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4.1 INTRODUCTION

Due in large measure to the research that has been conducted at the U.S. Department of Agricul-
ture—Agricultural Research Service (USDA-ARS) United States Salinity Laboratory over the past
50 years, the measurement of electrical conductivity (EC) has become a standard soil physicochem-
ical measurement both in the laboratory and in the field to address agricultural and environmental
concerns. In particular, the geospatial measurement of EC with geophysical techniques, including
electrical resistivity (ER), electromagnetic induction (EMI), and time domain reflectometry (TDR),
has burgeoned into one of the most useful field agricultural measurements, particularly for spatially
characterizing the variability of soil properties such as salinity, water content, and texture (Corwin,
2005).

The value of spatial measurements of soil EC to agriculture is widely acknowledged due to its
ability to characterize spatial variability, with applications in solute transport modeling at field and
landscape scales (Corwin et al., 1999), salinity mapping and assessment (Corwin et al., 2003a),
mapping soil texture (Doolittle et al., 2002) and soil type (Anderson-Cook et al., 2002; Jaynes et al.,
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1993), location of claypans and depth of depositional sand (Doolittle et al., 1994; Kitchen et al.,
1996; Sudduth et al., 1995), soil quality assessment (Corwin et al., 2003a; Johnson et al., 2001;
McBride et al., 1990), monitoring of management-induced spatiotemporal changes in soil condition
(Corwin et al., 2006), delineation of site-specific crop management units (Corwin et al., 2003b,
2008) and zones of productivity (Jaynes et al., 2003, 2005; Kitchen et al., 2005), and measuring
other soil properties such as soil moisture (Kachanoski et al., 1988; Sheets and Hendrickx, 1995),
clay content (Sudduth et al., 2005; Triantafilis and Lesch, 2005; Williams and Hoey, 1987), shallow
subsurface available soil N (Eigenberg et al., 2002), and cation exchange capacity (Sudduth et al.,
2005). The above studies mostly used the noncontact electromagnetic induction (EMI) method to
measure soil EC, with a few using the four-electrode contact methods that induce electrical current
into the soil through insulated metal electrodes. A complete review of EC measurements in agricul-
ture is provided by Corwin and Lesch (2005a).

As evident from the above studies, there are significant innovations in developing useful appli-
cations of soil EC measurements in agriculture. Nearly all experimental observations similar to
those listed above are based on soil EC being regarded as a surrogate measure of one or more soil
properties of interest. Results are dictated by the physical and chemical properties of the soil at the
time of the EC measurements. However, it is not evident that the basic principles of soil EC have
been adequately examined. That is particularly the case in examining the recent interests in vari-
ous applications of soil EC mapping in precision agriculture. An understanding of the spatial and
temporal variability of soil EC and an appreciation for its highly complex interactions with static
and dynamic soil properties, particularly at low-salt concentrations, is needed. It is the intent of this
chapter to highlight the important aspects of spatial EC measurements in agriculture by providing
basic principles and theory of soil EC measurement and what it actually measures, standard operat-
ing procedures for conducting a field-scale EC survey, including an outlined set of EC-directed soil
sampling protocols, and examples of spatial EC surveys and their interpretation.

4.1.1 BAcCKGROUND: DEerINITION AND Brier History of SoiL ELectricaAt CONDUCTIVITY

Soil EC has its historical roots in the measurement of soil salinity. In situ measurement of soil
resistivity dates back to at least the latter part of the nineteenth century when Whitney et al. (1897)
attempted to infer soil water content and salinity from measurements of soil resistivity using
two-probe electrodes. Gardner (1898) and Briggs (1899) reported additional measurements as part
of the early group of USDA scientists investigating soil temperature, salinity, and water content
effects on soil resistivity. To minimize the difficulties with the unstable two-probe method, Frank
Wenner (1915) introduced the theory of utilizing four equally spaced electrodes to measure earth
resistivity and wrote “A knowledge of earth resistivity (or specific resistance) may be of value in
determining something of the composition of earth.”

Soil salinity refers to the presence of major dissolved inorganic solutes in the aqueous phase
consisting of soluble and readily dissolvable salts in soil and can be determined by measuring the
total solute concentration in the soil aqueous phase, more commonly referred to as the soil solu-
tion. The determination of total solute concentration (i.e., salinity) through the measurement of EC
has been well established for half a century (U.S. Salinity Laboratory Staff, 1954). Soil salinity is
quantified in terms of the total concentration of soluble salts as measured by the EC of the solution
indSm.

It is known that the EC of a pure solution (G,,) is a function of its chemical composition and is
characterized by Equation (4.1):

V;

“@.1)

c,= kixiM,.
i=1
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where k is the cell constant accounting for electrode geometry, A is the molar limiting ion conductiv-
ity (S m2 mol), M is the molar concentration (mol m-3), v is the absolute value of the ion charge, and
i denotes the ion species in solution. Marion and Babcock (1976), among others, have confirmed the
existence of the relationship between EC and molar concentrations of ions in the soil solution.

To determine soil EC, the soil solution is placed between two electrodes of constant geom-
etry and distance of separation (Bohn et al., 1979). The measured conductance is a consequence
- of the solution’s salt concentration and the electrode geometry whose effects are embodied in a
cell constant. Electrical conductance was considered more suitable for salinity measurements than
L resistance because it increases with salt content, which simplifies the interpretation of readings. At
constant potential, the electrical conductance is a reciprocal of the measured resistance as shown
in Equation (4.2):

EC,=k/R; “4.2)

where EC; is the electrical conductivity of the solution in dS m™! at temperature T (°C), k is the cell
constant, and R; is the measured resistance at temperature 7. Electrolytic conductivity increases
. approximately 1.9 percent per degree centigrade increase in 7. Customarily, EC is adjusted to a
reference temperature of 25°C using Equation (4.3) from Handbook 60 (U.S. Salinity Laboratory
Staff, 1954):

EC,s =f,- EC; @.3)

where f; is a temperature conversion factor that has been approximated by a polynomial form
(Rhoades et al., 1999a; Stogryn, 1971; Wraith and Or, 1999) and by Equation (4.4) from Sheets and
Hendrickx (1995):

fr = 0.4470 + 1.4034¢7 772081 @.4)

Soil EC is determined for an aqueous extract of a soil sample. Ideally, the EC of an extract of the
soil solution (EC,) is the most desirable, because this is the water content to which plant roots are
exposed, but this is usually difficult and time consuming to obtain. The soil sample from which
the extract is taken can either be disturbed or undisturbed. For disturbed samples, soil solution can
be obtained in the laboratory by displacement, compaction, centrifugation, molecular adsorption,
and vacuum- or pressure-extraction methods. Because of the difficulty in extracting soil solution
from soil samples at typical field water contents, soil solution extracts are most commonly from
higher than normal water contents. The most common extract obtained is that from a saturated soil
paste (EC,), but other commonly used extract ratios include 1:1 (EC,,), 1:2 (EC,,), and 1:5 (EC,.5)
soil-to-water mixtures. Unfortunately, the partitioning of solutes over the three soil phases (i.e.,
gas, liquid, and solid) is influenced by the soil-to-water ratio at which the extract is made, which
confounds comparisons between ratios and interpretations; consequently, standardization is needed
for comparison of EC measurements. For undisturbed soil samples, EC,, can be determined either
in the laboratory on a soil solution sample collected with a soil-solution extractor installed in the
field or directly in the field using in situ, imbibing-type, porous-matrix, salinity sensors. All of these
approaches for measuring soil EC are time and labor intensive; as a result, they are not practical for
the characterization of the spatial variability of soil salinity at field extents and larger.

Because of the time, labor, and cost of obtaining soil solution extracts, developments in soil salin-
ity measurement at field and landscape scales over the past 30 years have shifted to EC measurement
of the bulk soil, referred to as the apparent soil electrical conductivity (EC,). The measurement of
EC, is an indirect method for the determination of soil salinity because EC, measures conductance
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not only through the soil solution. but also through solid soil particles and via exchangeable cations
that exist at the solid—liquid interface of clay minerals. The shift away from extracts to the measure-
ment of EC, occurred because the time and cost of obtaining soil solution extracts prohibited their
practical use at field scales and the high local-scale variability of soil rendered salinity sensors and
small-volume soil core samples of limited quantitative value. Historically, the uulity of EC, has
been in identifying geological features in geophysical sciences and explorations (McNeill, 1980:
Zalasiewicz, et al., 1985) and in agricultural soil salinity surveys for diagnostics, leaching, and salt
loading (Corwin et al., 1996; Rhoades and Ingvalson, 1971; Rhoades et al., 1990). During the past
decade, there has been an increased interest in using EC, maps to infer the spatial variability of soil
properties important to crop production. In particular, there is an emerging interest in utilizing the
spatial variability in EC, for the purposes of guiding soil sampling (as oppesed to systematic grid
sampling) and developing management zones to vary agricultural inputs.

The measurement of soil EC, is primarily through the use of the geophysical techniques of
ER, EMI. and TDR. Among the many advanced sensors recently introduced in precision agricul-
ture, EMI and ER EC, measuring devices provide the simplest and least expensive soil variability
measurement. Electrical resistivity introduces an electrical current into the soil through current
electrodes at the soil surface, and the difference in current flow potential is measured at potential
electrodes that are placed in the vicinity of the current flow. Generally, there are four electrodes
inserted in the soil in a straight line at the soil surface, with the two outer electrodes serving as
the current electrodes and the two inner electrodes serving as the potential electrodes (Figure 4.1).
A resistance meter is used to measure the potential gradient. For a homogeneous soil, the volume
of measurement with ER is roughly ma®, where a is the interelectrode spacing when the electrodes
are equally spaced. The most commonly used ER equipment is the Veris Soil EC Mapping System
(Veris Technologies, Salina, KS). The Veris 3100 unit has six coulter electrodes mounted on a plat-
form that can be pulled by a pickup truck. It uses a modified Wenner configuration to measure EC,
by inducing current in the soil through two coulter electrodes and measuring the voltage drop across
the two pairs of coulters that are spaced to measure EC, for the top 0.3 m (shallow) and 0.9 m (deep)
of soil (Lund et al., 2000). The shallow and deep EC, readings at each measurement point in the
field are useful in examining soil profile changes. Although soil compaction affects EC, due to the
reduced porosity and increased soil particle-to-particle contact, compaction is not easily identified
from a Veris EC, map. as the compacted layer represents only a small percentage of the domain of
EC, measurements.

The Veris unit interfaces with a differential Global Positioning System (GPS) and provides
simultaneous and geo-referenced readings of EC,. The Veris unit is designed to operate in tilled or
untilled conditions, where the coulters penetrate the soil 20 to 50 mm (more penetration for drier

Current . Current
electrode Polentia electrode
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FIGURE 4.1 Electrical resistivity with a Wenner array electrode configuration where the interelecurode
spacing is equal between current and potential electrodes: C, and C, represent the current electrodes. P, and
P, represent the potential electrodes, and a represents the interelectrode spacing. (From Rhoades, J.D., and
Halvorson, A.D.. Electrical conductivity methods for detecting and delineating saline seeps and measuring
salinity in Northern Great Plains soils, ARS W-42, USDA-ARS Western Region, Berkeley, CA. pp. 1-45.
1977. With permission.)
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and looser soil surface conditions). It is good practice to map fields when they are not very dry. Soil
EC, mapping with the Veris unit should not be attempted when the soil is frozen, or in the presence
of any frost layers. Frozen soil has significantly different conductive properties, and the EC, data
collected will not be valid. The Veris unit is a rugged and reliable system with no known difficulties
in mapping fields in the spring prior to tillage and planting operations or in the fall after harvest with
heavy standing and flat-lying surface residue conditions (Farahani and Buchleiter, 2004). For ease
of maneuvering, fields are normally traversed in the direction of crop rows, but the resulting map is
not affected by the direction of travel. On average, travel speeds through the field range between 7
and 16 km h-! with measurements taken every second, corresponding to 2 to 4 m spacing between
measurements in the direction of travel, respectively. A parallel swather (such as AgGPS Parallel
Swathing Option, Trimble Navigation Ltd., Sunnyvale, CA) mounted inside the vehicle pulling the
Veris unit may be used to guide parallel passes through the field at desired (i.e., 12 to 18 m) swath
widths.

The direct contact method used by EC, equipment like Veris has a distinct advantage over the
EMI method in that there is no possibility of ambient electrical (for instance from power lines),
metallic (operator’s belt buckle), or engine noise interferences. Other important advantages of ER-
type methods over EMI are that there is no calibration or nulling procedures required prior to map-
ping, and there is no known report of any observed drift in the measured soil EC, by ER. Regular
“drift runs” that involve traversing the same location in a field are needed for EMI in order to deter-
mine the drift resulting from air temperature effects on the instrument throughout the day. Because
the electrodes in the ER method directly inject the signal into the soil, changes in air temperature
have virtually no effect on the readings. It is noted that EC, data collected with either method
are affected by soil temperature. The most obvious disadvantage of direct ER methods is their
intrusiveness as compared to the nonintrusive EMI methods. The invasive ER method requires solid
contact between the coulters and soil; consequently, dry conditions or irregular microtopography
can prevent contact. Although the distinction between the two differing EC, measuring methods of
ER and EMI is important, side-by-side measurements of soil EC, by contact electrodes and EMI
methods has given highly correlated values (Sudduth et al., 2003) and has provided similar maps
(Doolittle et al., 2002).

In the case of EMI, EC is measured remotely using a frequency signal in the range of 0.4 to
40 kHz and primarily measures signal loss to determine EC,. The EMI measurement is made with
the instrument at or above the soil surface. An EMI transmitter coil located at one end of the instru-
ment induces circular eddy-current loops in the soil (Figure 4.2). The magnitude of these loops is
directly proportional to the EC, of the soil in the vicinity of that loop. Each current loop generates
a secondary electromagnetic field that is proportional to the current flowing within the loop. A por-
tion of the secondary-induced electromagnetic field from each loop is intercepted by the receiver
coil, and the sum of these signals is related to a depth-weighted EC,.

For TDR, an applied electromagnetic pulse is guided along a transmission line embedded in
the soil. The time delay between the reflections of the pulse from the beginning and the end of the

Transmitter Receiver
coil
(O]
Sy *-. <
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*=-41! Current loops

E
Induced current flow in soil

FIGURE 4.2 The principle of operation electromagnetic induction. (From Corwin, D.L., and Lesch, S.M.,
Agron. J., 95, 455-471, 2003. With permission.)
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transmission line is used to determine the velocity of propagation through soil, which is controlled
by the relative dielectric permittivity or dielectric constant. By measuring the resistive load imped-
ance across the probe, EC, can be determined. Although TDR has been demonstrated to compare
closely with other accepted methods of EC, measurement (Heimovaara et al., 1995; Mallants et al.,
1996; Reece, 1998; Spaans and Baker, 1993), it has not been widely used for geospatial measure-
ments of EC, at field and larger spatial extents. Only ER and EMI are commonly used at these
spatial extents (Rhoades et al., 1999a, 1999b).

Field measurements of EC, to determine soil salinity began in the early 1970s with the use of
ER (Halvorson and Rhoades, 1976; Rhoades and Halvorson, 1977; Rhoades and Ingvalson, 1971).
However, geospatial measurements of EC, in the field did not occur in earnest until the 1980s,
primarily with the use of EMI, which had definite advantages over ER because it was noninvasive.
Observational research through the 1980s and early 1990s largely correlated EC, measurements to
soil properties in an effort to sort out what soil properties were measured by EC, (Table 4.1). From
the late 1990s to the present, the complex spatial relationship between EC,, edaphic properties, and
within-field variations in crop yield for site-specific crop management has increasingly become
the focus of EC, research. However, over the past three decades and even today, measurements of
EC, are often misunderstood and misinterpreted. The misconceptions regarding EC, are the conse-
quence of incomplete knowledge of the basic principles and theory of the EC, measurement.

4.1.2 MISCONCEPTIONS SURROUNDING THE APPARENT SOIL
ELectricaL ConpucTivity (EC,) MEASUREMENT

When scientists began to take EC, measurements in the field and correlate them to soil proper-
ties, there were preconceived notions about what was being measured. Those scientists in the arid
southwestern United States felt that salinity was being measured, and those in the Midwest felt
water content and texture were being measured. In reality, both were correct, but each failed to
acknowledge that EC, is a complex physicochemical measurement influenced by any soil property
that influences electrical conductance pathways in soil. Additional research produced correlations
between EC, and soil properties that were not directly measured but indirectly related to properties
that were measured by EC, (Table 4.1).

With a few exceptions, the EC, related observations suggest salinity, soil water content, clay
content, exchange cations, temperature, and organic matter content are the dominating soil prop-
erties affecting EC,, but the strength of the reported correlations varies widely with coefficients
ranging from below 0.4 to above 0.8. Contrasting findings are evident in literature; for example, Dal-
gaard et al. (2001) reported a higher correlation between EC, and clay at higher water contents, and
Banton et al. (1997), in a detailed study on an experimental farm near Quebec City, found texture
parameters to have a stronger correlation with EC, for dry than wet soil conditions. Johnson et al.
(2001), on the other hand, found no strong correlations between EC, and a host of soil properties in
a 250 ha dryland no-till field in eastern Colorado, concluding that EC, delineations were useful in
identifying overall soil variability but not in producing specific maps of any individual soil prop-
erty. In nonsaline fields in Missouri, depth to claypans (a sublayer with 50 to 60 percent in clay and
varying in depth from 0.1 to 1 m) was found highly correlated to EC, (Doolittle et al., 1994). As EC,
increased, depth to claypan decreased. A more extensive study on the Missouri claypan, however,
produced EC, maps that exhibited little resemblance to the maps of measured depth to claypans
(Sudduth et al., 1995), concluding that the EC, data were strongly influenced by the crop and farm-
ing system, soil water, and crop biomass at the time of EC, measurements. Additional difficulties
with interpreting literature are that most of the identified soil properties that dominate EC, vari-
ability exhibit significant codependency and thus provide overlapping (or redundant), but confusing,
information about EC,. Generally speaking, the degree of EC, association with a given soil property
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TABLE 4.1

Compilation of Literature Measuring ECa with Geophysical Techniques (ER or EMI)
Categorized According to the Soil-Related Properties Directly or Indirectly Measured

by ECa
Soil Property

Directly measured soil
properties:salinity (and nutrients,
e.g., NO3-)

‘Water content

Texture related (e.g., sand, clay, depth
to claypans or sand layers)

Bulk density related (e.g., compaction)

. Indirectly Measured Soil
Properties:Organic matter related
(including soil, organic carbon, and
organic chemical plumes)

Cation exchange capacity

Leaching

. Groundwater recharge

" Herbicide partition coefficients
Soil map unit boundaries

- Corn rootworm distributions
Soil drainage classes

References

Bennett and George (1995); Cameron et al. (1981); Cannon et al. (1994);
Corwin and Rhoades (1982, 1984, 1990); de Jong et al. (1979); Diaz and
Herrero (1992); Drommerhausen et al. (1995); Eigenberg and Nienaber (1998,
1999, 2001); Eigenberg et al. (1998, 2002); Greenhouse and Slaine (1983);
Halvorson and Rhoades (1976); Hanson and Kaita (1997); Hendrickx et al.
(1992); Herrero et al. (2003); Johnston et al. (1997); Kaffka et al. (2005);
Lesch et al. (1992, 1995a, 1995b, 1998, 2005); Mankin and Karthikeyan
(2002); Mankin et al. (1997); Nettleton et al. (1994); Paine (2003); Ranjan
et al. (1995); Rhoades (1992, 1993); Rhoades and Corwin (1981, 1990);
Rhoades and Halvorson (1977); Rhoades et al. (1976, 1989, 1990, 1999a,
1999b); Slavich and Petterson (1990); Sudduth et al. (2005); van der Lelij
(1983); Williams and Baker (1982); Williams and Hoey (1987); Wollenhaupt
et al. (1986)

Brevik and Fenton (2002); Farahani et al. (2005); Fitterrnan and Stewart (1986);
Freeland et al. (2001); Hanson and Kaita (1997); Kachanoski et al. (1988, 1990);
Kaffka et al. (2005); Kean et al. (1987); Khakural et al. (1998); Morgan et al.
(2000); Sheets and Hendrickx (1995); Sudduth et al. (2005); Vaughan et al.
(1995); Wilson et al. (2002)

Anderson-Cook et al. (2002); Banton et al. (1997); Boettinger et al. (1997);
Brevik and Fenton (2002); Brus et al. (1992); Doolittle et al. (1994, 2002);
Inman et al. (2001); Jaynes et al. (1993); Kitchen et al. (1996); Lesch et al.
(2005); Rhoades et al. (1999a); Scanlon et al. (1999); Stroh et al. (1993);
Sudduth and Kitchen (1993); Sudduth et al. (2005); Triantafilis and Lesch
(2005); Triantafilis et al. (2001); Williams and Hoey (1987);

Gorucu et al. (2001); Rhoades et al. (1999a)

Benson et al. (1997); Bowling et al. (1997); Brune and Doolittle (1990); Brune
et al. (1999); Farahani et al. (2005); Greenhouse and Slaine (1983, 1986);
Jaynes (1996); Nobes et al. (2000); Nyquist and Blair (1991); Sudduth et al.
(2005)

Farahani et al. (2005); McBride et al. (1990); Sudduth et al. (2005); Triantafilis
et al. (2002) ;

Corwin et al. (1999); Lesch et al. (2005); Rhoades et al. (1999a); Slavich and
Yang (1990) -

Cook and Kilty (1992); Cook et al. (1992); Salama et al. (1994)

Jaynes et al. (1995)

Fenton and Lauterbach (1999); Stroh et al. (2001)

Ellsbury et al. (1999)

Kravchenko et al. (2002)

Source: From Corwin, D.L., and Lesch, S.M., Comput. Electron. Agric., 46, 11-43, 2005. With permission.

is time-of-measurement dependent. That dependency is mainly due to the dynamic nature of some
soil properties (such as soil water content, solution concentration, and temperature).

Although there was nothing technically unsound concerning the research relating EC, to
directly or indirectly measured soil properties, an impression was created that EC, was a vague,
cthereal measurement that was less than robust due to the spatially heterogeneous and complex
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nature of soil. There is some truth to this notion, because electrical conductance through soil is
complex due to the complex nature of soil. As a result, without a scientific understanding and expla-
nation for what was being measured, geospatial EC, readings and their correlations with soil prop-
erties are easily misinterpreted and misused to spatially characterize properties that are only loosely
related or completely unrelated to actual properties being measured. This fact became evident in the
early application of spatial EC, measurements to site-specific crop management when correlations
between EC, and crop yields were found that were positive, negative, and unrelated. If, in fact, EC,
was measuring just water content and texture, or just salinity, then why were correlations with crop
yield so erratic? The answer lies in the principles and theory behind the EC, measurement.

4.2 BASIC PRINCIPLES AND THEORY OF EC,

Electrical conduction through soil is due to the presence of free salts in the soil solution and
exchangeable ions at the surfaces of solid particles. The soil equivalent resistance model (Sauer
et al., 1955) provides the basis for the formulation of a mechanistic soil EC, model applicable to
the entire range of soil solution concentrations (Rhoades et al., 1989; Shainberg et al., 1980). Three
pathways of current flow contribute to the EC, of a soil: (1) a conductance pathway traveling through
alternating layers of soil particles and soil solution, (2) a conductance pathway traveling through the
continuous soil solution, and (3) a conductance pathway traveling through or along the surface of
soil particles in direct and continuous contact (Rhoades et al., 1989, 1999a). These three pathways
of current flow are illustrated in Figure 4.3. Conceptually, the first pathway can be thought of as a
solid-liquid, series-coupled element, and the second and third pathways represent continuous liquid
and solid elements, respectively.

Rhoades et al. (1989) introduced a model for EC, describing the three separate current-flow
pathways acting in parallel:

— (ess + 6ws)2 'Ecws 'mss
’ ess 'Ecws + ews 'Ecss

where 0, and 0, are the volumetric soil water contents in the series-coupled soil-water pathway
(cm? cm™3) and in the continuous liquid pathway (cm? cm~3), respectively; 0, and 6, are the volumet-
ric contents of the surface-conductance (cm? cm=) and indurated solid phases of the soil cm? cm™3),
respectively; EC,, and EC,, are the specific electrical conductivities of the series-coupled soil—
water pathway (dS m™') and continuous-liquid pathway (dS m™!); and EC, and EC_, are the electrical
conductivities of the surface-conductance (dS m~!) and indurated solid phases (dS m™), respectively.
Equation (4.5) was reformulated by Rhoades et al. (1989) into Equation (4.6):

_ (ess + ews)2 'ECW 'Ecss
: (ess ‘ECWS) + (ews ‘ECSS)

+ (8, —9,,)-EC, @.6)

where 6, = 0, + 0, = total volumetric water content (cm? cm™), 0, - EC_, was assumed to be neg-
ligible, and solution conductivity equilibrium was assumed (i.e., EC, = EC,, = EC,,., where EC,, is
average electrical conductivity of the soil water assuming equilibrium). According to Equation (4.6),
EC, is determined by the following five parameters: 0, 0,,, 8,,, EC,, and EC,,. Using the following
empirical approximations, Rhoades et al. (1989) showed that these five parameters are related to
four measurable soil properties, which include soil salinity (EC,; dS m™), saturation percentage (SP;
SP is the gravimetric soil water content at saturation), bulk density (p,; Mg m~3), and gravimetric
water content (6,; kg kg™):
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Pathways of Electrical Conductance
Soil Cross Section

s

i Liquid |~ |

FIGURE 4.3 The three conductance pathways for the EC, measurement. (Modified from Rhoades. J.D..
Manteghi, N.A.. Shouse, P.J., and Alves, W.J., Soil Sci. Soc. Am. J., 53, 433-439, 1989. With permission.)

6,=6,-p, 4.7
0, =0.6398, +0.011 4.8)
r— ph
g =_rb
S8 2_6_— (4'9)
EC, =0.019(5P)-0.434 (4.10)
EC, = EC,-p,-SP _FC. §P @11
100-6,, 6,

The reliability of Equation (4.6) through Equation (4.11) has been evaluated by Corwin and
Lesch (2003). These equations are reliable except under extremely dry soil conditions. However,
Lesch and Corwin (2003) developed a means of extending equations for extremely dry soil condi-
tions by dynamically adjusting the assumed water content function. Using the above theory, Fara-
hani et al. (2005) deduced the importance of various soil properties to explain EC, variability in
nonsaline soils of three Colorado fields. Their examination of the above theoretically based EC,
model was useful in highlighting the general complexity of EC,, its major pathways in the soil, and
the concept as a whole, even though crude assumptions were made in approximating the parameters
in Equation (4.6) through Equation (4.11}.

Equation (4.3) and Equation (4.6) through Equation (4.11) indicate that EC, is influenced by EC_,
SP, 8,, p;, and temperature. The SP and p, are both directly influenced by clay content and organic
matter (OM). Furthermore, the exchange surfaces on clays and OM provide a solid-liquid phase
pathway primarily via exchangeable cations; consequently, clay content and mineralogy, cation
exchange capacity (CEC), and OM are recognized as additional factors influencing EC, measure-
ments. Soil EC, is expected to increase with increasing clay and OM contents, because EC,, and 8,
{or more correctly 0, ) increase with clay and OM. With EC_, regarded as a function of clay, CEC,
and OM (Rhoades et al., 1976; Shainberg et al., 1980), it is not surprising that most field observa-
tions of EC, versus soil properties have identified clay, CEC, and OM as main factors dominating
EC, variability in nonsaline soils. It is noted from Equation (4.6) that conductance through alter-
nating layers of soil particles and soil solution pathway (the first term) is complicated, and its con-
tribution to EC, is not obvious as the dynamic seil properties of EC,, and 8, change. As soil water
content changes, EC,, is expected to change. As soil water evaporates, EC,, is expected to increase
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due to increased concentration of free ions in solution. These are counteracting mechanisms con-
tributing to the complexity of EC, and soil property relationships. In other words, empirical EC,
versus soil property functions are expected to be temporally variable unless EC,, and 6,, remain
relatively unchanged. As discussed previously (Equation (4.3), the other important soil variable
causing change in EC, is temperature, with EC, increasing by approximately 1.9 percent per degree
centigrade. This could be significant for shallow depths that may exhibit the greatest temperature
variation. Apparent soil electrical conductivity is a complex physicochemical property that must be
interpreted with these influencing factors in mind.

Field measurements of EC, are the product of both static and dynamic factors, which include
soil salinity, clay content and mineralogy, water content, bulk density, and temperature. Although
the effect of soil static and dynamic factors on spatial variability of EC, is of significant importance,
understanding their influence on the temporal variability of EC, is equally important. That is par-
ticularly true if delineated EC, zones are to be used to manage agricultural inputs across the field
for multiple years. Johnson et al. (2003) described the observed dynamics of the general interaction
of these factors. In general, the magnitude and spatial heterogeneity of EC, in a field are dominated
by one or two of these factors, which will vary from one field to the next, making the interpretation
of EC, measurements highly site specific. In instances where dynamic soil properties (e.g., salinity)
dominate the EC, measurement, temporal changes in spatial patterns exhibit more fluidity than sys-
tems that are dominated by static factors (e.g., texture). In texture-driven systems, spatial patterns
remain consistent because variations in dynamic soil properties (i.e., water content) affect only the
magnitude of measured EC, (Johnson et al., 2003). This was clearly demonstrated by Farahani and
Buchleiter (2004), who used multiyear measurements of EC, from three irrigated and nonsaline
sandy fields in eastern Colorado and quantified their degree of temporal change. For each field, soil
EC, values were highly correlated between measurement days (for periods of a few days to 4 years
between measurements), but significant deviations from the 1:1 line (indicative of temporal variabil-
ity) were exhibited. In spite of the temporal variability of the absolute magnitudes of EC,, delineat-
ing spatial patterns of EC, into low, medium, and high zones across each field was highly stable over
time, mainly because they reflect the static soil properties. Johnson et al. (2003) warn that EC, maps
of static-driven systems convey very different information from those of less-stable dynamic-driven
systems. For this reason, it is imperative that the soil properties dominating EC, measurements
within a field are established to be able to correctly interpret spatial EC, survey data.

Numerous EC, studies have been conducted that revealed the site specificity and complexity of
spatial EC, measurements with respect to the particular property or properties influencing the EC,
measurement at that study site. Table 4.1 is a compilation of various laboratory and field studies and
the associated dominant soil property or properties measured.

Many of the misinterpretations and misunderstandings regarding past field EC, surveys have
been due to a disregard for the complex and dynamic interrelationship and influence of various
physical and chemical properties on EC,, which are quantified in Equation (4.6) through Equation
(4.11). Because EC, does not measure an individual soil property such as salinity or water content,
but rather is a product of the influence of several properties, geospatial EC, surveys are best used to
direct soil sampling in order to characterize the spatial variability of those properties that correlate
with EC, at a given study site (Corwin, 2005). Characterizing spatial variability with EC,-directed
soil sampling is based on the hypothesis that when EC, correlates with a soil property or proper-
ties, then spatial EC, information can be used to identify sites that reflect the range and variability
of the property or properties. In instances where EC, correlates with a particular soil property, an
EC,-directed soil sampling approach will establish the spatial distribution of that property with
an optimum number of site locations to characterize the variability and keep labor costs minimal
(Corwin et al., 2003a; Lesch, 2005). Also, if EC, is correlated with crop yield, then an EC,-directed
soil sampling approach can be used to identify those soil properties that are causing the variability
in crop yield (Corwin et al., 2003b).
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- 4.3 GUIDELINES FOR CONDUCTING A HELD-SCALE EC,-DIRECTED
SOIL SAMPLING SURVEY FOR AGRICULTURE

The basic steps of a field-scale EC, survey for characterizing spatial variability include (1) EC, sur-

vey design, (2) geo-referenced EC, data collection, (3) soil sample design based on geo-referenced
- EC, data, (4) soil sample collection, (5) physicochemical analysis of pertinent soil properties,

(6) stochastic or deterministic calibration of EC, to soil properties, (7) determination of the soil

properties influencing the EC, measurements at the study site, and (8) GIS development. Details on

EC,-directed soil sampling protocols are presented by Corwin and Lesch (2005b, 2005¢). Outlined

protocols are provided in Table 4.2. Of the eight basic steps, EC,-directed soil sample design, sto-
| chastic or deterministic calibration of EC,, and determination of the soil properties influencing the
geospatial EC, measurements are the least understood and yet are crucial for correctly understand-
ing and interpreting spatial EC, data. Ideally, efforts must be directed toward mapping EC, when
the soil property of interest is expected to have its greatest influence on EC, values. This maximizes
the likelihood of inferring the spatial patterns of the soil property of interest from the EC, map. For
' instance, the effect of texture (or clay content) on EC, is more pronounced at higher water contents
i (Dalgaard et al., 2001), suggesting EC, field mapping when the soil is wet rather than dry.

4.3.1 EC,-DirecteD Son SampLe DEsIGN

An EC, survey of a field is most often conducted with either mobile ER or EMI equipment that
has been coupled to a GPS. Depending on the level of detail desired, from 100 to several thousand
spatial measurements of EC, are taken generally in regularly spaced traverses across the field of
interest. The use of mobile EMI equipment has one slight advantage over the use of mobile ER
equipment due to the fact that EMI is noninvasive, which is the ability to take measurements on dry
and stony soils. ‘

Once a geo-referenced EC, survey is conducted, the data are used to establish the locations of
the soil core sample sites for (1) calibration of EC, to a correlated soil sample property (e.g., salin-
ity, water content, and clay content) and (2) delineation of the spatial distribution of soil properties
correlated to EC, within the field surveyed. Currently, two different sampling schemes are used to
establish the locations where soil cores are to be taken: design-based and model-based sampling
schemes. Design-based sampling schemes have historically been the most commonly used and,
hence, are more familiar to most research scientists. Design-based methods include simple random
sampling, stratified random sampling, multistage sampling, cluster sampling, and network sampling
schemes. The use of unsupervised classification by Fraisse et al. (2001) and Johnson et al. (2001) is
an example of design-based sampling. Model-based sampling schemes are less common. Specific
model-based sampling approaches that have direct application to agricultural and environmental
survey work are described by McBratney and Webster (1983), Russo (1984), and Lesch et al. (1995a,
1995b, 2005). :

The sampling approach introduced by Lesch et al. (1995a, 1995b, 2005) is specifically designed
for use with ground-based soil EC, data. This sampling approach attempts to optimize the estima-
tion of a regression model (i.e., minimize the mean square prediction error produced by the calibra-
tion function), while simultaneously insuring that the independent regression model residual error
assumption remains approximately valid. This, in turn, allows an ordinary regression model to be
used to predict soil property levels at all remaining (i.e., nonsampled) conductivity survey sites.

There are two main advantages to the response-surface approach. First, a substantial reduction
in the number of samples required for effectively estimating a calibration function can be achieved,
in comparison to more traditional design-based sampling schemes. Second, this approach lends
itself naturally to the analysis of remotely sensed EC, data. Many types of ground-, airborne-, and
satellite-based remotely sensed data are often collected specifically because one expects this data



70

Handbook of Agricultural Geophysics

TABLE 4.2
Outline of Steps for an EC,-Directed Soil Sampling Survey

L

8.

Site description and EC, survey design
(a) Record site metadata
(b) Establish site boundaries
(c) Select Global Positioning System (GPS) coordinate system
(d) Establish EC, measurement intensity
EC, data collection with mobile GPS-based equipment
(a) Geo-reference site boundaries and significant physical geographic features with GPS
(b) Measure geo-referenced EC, data at the predetermined spatial intensity and record associated metadata
Soil sample design based on geo-referenced EC, data
(a) Statistically analyze EC, data using an appropriate statistical sampling design to establish the soil sample site
locations
(b) Establish site locations, depth of sampling, sample depth increments, and number of cores per site
Soil core sampling at specified sites designated by the sample design
(a) Obtain measurements of soil temperature through the profile at selected sites
(b) Atrandomly selected locations obtain duplicate soil cores within a 1 m distance of one another to establish
local-scale variation of soil properties
(c) Record soil core observations (e.g., mottling, horizonation, textural discontinuities, etc.)
Laboratory analysis of appropriate soil physical and chemical properties defined by project objectives
If needed, stochastic or deterministic calibration of EC, to EC, or to other soil properties (e.g., water content and
texture)
Spatial statistical analysis to determine the soil properties influencing EC, and crop yield
(a) Soil quality assessment:
(1) Perform a basic statistical analysis of physical and chemical data by depth increment and by composite depth
over the depth of measurement of EC,
(2) Determine the correlation between EC, and physical and chemical soil properties by composite depth over the
depth of measurement of EC,
(b) Site-specific crop management (if EC, correlates with crop yield, then)
(1) Perform a basic statistical analysis of physical and chemical data by depth increment and by composite depths
(2) Determine the correlation between EC, and physical and chemical soil properties by depth increment and by
composite depths
(3) Determine the correlation between crop yield and physical and chemical soil properties by depth and by
composite depths to determine depth of concern (i.e., depth with consistently highest correlation, whether
positive or negative, of soil properties to yield) and the significant soil properties influencing crop yield (or
crop quality)
(4) Conduct an exploratory graphical analysis to determine the relationship between the significant physical and
chemical properties and crop yield (or crop quality)
(5) Formulate a spatial linear regression (SLR) model that relates soil properties (independent variables) to crop
yield or crop quality (dependent variable)
(6) Adjust this model for spatial autocorrelation, if necessary, using Restricted Maximum Likelihood or some other
technique
(7) Conduct a sensitivity analysis to establish dominant soil property influencing yield or quality
Geographic information system (GIS) database development and graphic display of spatial distribution of soil
properties

Source: Corwin, D.L., and Lesch, S.M., Comp. Electron. Agric., 46, 103-133, 2005. With permission.

to correlate strongly with some parameter of interest (e.g., crop stress, soil type, soil salinity, etc.),
but the exact parameter estimates (associated with the calibration model) may still need to be deter-
mined via some type of site-specific sampling design. This approach explicitly optimizes this site
selection process.
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A user-friendly software package (ESAP) developed by Lesch et al. (2000), which uses a
 response-surface sampling design, has proven to be particularly effective in delineating spatial dis-
; tributions of soil properties from EC, survey data (Corwin and Lesch, 2003; Corwin et al., 2003a,
' 2003b, 2006). The ESAP software package identifies the optimal locations for soil sample sites
' from the EC, survey data. These sites are selected based on spatial statistics to reflect the observed
;. spatial variability in EC, survey measurements. Generally, six to twenty sites are selected depend-
' ing on the level of variability of the EC, measurements for a site. The optimal locations of a minimal
' subset of EC, survey sites are identified to obtain soil samples.

. Inadetailed study of the utility of EC, mapping, Farahani and Buchleiter (2004) used two differ-
| ent soil sampling designs for comparison. Measured EC, data from three center-pivot fields, two near
| the town of Wiggins and one near Yuma in eastern Colorado, were used to identify sample locations
 using ESAP and a combination of cluster analysis and random soil sampling within clusters. For
the latter sampling design, three to five sample locations were randomly selected from each of five
delineated EC, zones (according to cluster analysis). For the sandy and nonsaline fields in eastern
Colorado, both sampling methods effectively captured the spatial variability. The random sampling
from within EC, clusters was found to be simple and subsequently used in a number of dryland and
irrigated fields to characterize EC, delineated zones for the purposes of site-specific management.

4.3.2 CausratioN of EC, 10 SoiL PROPERTIES

-~ Apparent soil electrical conductivity can be calibrated to any soil property that significantly influences
the EC, measurement, such as salinity, Og, clay content, SP, p,, and OM. As indicated in Table 4.1,
there are numerous studies that document the relationships between soil electrical conductivity and
various soil physical and chemical properties. All of the data analysis and interpretation presented in
these papers can be classified into two data modeling categories: deterministic and stochastic.

In general, stochastic models are based on some form of objective sampling methodology used
in conjunction with various statistical calibration techniques. The most common types of calibration
equations are geostatistical models (generalized universal kriging models and cokriging models)
and spatially referenced regression models.

Traditionally, universal kriging models have been viewed as an extension of the ordinary krig-
' ing technique and used primarily to account for large-scale (nonstationary) trends in spatial data.
However, this modeling technique can be easily generalized to model ancillary survey data (such
EMI or ER data) when this data correlates well with some spatially varying soil property of interest
(e.g., soil salinity). This generalization is commonly referred to as a “spatial linear model” or “spa-
tial random field model” in the statistical literature. This modeling approach requires the estimation
of aregression equation with a spatially correlated error structure. This type of model probably rep-
resents the most versatile and accurate statistical calibration approach, provided enough calibration
sample sites are collected (n > 50) to ensure a good estimate of the correlated error structure.

Regardless of their versatility, spatial linear models are typically used in regional situations.
Such an approach is rarely used for field-scale survey work, due to the large number of required
calibration soil samples, which makes this approach economically impractical. Instead, most cali-
 bration equations of soil properties are spatially referenced regression models. A spatially refer-
- enced regression model is just an ordinary regression equation that includes the soil property being
calibrated with EC, and trend surface parameters. The model assumes an independent error struc-
ture that can usually be achieved through carefully designed sampling plans, such as the response-
surface sampling design. In practice, these are the only models that can be reasonably estimated
with a limited number of soil samples (n < 15).

Deterministic conductivity data modeling and interpretation have been carried out either from
a geophysical or a soil science approach. In the geophysical approach, mathematically sophisticated
inversion algorithms are generally employed. These approaches, which rely heavily on geophysical
theory, have met with limited success for the interpretation of near-surface EC, data. Part of the
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reason for the lack of success is that most geophysical inversion approaches assume that (1) there are
multiple conductivity signal readings available for each survey point and (2) that distinct, physical
strata differences exist within the near-surface soil horizon. Neither of these conditions is typically
satisfied in most EC, surveys.

A more common technique, which is used in soil science, is to employ some form of determin-
istic conversion model (i.e., an equation that converts EC, to a soil property based on knowledge of
other soil properties). One model of this type that has been shown to be useful is the model devel-
oped by Rhoades et al. (1989, 1990; see Equation (4.6) through Equation (4.11)) and extended by
Lesch and Corwin (2003). The model demonstrates that soil EC can be reduced to a nonlinear func-
tion of five soil properties: EC,, SP, 8,, p,, and soil temperature. In Rhoades et al. (1990), the model
was used to estimate field soil salinity levels based on EC, survey data and measured or inferred
information about the remaining soil physical properties. Corwin and Lesch (2003) and Lesch et al.
(2000) showed that this model can also be used to assess the degree of influence that each of these
soil properties has on the acquired EC -survey data.

4.3.3 DETERMINATION OF THE SoIL PROPERTIES INFLUENCING EC,

In the past, the fact that EC, is a function of several soil properties (i.e., soil salinity, texture, water
content, etc.) has sometimes been overlooked in the application of EC, measurements to agriculture.
For instance, precision agriculture studies relating EC, to crop yield have met with inconsistent results
due to the fact that a combination of factors influence EC, measurements to varying degrees across
units of management, thereby confounding interpretation. In areas of saline soils, salinity dominates
the EC, measurements, and interpretations are often straightforward. However, in areas other than
arid zone soils, texture and water content or even OM may be the dominant properties measured by
EC,. To use spatial measurements of EC, in a soil quality or site-specific crop management context,
it is necessary to understand what factors are most significantly influencing the EC, measurements
within the field of study. There are two commonly used approaches for determining the predominant
factors influencing EC, measurement: (1) wavelet analysis and (2) simple statistical correlation.

An explanation of the use of wavelet analysis for determining the soil properties influencing
EC, measurements is provided by Lark et al. (2003). Even though wavelet analysis is a powerful
tool for determining the dominant complex interrelated factors influencing EC, measurement, it
requires soil sample data collected on a regular grid or equal-spaced transect. Grid or equal-spaced
transect sampling schemes are not as practical for determining spatial distributions of soil salinity
or other correlated soil properties from EC, measurements as the statistical and graphical approach
developed by Lesch et al. (1995a, 1995b, 2000).

The most practical means of interpreting and understanding the tremendous volume of spatial
data from an EC, survey is through statistical analysis and graphic display. For a soil quality assess-
ment, a basic statistical analysis of all physical and chemical data by depth increment provides an
understanding of the vertical profile distribution. A basic statistical analysis consists of the deter-
mination of the mean, minimum, maximum, range, standard deviation, standard error, coefficient
of variation, and skewness for each depth increment (e.g., 0 to 0.3, 0.3 to 0.6, 0.6 to 0.9, and 0.9 to
1.2 m) and by composite depth (e.g., 0 to 1.2 m) over the depth of measurement of EC,. In the case
of EC, measured with ER, the composite depth over the depth of measurement of EC, is based on
the spacing between the electrodes, while in the case of EMI measurements of EC,, the composite
depth over the depth of measurement of EC, is based on the spacing between the coils and the orien-
tation of the coils (i.e., vertical or horizontal). The calculation of the correlation coefficient between
EC, and mean value of each soil property by depth increment and composite depth over multiple
sample sites determines those soil properties that correlate best with EC, and those soil properties
that are spatially represented by the EC,-directed sampling design. Those properties not corre-
lated with EC, are not spatially characterized with the EC,-directed sampling design, indicating
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TABLE 4.3

Correlation Coefficients (r) between Shallow (0 to 0.3 m) and Deep
(0 to 0.9 m) EC, (mS m") and Their Corresponding (Same Depth)
Soil Properties at Three Colorado Fields

Wiggins 1 Wiggins 2 Yuma

Shallow Deep Shallow Deep Shallow  Deep
Soil Property EC, EC, EC, EC, EC, EC,
Sand (%) -0.96 -0.95 —0.84 -0.90 -0.76 —0.90
Silt (%) 0.82 0.91 0.67 0.80 0.68 0.84
Clay (%) 0.96 0.94 0.89 0.94 0.82 0.93
Bulk density ((b, Mg m3) -0.13 -0.53 —0.34 -0.52 - —
Organic matter (g g~'%) 0.92 0.92 0.75 0.79 0.80 0.89
Ca*? (meq L) 0.85 0.92 0.94 0.88 0.82 0.82
Mg*? (meq L) 0.91 0.94 0.93 0.87 0.58 0.75
K*! (meq L) 0.80 0.76 0.73 0.75 0.67 0.86
Na*! (meq L) - 0.65 0.87 0.62 0.79 0.58 0.26
CEC (meq 100 g1) 0.86 0.93 0.94 0.88 0.87 0.87
pH -0.81 -0.76 -0.48 -0.48 0.50 0.23

Soluble salts (EC;.,;, mS m™) 0.86 0.95 0.24 0.66 0.86 0.78

a design-based sampling scheme such as stratified random sampling is probably needed to better
spatially characterize these soil properties.
; An example of a simple statistical approach to infer EC, versus soil properties relations is given
. by the correlation coefficients between EC, and soil properties by depth (the terms “shallow” and
“deep” refer to soil depths of 0 to 0.3 m and O to 0.9 m, respectively) given in Table 4.3 (Farahani
et al,, 2005). As given, the EC, measurements from these sandy soils are very useful in inferring
texture variability with correlation coefficient values between EC, and clay (or sand) well over 0.8.
Crop yield monitoring data in conjunction with EC, survey data can be used from a site-specific
crop management perspective (1) to identify those soil properties influencing yield and (2) to delin-
 eate site-specific management units (SSMU). For site-specific crop management, an understanding
- of the influence of spatial variation in soil properties on within-field crop-yield (or crop quality)
variation is crucial. To accomplish this using EC,, crop yield (or crop quality) must correlate with
. EC, within a field. If crop yield (or crop quality) and EC, are correlated, then basic statistical analy-
. ses by depth increment (e.g., 0 to 0.3, 0.3 t0 0.6, 0.6 to 0.9, and 0.9 to 1.2 m) and by composite depths
e.g,0t00.3,0t00.6, 010 0.9, and O to 1.2 m) are performed. As before, the correlation between
EC, and mean values of each physical and chemical soil property for each depth increment and
each composite depth establishes those soil properties that are spatially characterized with the EC,-
. directed sampling design. The correlations between crop yield (or crop quality) and soil properties
will also establish the depth of concern (i.e., the root zone of the crop), which will be the composite
depth that consistently has the highest correlation of each soil property (i.e., each soil property
. determined to be significant to influencing yield) with crop yield (or crop quality). Exploratory
graphical analyses (i.e., scatter plots of crop yield or crop quality and each soil property) are then
conducted for the depth of concern to determine the linear or curvilinear relationship between the
 significant physical and chemical properties and crop yield (or crop quality). A spatial linear regres-
ston is formulated that relates the significant soil properties as the independent variables to crop
yield (or crop quality) as the dependent variable. The functional form of the model is developed
from the exploratory graphic analysis. If necessary, the model is adjusted for spatial autocorrelation
using restricted maximum likelihood or some other technique. This entire spatial statistical analysis
process is clearly demonstrated by Corwin et al. (2003b) and Corwin and Lesch (2005c).
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To use spatial measurements of EC, in a site-specific crop management context, it is not only
necessary to understand those soil-related factors that influence within-field variation in crop yield
(or crop quality), but also to pinpoint the dominant soil-related factors influencing within-field
crop variation. Corwin et al. (2003b) used sensitivity analysis simulations to arrive at the domi-
nant edaphic and anthropogenic factors influencing within-field cotton yield variations. Sensitivity
analysis involves increasing a single independent variable (i.e., edaphic factors) and observing the
resultant effect on the dependent variable (i.e., crop yield or crop quality). This is done for each
independent variable. The relative effect of each independent variable on the dependent variable
determines the independent variable that most significantly influences the dependent variable.

4.3.4 CasEe StuDIES

Table 4.4 is a compilation of correlation data for six field study sites where EC, surveys using EMI
were performed for the purpose of salinity appraisal. Table 4.4 shows the variation in the influ-
ence of various soil properties upon EC, for different field locations. In all cases, the surveys were
performed as outlined in Table 4.2. An intensive EC, survey was performed, followed by soil core
sample site selection where from six to twenty sites were selected for sampling. An analysis was
performed on the soil cores for various physical and chemical properties (e.g., saturation percentage,
salinity, and water content). The correlations in Table 4.2 were determined using the EC, survey and
soil sample data. The correlations in Table 4.2 indicate the soil properties influencing the EC, read-
ing most. Following is a discussion about the six EC, surveys presented in Table 4.2.

4.3.4.1 Coachella Valley Wheat (Triticum aestvum L.) Field

This is an example of a survey where the salinity represented by In (EC,), the soil texture reflected
by the saturation percentage (SP), and the volumetric water content (6,) correlate with the EMI
data, which are represented as In(EMI,,), where EMI,,, is the geometric mean of the vertical and
horizontal EMI readings (i.e., sqrt{EMI, - EML]).

ave

4.3.4.2 Coachella Valley Sorghum Field

This field is an example of where only salinity correlates well with the EMI data. Note from Table 4.5
that neither the soil texture nor volumetric water content correlate with salinity with r = —-0.10 and
r = (.28, respectively. Because of this lack of correlation with salinity and because the texture and
water content exhibit minimal sample variation (i.e., sample range for SP is 51.0 to 61.1 percent;
sample range for 6, is 0.33 to 0.41 cm3 cm™3), they correlate poorly with the EMI data with r = —0.20
and r = 0.25, respectively (Table 4.2).

4.3.4.3 Broadview Water District (Quarter Sections 16-2 and 16-3)

These combined quarter sections display large variability in soil texture, as indicated by SPs rang-
ing from 33.2 to 85 percent, and in water content (6,, ranges from 0.21 to 0.39 cm?® cm™?) with rela-
tively minimal salinity variation (80 percent of the samples fell below the mean value of 3.65 dS
m™). Salinity, SP, and water content correlate with the EMI data. Saturation percentage and water
content are highly correlated with r = 0.84 and r = 0.86, respectively (Table 4.2).

4.3.4.4 Fresno Cotton (Gossypium hirsutum L.) Field

The Fresno cotton field is of particular interest because of the high positive correlation of EMI data
with salinity (r = 0.87) and moderate positive correlation with SP (= 0.71) but a negative correlation
with water content (r =—0.65). The negative correlation between SP and water content (see Table 4.5;
r = —0.78) suggests an unexpected inverse relationship between texture and water content.
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TABLE 4.4
Means and Ranges of Soil Factors (EC,, SP, and 6,) and the Correlations
of In(EMI,,.) with In(EC,), SP, and 6,, for Six Field-Scale Surveys

Soil Factors (EC,, SP, and 0,))

Field Mean Range Correlation?

Coachella Valley Wheat Field

In(EMI,,,) and In(EC,) 233 0.85-6.64 0.87
In(EML,,,) and SP 40.4 36.5-45.8 0.78
In(EML,,) and 6,, 0.24 0.18-0.32 0.77
Coachella Valley Sorghum Field
In(EML,,) and In(EC,) 10.1 5.37-16.8 0.88
In(EMLI,,.) and SP 57.0 51.0-61.1 -0.20
In(EML,,) and 6, 0.38 0.33-0.41 0.25
Broadview Water District (Quarter Sections 16-2 and 16-3)
In(EMI,,,) and In(EC,) 3.65 1.61-8.19 0.62
In(EMLI,,.) and SP 50.3 33.2-85.0 0.84
In(EML,,.) and 6, 0.31 0.21-0.39 0.86
Fresno Cotton Field
In(EML,,,) and In(EC,) 542 1.28-9.57 0.87
In(EML,,.) and SP 79.4 59.3-103.0 0.71
In(EML,,) and 6, 0.28 0.22-0.33 -0.65
Coachella Valley—Kohl Ranch Field
In(EML,,,) and In(EC,) 11.8 3.73-22.9 0.94
In(EMI,,,.) and SP 63.3 59.7-66.7 -0.33
In(EMI,,,) and 8, 0.33 0.30-0.36 0.76
In(EML,,.) and In(SAR) 23.2 5.55-40.2 0.89
In(EMT,,.) and In(B) 1.44 0.52-2.57 0.91
Broadview Water District (Quarter Section 10-2)
In(EML,,,) and In(EC,) 2.66 0.90-5.69 0.80
In(EMLI,,.) and SP 55.4 40.6-67.4 0.49
In(EML,,,) and 8, 0.38 0.29-0.42 0.59
In(EML_) and p, 1.35 1.26-1.44 -0.35
In(EML,,.) and sand 25.5 8.35-49.9 -0.38
In(EML,,,) and silt 39.3 26.3-51.6 0.42
In(EML,,) and clay 35.3 23.8-44.5 0.29

Note: EM,,. is the geometric mean (i.e., sqrt[EMI; - EMI,]) of the EC, taken in the horizontal
(EMLI,) and vertical (EML,) coil configurations using EMI, EC, is the electrical conductivity
of the saturation paste (dS m~!), SP is the saturation percentage, 6,, is the volumetric water
content (cm? cm~), SAR is the sodium adsorption ratio, B is boron (mg kg~'), p,, is the bulk
density (g cm™), sand is the percent sand, silt is the percent silt, and clay is the percent
clay.

2 The correlation column corresponds to the correlation between the measured EC, and the speci-

fied soil property.

Source: Modified from Corwin, D.L., and Lesch, S.M., Agron. J., 95, 455-471, 2003. With

permission.
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TABLE 4.5
Correlation Matrix of Soil Properties for the Six
Field-Scale EC, Surveys

Field In(EC) SP 0,
Coachella Valley Wheat Field
In(EC,) 1.00 0.69 0.66
SP 1.00 0.91
0, 1.00
Coachella Valley Sorghum Field
In(EC,) 1.00 -0.10 0.28
SP 1.00 -0.47
0, 1.00
Broadview Water District (Quarter Sections 16-2 and 16-3)
In(EC,) ’ 1.00 0.23 0.33
SP . 1.00 0.82
0, 1.00
Fresno Cotton Field
In(EC,) 1.00 0.38 -0.37
SP 1.00 -0.78
0, 1.00
Coachella Valley—Kohl Ranch Field
In(EC,) 1.00 -0.39 0.72
SP 1.00 -0.04
0, 1.00
Broadview Water District (Quarter Section 10-2)

In(EC,) 1.00 0.08 0.14
SP ' 1.00 0.91
0 1.00

w

Source: Modified from Corwin, D.L., and Lesch, S.M., Agron. J., 95,
455-471, 2003. With permission.
Note: ECe is the electrical conductivity of the saturation extract (dS
m-'), SP is the saturation percentage. 8, is the volumetric water
content (cm? cm3).

4.3.4.5 Coachella Valley—Kohl Ranch Field

This field displays a range of correlations between EMI and soil properties (Table 4.2). Salinity
correlates very well, water content fairly well, and soil texture exhibits weak negative correlation
indicating that the dominant soil properties influencing the EMI reading are salinity and water
content. In addition, two secondary properties, SAR and boron, were measured. The fact that these
correlated quite well with the EMI data suggests the close association of these properties with salin-
ity in this particular field because the EMI reading does not directly measure SAR or boron but is
rather an artifact of solute flow.

4.3.4.6 Broadview Water District (Quarter Section 10-2)

The dominant soil property influencing the EMI reading is salinity, with a correlation between
In(EMI,,.) and In(EC,) of 0.80. No strong correlation was found between EMI data and a variety of
“soil properties, including SP, water content, bulk density, and separates of sand, silt, and clay.
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From Table 4.4 and Table 4.5, what is known about the interrelationship of soil properties influ-
encing the EC, measurement for agricultural soils in the arid southwest? First, it is clear that the

; inner-correlation structure of the various primary soil properties (EC,, SP, 8,) determines how

well each property ultimately correlates with the EC, signal data. However, the variability of each

| soil property also influences the final correlation estimates, because increased variability in any

given soil property directly translates into increased variation in the EC, data. Obviously, one may
encounter many diverse types of inner-correlation structures and different degrees of specific soil
property variation as shown in Table 4.4 and Table 4.5. Thus, the ultimate correlation between the
EC, signal data and any specific soil property may be quite different from field to field. For example,
this effect is clearly evident in the In(EMI, .} and SP correlation estimates shown in Table 4.4, where

- the observed estimates range from —0.33 to 0.84. Second, with respect to EC, data, the best scenario

for the prediction of salinity from EC, signal data occurs when the EC,, SP, and 8, cross-correlation

" estimates are all positive and high (i.e., near 1), and the SP and 8,, variation is minimal.

44 CLOSING REMARKS

- The need for a means of measuring within-field variation in soil salinity within the root zone in a
- quick, reliable, and cost-effective manner resulted in the development of GPS-based mobile ER and

EMI techniques to measure and map EC,. However, the measurement of EC, is complicated by the
influence of several soil properties aside from soil salinity, including soil texture, temperature, and
water content. This has enabled geospatial measurements of EC, to become a tool for directing soil
sampling to characterize spatial variability of soil properties correlated with EC, within a given
field. When maps of EC, are properly understood, they can be used to (1) provide a graphic inven-
tory of the scope of the soil salinity problem, (2) provide useful spatial information concerning soil

- texture and water content, (3) identify potential areas in need of improved irrigation and drainage

management, (4) identify areas in need of reclamation, (5) provide a means of monitoring manage-

- ment-induced spatiotemporal changes in soil properties that potentially influence crop production,

or (6) provide a means to identify edaphic factors influencing within-field crop variation.
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