be uniform; however, in the actual investigation process, the
measurement accuracy of EM38 was often reduced due to uneven irrigation and
differences in soil texture. A soil survey by Lesch and Corwin (2003) concluded that
minimum water content should be at least 65% of the total capacity whenever
possible. However, in arid and semi-arid regions, limited rainfall and irrigation water
usually result inlarge differences in soil water (SW) content between plots. Therefore,
the establishment of a calibration relationship between ECa and ECe depends on the
soil type under specific field conditions and moisture status. In addition, the soil ECa
increases with increasing clay content due to the fact that the clay content affects
electromagnetic conductivity, whereas on the other hand soil clay content is closely
related to cation exchange capacity (CEC) (Triantafilis and Lesch, 2005; Sudduth et
al., 2005). In addition, partially exchangeable ions can produce ionic conductance,
thus affecting ECa, and studies have shown that the variability of ECa conversion to
ECe is greater in coarse-grained soils than in medium or fine-textured soils
(McKenzie, 1993).

There have been many studies of the effects of SW content and soil salinity on ECa
(Hanson and Kaita, 1997; Bennett et al., 2000; Wittler et al., 2006; Jiang et al., 2017).
The results have shown that there is a linear relationship between SW content and ECa
(Hanson and Kaita, 1997). ECa readings vary considerably with changes in SW
content. Norman (1990) demonstrated that for clay soils, the water content of the soil
profile should be greater than 20% to accurately obtain soil salinity values from the
observed ECa data. Rahimian and Hasheminejhad (2011) found that the regression
equation between ECah (horizontal mode) and ECav (vertical mode) and soil salinity
obtained in the field with SW content of 35% was more reliable. Silberstein et al.
(2007) found a significant correlation between ECa and groundwater (GW) level and
GW conductivity (R?=0.75, P <0.001). Mankin and Karthikeyan (2002) conducted
research in the central and mid-south regions of Kansas, USA to distinguish between
the saline exudation zone and non-exudation zone and assessed the extent of saline
exudation by means of ECa measured by EM38.

In summary, although the relationship between soil ECe and ECa is reliable, the
factors affecting different regions and different soil layers (e.g., moisture, clay
content, GW depth and GW conductivity) differ. To construct an accurate
interpretation model of soil profile salt content, the present study aimed to
characterize the soil characteristics of the Xinjiang arid area by: (1) analysis of soil
properties at different depths and determining the influence of GW characteristics on
EM38 readings; (2) determine the dominant factors impacting on ECa determination,
and establishing an accurate soil ECe interpretation model; (3) validate the precision
and stability of the soil ECe interpretation model.
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Materials and methods
Overview of research region

The present study focused on the Karamay agricultural development area located
within the lacustrine plain region on the southern side of the Dzungaria Basin in
Xinjiang Province (84°50'-85°20" E and 45°22'—45°40" N). The region has a desert
climate with an annual mean temperature of 8 °C and an annual rainfall of 105.3 mm.
The average depth of GW in the area has risen by 6.90 m since 2000 due to improper
irrigation methods, which has consequently resulted in soil salinization. To date, more
than 66% of the area has been affected by soil salinization (Han et al., 2011).

The field within the Karamay agricultural development area of approximately 68 ha
with the shallowest GW was chosen for the present study. Other factors considered
were soil texture, salt status, vegetation types and irrigation methods. As shown in
Figure 1, the GW depth (DGW) and quality were monitored from 11 positions.
Sunflowers and matrimony vines planted in the field in 2016 were replaced with cotton
in 2017. The crops were irrigated manually during their periods of growth using drip
irrigation under mulch. Soil moisture content and GW characteristics were highly
variable across the research region since the types of crops differ and the terrain is
uneven, as shown in Table 2. Soil clay content at a depth of 1 m was spatially
homogeneous, with an average value of approximately 56%. On the other hand, serious
soil salinization has occurred with a minimum and maximum ECe of 1.69 mS cm™ and
2.90 mS cm?, respectively. This relatively high salt content has restricted crop growth.
Table 1 lists the monthly mean variations of DGW in the research region from 2013 to
2017, which show that DGW has been significantly influenced by agricultural irrigation
before 2016 with an annual mean depth ranging from 0.78 m to 1.12 m, and that DGW
increased to a certain extent in 2016 and 2017 with a mean depth of 1.40 m.

Xinjiang Uygur Autonomous Region
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Figure 1. Spatial location of the experimental sites

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(4):10037-10057.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1704_1003710057
© 2019, ALOKI Kft., Budapest, Hungary



Song et al.: Assessment of the accuracy of a soil salinity model for shallow groundwater areas in Xinjiang based on electromagnetic
induction
- 10040 -

Table 1. Monthly mean change of groundwater level in the study area

Years June July August | September | October | November | Average | CV (%)
2013 0.69 0.69 0.41 1.28 0.82 0.78 0.78 0.36
2014 0.99 1.12 0.76 1.02 1.27 1.36 1.09 0.19
2015 0.91 0.99 1.25 1.38 1.28 0.89 1.12 0.19
2016 1.35 1.28 1.33 1.45 1.52 1.49 1.4 0.07
2017 1.36 1.44 1.4 1.28 14 1.52 1.4 0.06

Data collection
Electromagnetic interference (EMI) data collection

The EM38 had two receiver coils spaced at 0.5 m and 1 m from the transmitter coil.
The transmitter coil was energised with an alternating current, generating a time-
varying magnetic field in the earth. This magnetic field resulted in current flow in the
soil, resulting in the generation of a secondary magnetic field. The strength of this
secondary electromagnetic field was directly proportional to the ECa of the soil.

ECa = 4(Hs/Hp)/ w,S (Eq.1)

where ECa is the apparent electrical conductivity, Hs and Hp are the secondary
magnetic field and the primary magnetic field, respectively, o = 2xnf, where f is the
transmission frequency (Hz), S is the distance between the transmitting end and the
receiving end (m) and po is the spatial magnetic field conduction coefficient.

In the present study, the EM38-MK2 instrument (Geonics Limited, On-tario,
Canada) with effective investigation depths in the vertical and horizontal modes of
1.5 m and 0.75 m (McNeill, 1980), respectively and transmitting coil and receiving coil
separated by 1 m was used to measure EMI data throughout the research region.
According to previous studies, ECa is influenced by both soil properties and soil depth,
and soil layers at different depths contribute to ECa at different degrees. Equations 2
and 3, representing density functions of the contributions of a soil layer at a certain
depth to ECa in the vertical and horizontal modes, respectively, show that 20% of ECa
in the horizontal mode is contributed by soil layers at depths < 1.2 m and 27% of ECa in
the vertical mode is contributed by soil layers at depths < 1.8 m. In the present study,
the heights of EM38 during measurement were set at 1.30 m, 1.10 m, 0.90 m, 0.70 m
and 0.50 m in sequence, corresponding to effective investigation depths of 0.20 m,
0.40 m, 0.60 m, 0.80 m and 1.00 m, respectively, in the vertical mode.

A total of 100 measurement positions were deployed using the systematic
distribution method and the data were collected by EM38 in May, 2017. Before the
measurement, EM38 was calibrated at a height of 1.5 m, following which the values of
ECa were measured at the heights of 1.30 m, 1.10 m, 0.90 m, 0.70 m and 0.50 m in the
horizontal and vertical modes. In addition, the positions of the measurement points were
recorded via GPS (Trimble, USA).

47

V(7)) =
s (427 +1)

(Eq.2)
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S
7 (422 +1) "

(Eq.3)

where z denotes the depth of EM38 in the vertical direction.

Collection and treatment of soil samples and GW

To obtain soil property information, manual sampling procedures were implemented
at the measurement points. The soil was separated into five layers: Om to 0.20 m
(L1),0.20 mto 0.40 m (L2), 0.40 m to 0.60 m (L3), 0.60 m to 0.80 m (L4) and 0.80 m to
1.00 m (L5). Effective soil profiles totaling 90 were chosen and 450 soil samples were
collected in total. Soil profiles totaling 60 were used to derive the salt content prediction
model whereas the remaining 30 were used to validate the model.

The collected soil samples were mixed and then transported to the laboratory for
characterization. The soil moisture content per unit mass (6) was determined using the
oven drying method. EC of 5:1 water to soil extract (ECe) was determined using a
conductivity meter. Soil clay content (y) was determined using the hydrometer method.

The characteristic GW data were obtained from the 11 automated monitoring points.
The monitored indices included GW depth (DGW), monitored by the DATA-5111
sensor (China), and GW EC (ECGW), monitored by the DATA-5102 water
conductivity sensor (China). The sensors were set to collect data once every 2 h.

Data analysis method
Path analysis and its principles

A number of factors need to be considered when deriving an accurate model for
interpreting soil salt information based on EMI. At the same time, path analysis is a
useful numerical analysis method suitable for determining the effects of multiple
factors. Path analysis divides correlation coefficients into those exerting direct and
indirect effects, which indicates the relative importance of the factors. Therefore, when
studying the linear relationships between multiple correlated variables, path analysis can
reveal the direct and indirect contributions of each independent variable to the
dependent variable. With that in mind, path analysis was used in the present study to
establish the contribution of soil properties and GW characteristics to ECa.

Path coefficient

Path analysis is a statistical multiple linear regression analysis method applied to
standardized variables and path coefficients are partial regression coefficients for
standardized variables. The path coefficient of an independent variable reflects its
relative magnitude and property in relation to the dependent variable.

Assuming the existence of a linear relationship between the dependent variable y and
the independent variables x; (i = 1,2,3,..., n), the regression equation can be written as:

y=by +bx +b,x, +---+b X, (Eq.4)

Then, based on the standardized multiple linear regression equation, the canonical
equations can be derived as:
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Pyxl + rxlxz Pyxz t ot rxlxn YXn = rxly
rX1X2 ¥X2 + Pyxz ot rxzxn YXn = rxzy (E 5)
Fex P, + LPx, + =+ Py =1,
Equation 5 can be transformed into a normal matrix equation as:
1 rX1>(2 X1 Xn Pyxl Xy
r, 1 - P r
2% X2 Xn YX2 X2y
: . . =] (Eq.6)
rxnxl anXZ 1 Pyxn rxny

where T is the simple correlation coefficient of xi and x;, and ., is the simple
correlation coefficient of xi and y. The path coefficient £, can be obtained by
solving Equation 5. rxl_ij}.xl. represents the indirect path coefficient of xi to y via x;.

Contribution rates of variables

The influencing factors can be ordered according to their path coefficients.
Furthermore, since the contributions of the variables are calculated from their direct
path coefficients, the contribution rates of the influencing factors to ECa can also be
calculated:

77=|a|/Qa|+|b|+|c|+|d|+---) (Eq.7)

where a, b, c, d... denote the direct path coefficients of the corresponding variables
and " denotes the contribution rate of the first variable.

Derivation of the ECe prediction model

Path analysis was used to analyze how soil properties (including 6, y and ECe)
and GW characteristics are related to ECa as measured by EM38 at different heights.
The non-salt factors with high contribution rates to ECa were then chosen as
independent variables with soil conductivity as the dependent variable. The optimal
soil salt interpretation model was then derived using multiple linear regression
(MLR). The data analysis and model derivation were conducted using SPSS 20.0
(IBM, USA), and the figures and tables were compiled using Sigmaplot 12.0 (Systat
Software, USA).

Model validation

The reserved 30 soil profiles were used to validate the reliability of the ECe
prediction model using three indices: mean error (ME), root mean square error
(RMSE) and coefficient of determination (R?).

Among them:

Mean Error (ME):
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N
ME =< Jx - (Eq.8)
i=1

Root Mean Square Error (RMSE):

RMSE = \/%Z(x vy (Eq.9)

where xi is the interpreted value, y; is the observed value and N is the number of data
points.

When using the test model, root mean squared error (RMSE) was always used for
statistical analysis of conformity between simulated values and measured values. The
smaller the RMSE value, the better the consistency and the smaller the deviation
between simulated values and measured values, and thus the more accurate and reliable
the model.

Results and discussion
Data analysis

Table 2 lists the soil properties and GW characteristics (including ECGW and DGW)
of different soil layers and readings of EM38 at different heights. The soil texture in the
research region ranged from heavy loam to light clay, and the soil profile clay content
was distributed relatively evenly. At L1-L5, y ranged from 49% to 62%, with the
maximum in L3. 6 showed a trend of increasing from the top soil layer (8%) to the
bottom soil layer (25%) and was not evenly distributed in the soil profiles. According
Lesch and Corwin (2003), if 6 is far less than field moisture capacity, the spatial
variation in 0 is likely to become the most important factor contributing to EM data,
even if salt content shows significant spatial variation. Norman (1990) found that soil
profile 6 should be greater than 20% in clay soil to accurately estimate soil salt content
according to measured EM data. Given the above information, the 0 of the study area in
the present study could preclude the development of an effective soil salt prediction
model. At the same time, ECe showed a clear variation among different soil layers, with
average ECe of each layer ranging from 1.69 mScm™ to 2.9 mS cm™. At L1-L4, the
coefficient of variation of ECe decreased from 60.69% to 34.66% with increasing soil
depth, whereas at L5, the coefficient of variation of ECe increased to 50.69%. This
illustrated the complex spatial distribution of ECe. DGW was highly variable across the
region with a minimum, maximum and average DGW of 1.12 m, 1.38 m and 1.34 m,
respectively, and ECGW ranged from 35.8 mS cm™ to 62.8 mS cm™ with an average of
2.36 mS cm™* due to high GW mineralization and poor water quality. Therefore, the
moisture and salt contents of the soil profiles could be influenced by the shallow depths
and high salt content of GW, thereby influencing EM38 measurements.

Corwin and Rhoades (1982) derived the EC of the soil profile in the vertical
direction based on the linear hypothesis and using the values of ECa measured by EMI
at different heights, a method which has been proven to effectively improve the
accuracy of predicting soil salt using EM38 (Cook and Walker, 1992). In the present
study, the EM38 readings decreased with increasing height. The signals received by
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EM38 were generated mainly by the top soil layer and the contribution of the bottom
soil layer to the EM38 readings decreased with increasing soil depth (McNeil, 1990).
Soil at depths of 0 m—1.50 m accounted for 70% of the readings in the vertical mode,
and with increasing EM38 height, the effective investigation depth decreased (Abdu et
al., 2007). In addition, the aboveground atmosphere with an ECa of 0 made no
contribution to EM38 readings (Misra and Padhi, 2014). The aforementioned facts
explain the reason for a noticeable decrease in EM38 readings as height increased.
Huang et al. (2015) found that ECa variations decreased significantly as height
increased, which is consistent with the results of the present study.

Table 2. Summary characteristics of soil properties at various soil depths, groundwater
properties, and EM38 measurements collected invarious layers

Soil layer N Max Min Average | Standard deviation cVv
EMh1.30 60 92 9 475 22.41 47.18%
EMv1.30 60 170 21 94.88 43.86 46.23%
0-0.20 ECe/mS cm? 60 6.89 0.5 2.9 1.76 60.69%
0/% 60 0.18 0.08 0.13 0.02 15.38%
v/% 60 0.82 0.16 0.49 0.16 32.65%
EMh1.10 60 131 15 66.93 34.25 51.17%
EMv1.10 60 230 25 121.15 56.55 46.68%
0.20-0.40 | ECe/mScm? 60 4 0.5 1.99 0.78 39.24%
0/% 60 0.22 0.09 0.16 0.03 21.16%
v/% 60 0.85 0.10 0.53 0.20 37.29%
EMh0.90 60 195.00 26.00 92.48 48.93 52.91%
EMv0.90 60 268.00 37.00 152.88 65.56 42.88%
0.40-0.60 | ECe/mScm 60 3.52 0.85 2.05 0.73 35.63%
0/% 60 0.25 0.11 0.18 0.03 17.62%
v/% 60 0.84 0.27 0.62 0.18 29.14%
EMhO0.70 60 360 35 137.75 77.60 56.33%
EMv0.70 60 472 56 209.03 106.57 50.98%
0.60-0.80 | ECe/mScm 60 3.5 0.68 1.74 0.60 34.66%
0/% 60 0.24 0.1 0.18 0.04 20.12%
v/% 60 0.84 0.22 0.59 0.21 35.25%
EMh0.50 60 514 58 210.73 120.56 57.21%
EMv0.50 60 636 84 282.50 140.52 49.74%
0.80-1.00 | ECe/mScm? 60 4.26 0.42 1.69 0.85 50.69%
0/% 60 0.25 0.13 0.18 0.03 16.82%
v/% 60 0.88 0.13 0.59 0.22 37.28%
ECGW/mScm?| 7 62.8 35.8 52.36 10.06 19.21%
DGW/m 7 1.38 1.12 1.34 11.71 8.72%

Analysis of factors influencing ECa in different soil layers
Factors influencing ECa as measured by EM38 at a height of 1.30 m (EM1.30)

Path analysis in two modes was used to determine the factors influencing ECa
(EMh1.30 and EMv1.30) and their degrees of influence. When conducting path
analysisat L1, 0, y, ECe, ECGW and DGW were regarded as independent variables and
EMh1.30 and EMv1.30 were regarded as dependent variables. Table 3 lists the results
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of path analysis used to determine the factors influencing ECa (i.e., EMh1.30 and
EMv1.30) measured at a height of 1.30 m. W) except for ECe, indicating that 6 had a
certain degree of influence on EMv1.30 at L1. ECe showed the best correlation with
EMh1.30 and EMv1.30 at L1 measured at a height of 1.30 m, with the correlation being
extremely significant at the P = 0.01 level with correlation coefficients of 0.86 and 0.83,
respectively. On the other hand, no significant correlations were evident between ECa
and 0, y, ECGW or DGW, among which the correlation between ECa and 0 was the
lowest (R <0.10). According to the results, the order of independent variables in
regards to their influence on EMv1.30 at L1 was: ECe >0 >y >ECGW > DGW. The
order of independent variables in regards to their influence on EMh1.30 was
ECe>DGW >y >0 >ECGW. Therefore, since ECe had the largest effect on both
EMh1.30 and EMv1.30 at L1, it can be concluded that ECe was the most important
factor influencing ECa as measured by EM38 at a height of 1.30 m. Thus, ECe can be
used to ECa. Among the other influencing factors, the influence of DGW on EMh1.30
was larger than that of 6, y or ECGW. Generally speaking, with EM38 height set to
1.30 m, the effective investigation depth for EMh1.30 was not sufficiently deep to reach
the soil surface. However, an extremely significant linear relationship (P < 0.001)
existed between EMh1.30 and EMv1.30, and a significant correlation (R =-0.432,
P < 0.01) existed between DGW and ECe at L1. Therefore, it is likely that the influence
of DGW on ECe was responsible for the correlation between DGW and EMh1.30. On
the other hand, the contribution of 6 to EMv1.30 was 10.93%, larger than those of the
other influencing factors (y, ECGW and DQ).

Table 3. Path coefficients between influence factors to EM38 values at1.30 m above the
ground of 0-0.20 m

Dependent . Contribution Corre_la}tion
variable Variable | ECe 0 Y ECGW | DGW rate cogffluent
with EM
ECe 0.7880 | -0.0013 | 0.0291 | 0.0233 | 0.0241 65.78% 0.86™
0 -0.0055 | 0.1310 | -0.0302 | -0.0089 | 0.0134 10.93% 0.10
EMv1.30 Y -0.2017 | 0.0355 | -0.1120 | -0.0155 | -0.0073 9.35% -0.30
ECGW | -0.1671 | 0.0102 | -0.0157 | -0.1110 | -0.0246 9.27% -0.31
DGW | -0.3404 | -0.0320 | -0.0146 | -0.0488 | -0.0560 4.67% -0.49
ECe 0.7530 | -0.0006 | 0.0218 | 0.0036 | 0.0538 72.68% 0.83™
0 -0.0053 | 0.0570 | -0.0227 | -0.0014 | 0.0300 5.50% 0.06
EMh1.30 Y -0.1928 | 0.0154 | -0.0840 | -0.0024 | -0.0163 8.11% -0.28
ECGW | -0.1596 | 0.0044 | -0.0117 | -0.0170 | -0.0550 1.64% -0.24
DGW | -0.3253 | -0.0139 | -0.0113 | -0.0075 | -0.1250 12.07% -0.48

EMh1.30—EM38 values of apparent electrical conductivity in horizontal operation mode; EMv1.30—
EM38 values of apparent conductivity in vertical operation mode; ECe—soil electrical conductivity;
0—soil moisture; y—soil clay content; ECGW-—groundwater conductivity; DGW-—groundwater level,
** indicates significant at 0.01 level, * indicates significant at 0.05 level. Bold font indicates direct path
coefficient of corresponding factor

Factors influencing EC as measured by EM38 at a height of 1.10 m (EM1.10)

When conducting path analysis at L2, 0, y, ECe, ECGW and DGW were regarded as
independent variables whereas EMh1.10 and EMv1.10 were regarded as dependent
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variables. Table 4 lists the results of path analysis used to determine the factors
influencing ECa (i.e., EMh1.10 and EMv1.10) measured at a height of 1.10 m. ECe also
had a significant correlation with EMh1.10 and EMv1.10 measured at a height of
1.10 m in the two modes at L2, with correlation coefficients of 0.89 and 0.86 (P < 0.01),
respectively. At L2, the correlations between 6 and EMh1.10 and 6 and EMv1.10 were
0.53 (P <0.05) and 0.67 (P <0.01), respectively, indicating that 6 had an influence on
ECa at L2. On the other hand, no significant correlations were evident between ECa
measured at a height of 1.10 m and y, ECGW or DGW. According to the results, the
order of the independent variables according to their influence on EMv1.10 at L2 was:
ECe>6>DGW > ECGW >1v. The order of the independent variables according to
their influence on EMh1.10 was: ECe > 6 > DGW > ECGW > v. Therefore, since ECe
also had the largest influence on both EMh1.10 and EMv1.10 at L2, it can be concluded
that ECe was the most important factor influencing ECa as measured by EM38 at a
height of 1.30 m. Among the other factors, the contribution rates of 6 to EMh1.10 and
EMv1.10 (7.85% and 25.16%, respectively) were larger than those of DGW, vy, or
ECGW, indicating that 0 had a relatively significant influence on the data measured by
EM38 at L2.

Table 4. Path coefficients between influence factors to EM38 values at1.10 m above the
ground of 0.20~0.40 m

Dependent . Contribution Corre_la}tion
variable Variable | ECe 0 Y ECGW | DGW rate cogffluent
with EM
ECe 0.8270 | 0.0397 | -0.0001 | 0.0043 | 0.0154 82.21% 0.89**
0 0.4160 | 0.0790 | 0.0007 | 0.0068 | 0.0246 7.85% 0.53*
EMv1.10 Y -0.0298 | 0.0284 | 0.0020 | -0.0017 | -0.0002 0.20% 0.001
ECGW | -0.0794 | -0.0119 | 0.0001 | -0.0450 | -0.0231 4.47% -0.16
DGW | -0.2407 | -0.0367 | 0.0000 | -0.0196 | -0.0530 5.27% -0.35*
ECe 0.6880 | 0.1393 | -0.0002 | 0.0050 | 0.0230 62.49% 0.86**
0 0.3461 | 0.2770 | 0.0018 | 0.0078 | 0.0367 25.16% 0.67**
EMh1.10 Y -0.0248 | 0.0997 | 0.0050 | -0.0019 | -0.0003 0.45% 0.08
ECGW | -0.0660 | -0.0416 | 0.0002 | -0.0520 | -0.0344 4.72% -0.19
DGW | -0.2002 | -0.1285 | 0.0000 | -0.0227 | -0.0790 7.18% -0.43**

EMh1.10—EM38 values of apparent electrical conductivity in horizontal operation mode; EMv1.10—
EM38 values of apparent conductivity in vertical operation mode; ECe—soil electrical conductivity;
0—soil moisture; y—soil clay content; ECGW-—groundwater conductivity; DGW-—groundwater level,
** indicates significant at 0.01 level, * indicates significant at 0.05 level. Bold font indicates direct path
coefficient of corresponding factor

According to the density functions of EM38, i.e., Equations 3 and 4, at an EM38
height <1.10 m, EMv1.10 was mainly influenced by soil properties at L1-L2.
According to the present results, ECe at L2 had the largest influence on EMv1.10 and
EMh1.10, with the second-most important factor being 6 with a rate of contribution of
25.16%. Huang et al. (2015) found that at an EM38 height of 1.00 m, ECe showed the
best correlations with EMh and EMv in the 0.15 m-0.30 m soil layer (R = 0.750 and
R =0.773, respectively), which supports the reliability of the results of the present
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study. In addition, the correlations of ECe with EMh and EMv at L2 in the present study
were even stronger (R = 0.86 and R = 0.89, respectively).

Factors influencing ECa as measured by EM38 at a height of 0.90 m (EMO0.90)

When conducting path analysis at L3, 0, y, ECe, ECGW and DGW were regarded as
independent variables, whereas and EMh0.90 and EMv0.90 were regarded as dependent
variables. Table 5 lists the results of path analysis used to determine the factors
influencing ECa (i.e., EMh0.90 and EMv0.90) measured at a height of 0.90 m. At L3,
ECe showed significant correlations with both EMh0.90 and EMv0.90, with correlation
coefficients of 0.86 for both (P < 0.01). 6 and DGW also showed significant correlations
with EMO0.90 (P < 0.05) at L3, indicating that 6 and DGW influenced ECa measured at a
height of 0.90 m. According to the results, the rates of contribution of ECe to EMh0.90
and EMv0.90 at L3 were the highest among all the factors at 65.79% and 56.12%,
respectively. The rates of contribution of ECGW and DGW to EMv0.90 were 12.75%
and 10.64%, respectively, and they also had relatively significant influences on
EMhO0.90 with rates of contribution of 10.23% and 13.55%, respectively.

Table 5. Path coefficients between influence factors to EM38 values at 0.90 m above the
ground of 0.40~0.60 m

Dependent . Contribution Corre_lgtion
variable Variable | ECe 0 v ECGW | DGW rate cogfflment
with EM

0.7480 | 0.0686 | 0.0019 | 0.0049 | 0.0380 | 65.79% 0.86™ 0.7480

0.4937 | 0.1040 | 0.0066 | -0.0038 | 0.0276 | 9.15% 0.63™ 0.4937

EMv0.90 | 0.0741 | 0.0363 | 0.0190 | -0.0067 | -0.0096 | 1.67% 0.11 0.0741
-0.0254 | 0.0027 | 0.0009 | -0.1450 | -0.0528 | 12.75% -0.22 -0.0254

-0.2349 | -0.0237 | 0.0015 | -0.0632 | -0.1210 | 10.64% -0.44™ -0.2349

0.6420 | 0.1452 | 0.0010 | 0.0040 | 0.0487 | 56.12% 0.84™ 0.6420

0.4237 | 0.2200 | 0.0035 | -0.0030 | 0.0353 | 19.23% 0.68™ 0.4237

EMh0.90 | 0.0614 | 0.0768 | 0.0100 | -0.0054 | -0.0122 | 0.87% 0.13 0.0614
-0.0218 | 0.0057 | 0.0005 | -0.1170 | -0.0676 | 10.23% -0.20 -0.0218

-0.2015 | -0.0502 | 0.0008 | -0.0510 | -0.1550 | 13.55% -0.46™ -0.2015

EMh0.90—EM38 values of apparent electrical conductivity in horizontal operation mode; EMv0.90—
EM38 values of apparent conductivity in vertical operation mode; ECe—soil electrical conductivity;
0—soil moisture; y—soil clay content; ECGW-—groundwater conductivity; DGW —groundwater level;
** indicates significant at 0.01 level, * indicates significant at 0.05 level. Bold font indicates direct path
coefficient of corresponding factor

Factors influencing ECa as measured by EM38 at a height of 0.70 m (EMO0.70)

When conducting path analysis at L4, 0, y, ECe, ECGW and DGW were regarded as
independent variables and EMh0.70 and EMvO0.70 were regarded as dependent
variables. Table 6 shows the results of path analysis to determine the factors influencing
ECa (i.e., EMh0.70 and EMv0.70) measured at a height of 0.70 m. At L4, ECe showed
significant correlations with both EMh0.70 and EMvO0.70, with correlation coefficients
of 0.81 and 0.80 (P<0.01), respectively. 6 and DGW also showed significant
correlations with EMO0.70 (P < 0.05) at L4, indicating that 6 and DGW influenced ECa
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measured at a height of 0.70 m. According to the results, the rates of contribution of
ECe to EMh0.70 and EMVO0.70 at L4 were 49.26% and 39.49%, respectively. On the
other hand, 6 and DGW had relatively significant influences on EMh0.70 and EMv0.70
with rates of contribution of 16.64% and 24.14% and 22.62% and 18.55%, respectively.
Therefore, it can be inferred that as the height of EM38 decreased, the rates of
contribution of ECe to EMh0.70 and EMv0.70 decreased with increasing soil depth,
whereas the contribution rates of the other factors increased.

Table 6. Path coefficients between influence factors to EM38 values at 0.70 m above the
ground of 0.60~0.80 m

Dependent . Contribution Corre_lqtion
variable Variable | ECe 0 v ECGW | DGW rate co&_efflment
with EM

0.6010 | 0.1153 | 0.0001 | 0.0082 | 0.0845 | 49.26% 0.81** 0.6010

0.3414 | 0.2030 | -0.0009 | -0.0150 | 0.0560 | 16.64% 0.58** 0.3414

EMv0.70 | -0.0126 | 0.0345 | -0.0050 | -0.0019 | -0.0028 | 0.41% 0.01 -0.0126
-0.0367 | 0.0225 | -0.0001 | -0.1350 | -0.1203 | 11.07% -0.27 -0.0367

-0.1839 | -0.0412 | -0.0001 | -0.0589 | -0.2760 | 22.62% -0.56** -0.1839

0.5300 | 0.1840 | 0.0024 | 0.0077 | 0.0762 | 39.49% 0.80** 0.5300

0.3010 | 0.3240 | -0.0192 | -0.0140 | 0.0505 | 24.14% 0.64** 0.3010

EMh0.70 | -0.0111 | 0.0551 | -0.1130 | -0.0018 | -0.0025 | 8.42% -0.07 -0.0111
-0.0323 | 0.0360 | -0.0016 | -0.1260 | -0.1086 | 9.39% -0.23 -0.0323

-0.1622 | -0.0658 | -0.0011 | -0.0549 | -0.2490 | 18.55% -0.53** -0.1622

EMh0.70—EM38 values of apparent electrical conductivity in horizontal operation mode; EMv0.70—
EM38 values of apparent conductivity in vertical operation mode; ECe—soil electrical conductivity;
0—soil moisture; y—soil clay content; ECGW-—groundwater conductivity; DGW-—groundwater level,
** indicates significant at 0.01 level, * indicates significant at 0.05 level. Bold font indicates direct path
coefficient of corresponding factor

Factors influencing ECa as measured by EM38 at a height of 0.50 m (EMO0.50)

When conducting the path analysis at LS, 0, y, ECe, ECGW and DGW were regarded
as the independent variables and EMh0.50 and EMv0.50 were regarded as dependent
variables. Table 7 lists the results of path analysis conducted to determine the factors
influencing ECa (i.e., EMh0.50 and EMv0.50) measured at a height of 0.50 m. At L5,
ECe showed significant correlations with both EMh0.50 and EMv0.50 with correlation
coefficients of 0.80 and 0.78 (P <0.01), respectively. 6 and DGW also showed
significant correlations with ECa (P < 0.05), possibly because ECa at L5 had shown a
significant correlation with DGW (REC-Dgw = 0.34*, P <0.05), which indirectly
imposed an influence on EMO0.50 through ECe. According to the results, the rates of
contribution of ECe to EMh0.50 and EMv0.50 at L5 were 36.98% and 32.58%,
respectively. On the other hand, 6 had a greater influence on EMh0.50 than ECe,
indicating that 6 had a large influence at L5. GW characteristics also showed relatively
significant influences on EMh0.50 and EMv0.50, with rates of contribution of 21.45%
and 17.16%, respectively. DGW and ECGW showed negative correlations with ECa
measured at a height of 0.50 m, although the correlation was only significant for DGW
(R =-0.58** —0.54** P < 0.01), consistent with the study of Bouksila et al. (2012).
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Table 7. Path coefficients between influence factors to EM38 values at 0.50 m above the
ground of 0.80~1.00 m

Dependent . Contribution Corre_la}tion
variable Variable | ECe 0 v ECGW | DGW rate co&_efflment
with EM

0.4500 | 0.2682 | -0.0123 | 0.0043 | 0.0906 | 36.98% 0.80™ 0.4500

0.2898 | 0.4230 | -0.0254 | 0.0013 | 0.0890 | 34.76% 0.78™ 0.2898

EMv0.50 | 0.0986 | 0.1916 | -0.0560 | -0.0087 | 0.0044 | 4.60% 0.23 0.0986
-0.0711 | -0.0207 | -0.0181 | -0.0270 | -0.1138 | 2.22% -0.25 -0.0711

-0.1561 | -0.1442 | 0.0010 | -0.0118 | -0.2610 | 21.45% -0.57™ -0.1561

0.4291 | 0.3132 | -0.0339 | -0.0021 | 0.0784 | 32.58% 0.78™ 0.4291

0.2721 | 0.4940 | -0.0702 | -0.0006 | 0.0771 | 37.51% 077" 0.2721

EMh0.50 | 0.0940 | 0.2238 | -0.1550 | 0.0042 | 0.0038 | 11.77% 0.17 0.0940
-0.0678 | -0.0242 | -0.0501 | 0.0130 | -0.0985 | 0.99% -0.23 -0.0678

-0.1489 | -0.1685 | 0.0026 | 0.0057 | -0.2260 | 17.16% -0.54™ -0.1489

EMh0.50—EM38 values of apparent electrical conductivity in horizontal operation mode; EMv0.50—
EM38 values of apparent conductivity in vertical operation mode; ECe—soil electrical conductivity;
0—soil moisture; y—soil clay content; ECGW-—groundwater conductivity; DGW-—groundwater level,
*, ** significant at 0.05 and 0.01 level of probability, respectively. Bold font indicates direct path
coefficient of corresponding factor

ECa measured by EM38 at a height of 0 m showed the best correlation with ECe at
all soil layers (Huang et al., 2015; Yao and Yang, 2010). However, in the present study,
the height of EM38 was set at 1.30 m, 1.10 m, 0.90 m, 0.70 m and 0.50 m in sequence,
where the corresponding effective investigation depths were 0.20 m, 0.40 m, 0.60 m,
0.80m and 1.00 m respectively. This approach was taken to more directly analyze
influences of soil properties on ECa in the different layers. The results showed that ECe
had the greatest influence on EMv regardless of EM38 height, with the influences of 0,
DGW and ECGW increasing as EM38 height decreased, whereas the influence of clay
content remained negligible. In general, soil ECa has been found to be mainly
influenced by the factor showing the most spatial variability across the research region
(Doolittle and Brevik, 2014). As a result, since y showed less spatial variability than that
of soil ECe and 0 in the vertical direction, the fact that y had a negligible effect on ECa
was expected.

Prediction of ECe in different soil layers

Linear regression has been widely used to study the relationship between ECe and
ECa of soil (Triantafilis et al., 2000; Bennett and George, 1995). In the present study,
ECe of different soil layers was taken as the dependent variable and EMh and EMv
were taken as the independent variables within simple linear regression analysis. ECe of
different soil layers was then taken as the dependent variable and both EMh and EMv
were taken as independent variables within binary linear regression analysis.
Furthermore, the factors with large influences on ECa were gradually introduced as
additional independent variables together with ECa to generate an MLR model for
different soil layers. For all soil layers, 6, DGW and ECGW were chosen as the
additional independent variables and were gradually introduced into the prediction
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model. Figure 2 shows the change in R? with the gradual addition of different variables
into the prediction model. The optimal ECe interpretation models for different soil
layers are shown in Table 2.
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Figure 2. The change in R? with the gradual addition of different variables into the prediction

In general, at an EM38 height of 0 m and a separation of 1 m between the receiving
coil and transmitting coil, the effective investigation depth was 0.75 m in the horizontal
mode and 1.5 m in the vertical mode. Therefore, the correlation between ECe at the top
soil layer and ECa measured in the horizontal mode was higher than that between ECe
at the top soil layer and ECa measured in the vertical mode (Huang et al., 2015; Yao
and Yang, 2010), whereas the correlation between ECe at the bottom soil layer and ECa
measured in the vertical mode was higher than that between ECe at the bottom soil layer
and ECa measured in the horizontal mode. In the present study, ECe values at different
soil layers (L1-L5) were interpreted using ECa data measured at the corresponding
heights (1.30m, 1.10m, 0.90 m, 0.70m and 0.50 m, respectively). As shown in
Figure 2, the effectiveness of EMv in providing an interpretation was better than that of
EMh for all soil layers because at an EM38 height < 1.5 m, soil information could be
effectively investigated in the vertical mode, whereas this was only true for the
horizontal mode at EM38 height < 0.75 m. The prediction accuracy of ECe at L1 using
EMv1.30 was low. On the other hand, the highest prediction accuracy of ECe using
EMv1.10 was at L2. Below L2, the prediction accuracy of ECe decreased with
increasing soil depth. A possible explanation is that since 0 at L1 is low, some salt at L1
is likely to remain undissolved, thereby providing no contribution to the reading of
EM38. In addition, with decreasing EM38 height, the thickness of the soil that can
influence ECa increases; thus, the prediction accuracy of ECe using ECa within the
deeper soil layer decreases.
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Various studies have used EM38 data in both the horizontal and vertical modes to
interpret soil salt content, and ECe prediction models have been developed with
relatively high accuracies (Liu et al., 2016; Lesch et al., 2000). As shown in Figure 1,
the accuracy of the model developed in the present study improved with the
incorporation of both EMh and EMv. However, with the use of EMh1.30 and EMv1.30
to interpret ECe at L1 and EMh1.10 and EMv1.10 to interpret ECe at L2, the
improvement in the accuracy of the interpretation model was not as high as those in the
other three cases. This observation can be explained by the fact that the effective
investigation depth in the horizontal mode was only 0.75 m. More specifically, at EM38
heights of 1.10 m or 1.30 m, despite EMh showing an extremely significant correlation
with ECe, ECe was in fact mainly influenced by EMv because the linear relationship
between EMv and EMh could be identified during EM38 calibration. This explains why
introducing EMh into the model did not increase the accuracy of the model for
predicting salt content at L1 and L2.

Among all the factors that can influence soil ECa in salinized regions, the
concentration of soluble salt is the most prominent (Williams et al., 2006). However,
due to upward leaching and evaporative processes, GW salt tends to accumulate in the
soil (Richardson and Williams, 1994). Liu et al (2010) showed 6 and ECGW to be the
most important non-salt factors in regions of relatively shallow GW. Therefore, the
accuracy of the soil salt prediction model can be improved by introducing 6 and ECGW
into the model as additional independent variables. Similar conclusions were made in
the present study. At L1, DGW and ECGW showed significant correlations with ECe
(P <0.05), whereas 6 did not. As a result, the introduction of 0 into the model did not
improve the model’s accuracy, whereas the opposite was found with the introduction of
GW characteristics (R? increased from 0.76 to 0.78). At L2, 6 showed a significant
correlation with y and DGW (P < 0.05), indicating that 6 at L2 is greatly affected by vy
and GW characteristics. With an increase in 0, salt dissolved; thus, when 6, ECGW and
DGW were introduced into the prediction model, R? increased from 0.80 to 0.84. This
was also observed at L3-L5, where the ECe prediction accuracies increased to 0.83,
0.78 and 0.78 respectively. Hanson and Kaita (1997) found a positive relationship
between 0 and the sensitivity of EM38 to variation in soil salt content. Therefore, when
using EM38 to measure soil salt content, the influence of 6 on ECa should be taken into
account (Brevik et al., 2002). In the present study, incorporating 6 improved the
accuracy of the ECe prediction model except at L1. In addition, incorporating GW
characteristics improved the model accuracy for the deeper soil layers to a larger degree
than that for the top soil layer, possible due to the relatively shallow DGW in the
research region.

Validation of interpretation model for soil salt content

Table 8 shows the models used to predict salt content in the different soil layers. The
reserved 30 soil profiles were used as test data to validate the reliability of the models.
The independent variables can be used by the prediction models to estimate salt content
in the test profiles for different soil layers. By comparing the model predictions of salt
content with laboratory measurements, the accuracy and practicability of the
interpretation model can be validated.

Figure 3 shows the R? values for the salt content predictions versus measurements in
the test profiles of each layer. All values of R? were greater than 0.70, indicating highly
significant correlations between the model predictions and the measurements. This
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demonstrated that the model represented major processes affecting salt content in the
different layers relatively well. On the other hand, the values of ME between the
predictions and the ECe measurements for L1-L5 were 0.63, 0.46, 0.53, 0.25 and 0.24,
respectively, whereas the values of RMSE were 0.77, 0.48, 0.21, 0.26 and 0.24,
respectively.
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Figure 3. Fitting of soil EC between predicted value and measured value in different soil layers
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Table 8. The exact interpretation model of salt in different soil layers

Soil

| Model equation R?
ayers

0~20 —0.317 4+ 0.035 x EMv1.30 + 0.012 x ECGW — 0.005 x DGW 0.78
20~40 0.142 + 0.013 x EMv1.10 — 2.56 x 8 + 0.004 x ECGW + 0.003 x DGW 0.84

40~60 | —0.51 + 0.004 x EMh0.90 + 0.01 » EMv0.90 + 2,385 » 6 + 0.01 x ECGW + 0.003 x DGW | 0.83
60~80 | —0.85 + 0,003 x EMhO0.70 + 0.002 x EMv0.70 + 0,634 x 8 + 0.01 x ECGW + 0.01 x DGW | 0.78
80~100 —1.48 + 0,006 = EMh0.50 + 0.001 = EMv0.50 — 4.68 = 6 + 0.001 = ECGW + 0.017 = DGW | 0.78

Conclusions

Path analysis was used in the present study to analyze the influences of soil
properties and GW characteristics in different soil layers on ECa as measured by EM38
at different heights. The results showed that ECe was the most important factor
influencing ECa measured at different heights. The rates of contribution of ECe to EMv
at L1-L5 were 65.78%, 82.21%, 65.79%, 49.26% and 36.98%, respectively. The results
showed that the degree of influence of the bottom soil layer to ECa decreased whereas
those of other soil properties increased with increasing soil depth. In addition, since 6 at
L1 was relatively low, the rate of contribution of ECe to ECa at L1 was also relatively
small. The influence of 6 on ECa was also noticeable, with rates of contribution to ECa
at L1-L5 being 10.93%, 7.85%, 9.15%, 16.64% and 34.76%, respectively. The rates of
contribution of DGW to ECa measured by EM38 at heights of 1.30 m, 1.10 m, 0.90 m,
0.70 m and 0.50 m were 4.67%, 5.27%, 10.64%, 22.62% and 21.45%, respectively,
whereas those of ECGW were 9.27%, 4.47%, 12.75%, 11.07% and 2.22%, respectively.
In arid and semi-arid areas, due to upward leaching and evaporative processes, GW salt
tends to accumulate in the soil. In such areas, the soil salt content has significant
correlations with unsuitable irrigation practices, evapotranspiration of farm land and
DGW during crop growth. GW characteristics impose an influence on ECa by
influencing ECe in each layer. In the research region, the influence of y on the ECa was
minor.

Linear regression was used to derive optimal ECe prediction models for different soil
layers. Taking ECe of different soil layers as the dependent variable and EMh and EMv
as the independent variables in sequence, simple linear regression analysis was
conducted. Binary linear regression analysis was conducted by taking ECe of different
soil layers as the dependent variable and both EMh and EMv as the independent
variables. 8, DGW and ECGW were then gradually introduced into the prediction model
as additional independent variables. The results showed EMv to provide a better
interpretation than EMh in each soil layer. This was because at an EM38 height < 1.5 m,
the soil information could be effectively investigated in the vertical mode, whereas this
was only true for the horizontal mode at an EM38 height < 0.75 m. The ECe prediction
accuracy at L1 using EMv1.30 was low due to low 6. On the other hand, the ECe
prediction accuracy at L2 was the highest; however, as the depth of the soil layer
increased below L2, the ECe prediction accuracy decreased. When EMh and EMv were
both used to derive the interpretation model, the model accuracy improved.

0 and GW characteristics were important factors influencing ECa; therefore, their
influences on ECa need to be considered when using EM38 to measure soil salt content.
With the introduction of 6 and GW characteristics to the prediction model as additional
independent variables, the reliability of the ECe prediction model in each soil layer
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improved. In addition, the addition of GW characteristics improved the prediction
accuracy for the bottom soil layer more than that for the top soil layer.

The accuracies of the ECe prediction models for different soil layers were validated.
R? values showing the correlations between model ECe predictions and measurements
of each layer were > 0.70. ME and RMSE values at L1-L5 were 0.63, 0.46, 0.53, 0.25
and 0.24, respectively, and 0.77, 0.48, 0.21, 0.26 and 0.24, respectively. The results
suggested that the models for L3—L5 were more accurate than those for L1-L2.

The EMI approach offers potential for improving the prediction accuracy of soil
salinity information by the addition of influence factors into the multiple regression
model. In the future research, it is necessary to study the denoising of data to help
resolve some of the uncertainty issues associated with this non-contacting technology
and further improve the accuracy of the interpretation model.
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