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ABSTRACT

Due in large measure to the prodigious research efforts of Rhoades
and his colleagues at the George E. Brown, Jr., Salinity Laboratory
over the past two decades, soil electrical conductivity (EC), measured
using electrical resistivity and electromagnetic induction (EM), is
among the most useful and easily obtained spatial properties of soil
that influences crop productivity. As a result, soil EC has become
one of the most frequently used measurements to characterize field
variability for application to precision agriculture. The value of spatial
measurements of soil EC to precision agriculture is widely acknowl-
edged, but soil EC is still often misunderstood and misinterpreted.
To help clarify misconceptions, a general overview of the application
of soil EC to precision agriculture is presented. The following areas
are discussed with particular emphasis on spatial EC measurements:
a brief history of the measurement of soil salinity with EC, the basic
theories and principles of the soil EC measurement and what it actually
measures, an overview of the measurement of soil salinity with various
EC measurement techniques and equipment (specifically, electrical
resistivity with the Wenner array and EM), examples of spatial EC
surveys and their interpretation, applications and value of spatial
measurements of soil EC to precision agriculture, and current and
future developments. Precision agriculture is an outgrowth of techno-
logical developments, such as the soil EC measurement, which facili-
tate a spatial understanding of soil-water—plant relationships. The
future of precision agriculture rests on the reliability, reproducibility,
and understanding of these technologies.

HE PREDOMINANT MECHANISM causing the salt accu-

mulation in irrigated agricultural soils is evapotrans-
piration. The salt contained in the irrigation water is
left behind in the soil as the pure water passes back to
the atmosphere through the processes of evaporation
and plant transpiration. The effects of salinity are mani-
fested in loss of stand, reduced rates of plant growth,
reduced yields, and in severe cases, total crop failure
(Rhoades and Loveday, 1990). Salinity limits water up-
take by plants by reducing the osmotic potential and
thus the total soil water potential. Salinity may also
cause specific ion toxicity or upset the nutritional bal-
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ance. In addition, the salt composition of the soil water
influences the composition of cations on the exchange
complex of soil particles, which influences soil perme-
ability and tilth, depending on salinity level and ex-
changeable cation composition. Aside from decreasing
crop yield and impacting soil hydraulics, salinity can
detrimentally impact ground water, and in areas where
tile drainage occurs, drainage water can become a dis-
posal problem as demonstrated in the southern San
Joaquin Valley of central California.

From a global perspective, irrigated agriculture makes
an essential contribution to the food needs of the world.
While only 15% of the world’s farmland is irrigated,
roughly 35 to 40% of the total supply of food and fiber
comes from irrigated agriculture (Rhoades and Love-
day, 1990). However, vast areas of irrigated land are
threatened by salinization. Although accurate world-
wide data are not available, it is estimated that roughly
half of all existing irrigation systems (totaling about 250
million ha) are affected by salinity and waterlogging
(Rhoades and Loveday, 1990).

Salinity within irrigated soils clearly limits productiv-
ity in vast areas of the USA and other parts of the world.
It is generally accepted that the extent of salt-affected
soil is increasing. In spite of the fact that salinity buildup
on irrigated lands is responsible for the declining re-
source base for agriculture, we do not know the exact
extent to which soils in our country are salinized, the
degree to which productivity is being reduced by salin-
ity, the increasing or decreasing trend in soil salinity
development, and the location of contributory sources
of salt loading to ground and drainage waters. Suitable
soil inventories do not exist and until recently, neither
did practical techniques to monitor salinity or assess the

Abbreviations: EC, electrical conductivity; EC,, apparent soil electri-
cal conductivity; EC,, electrical conductivity of the saturated soil paste
extract; EC,, electrical conductivity of soil water; EM, electromagnetic
induction; EM,,,, the geometric mean of the vertical and horizontal
electromagnetic induction readings; EM,, electromagnetic induction
measurement in the horizontal coil-mode configuration; EM,, electro-
magnetic induction measurement in the vertical coil-mode configura-
tion; GIS, geographical information system; GPS, global positioning
systems; NPS, nonpoint source; SP, saturation percentage; TDR, time
domain reflectometry; 6,, total volumetric water content.
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impacts of changes in management on soil salinity and
salt loading. A means of assessing soil salinity across
the landscape is essential to the management of soil
salinity. Because of the influence of soil salinity on crop
productivity and the dynamic spatio-temporal nature of
salinity, real-time measurement and monitoring of the
spatial and temporal distribution of soil salinity is a
crucial piece of information for precision agriculture
applications on irrigated agricultural soils of the arid
southwestern USA.

Precision agriculture (or site-specific agriculture) uti-
lizes rapidly evolving electronic information technolo-
gies to modify land management in a site-specific man-
ner as conditions change spatially and temporally (van
Schilfgaarde, 1999). The intent of precision agriculture
is to optimize crop production while minimizing detri-
mental environmental effects. First conceived in the
mid-1980s, the technological pieces needed to bring pre-
cision agriculture into its own fell into place in the mid-
1990s with the maturation of global positioning systems
(GPS) and geographical information systems (GIS). As
such, precision agriculture is a technologically driven
system (van Schilfgaarde, 1999). The measurement of
soil EC is among the technologies that have helped to
bring precision agriculture from a concept to a potential
tool for addressing the issue of agricultural sustainability.

The determination of total solute concentration (i.e.,
salinity) through the measurement of electrical conduc-
tance has been well established for decades (U.S. Salin-
ity Lab. Staff, 1954). Soil EC measurement is a means
of easily quantifying and monitoring soil salinity in irri-
gated agricultural areas of arid-zone soils. Soil salinity
refers to the presence of the major dissolved inorganic
solutes in the aqueous phase consisting of soluble and
readily dissolvable salts in soil, including charged species
(e.g., Na™, K*, Mg*", Ca’*, Cl-, HCO;5, NOj, SO3~
and CO%"), nonionic solutes, and ions that combine to
form ion pairs. Soil salinity is quantified in terms of the
total concentration of the soluble salts as measured by
the EC of the solution in dS m~! (U.S. Salinity Lab.
Staff, 1954). For pure solutions, it is known that the EC
of the pure solution o, is a function of the chemical
composition as characterized by Eq. [1]:

Oy — k E )\lMl'lvl'l [1]
i=1

where k is the cell constant accounting for electrode
geometry, \ is the molar limiting ion conductivity (S m?
mol~!), M is the molar concentration (mol m~?), v is
the absolute value of the ion charge, and i denotes the
ion species in solution. Marion and Babcock (1976) were
among the first to confirm the existence of a relationship
between EC and molar concentrations of ions in the
soil solution. The relationship of EC of soil water (EC,)
to aggregate or individual ions in soil has also been
confirmed by recent work of Kachanoski et al. (1992),
Vanclooster et al. (1993), Wraith et al. (1993), Mallants
et al. (1994), Ward et al. (1994), Heimovaara et al.

(1995), Nissen et al. (1998), and Das et al. (1999).
Operationally, soil EC is determined for an aqueous
extract of a soil sample. Ideally, it would be desirable
to determine the concentrations of individual solutes in

soil water over the entire range of field water contents
with a quick, easy measurement, but practical methods
are not currently available to do so. Because of the
time, labor, and cost of obtaining soil solution extracts,
developments in soil salinity measurement over the past
two decades have shifted to EC measurement of the
bulk soil, referred to as the apparent soil electrical con-
ductivity (EC,). The EC, measures conductance through
not only the soil solution, but also through the solid soil
particles and via exchangeable cations that exist at the
solid-liquid interface of clay minerals.

Apparent soil electrical conductivity has become one
of the most reliable and frequently used measurements
to characterize field variability for application to preci-
sion agriculture due to its ease of measurement and
reliability (Rhoades et al., 1999b). The value of spatial
measurements of EC, to precision agriculture is widely
acknowledged, but EC, is still often misunderstood and
misinterpreted. To help clarify misconceptions, a gen-
eral overview of the application of EC, to precision
agriculture is presented. It is the objective of this paper
to describe the practical technology and methodology
for real-time measurement of EC,, with particular em-
phasis on spatial EC, measurements applied to precision
agriculture. The following areas are discussed: a brief
history of the measurement of soil salinity with EC, the
basic theories and principles of the soil EC measurement
and what it actually measures, an overview of the mea-
surement of soil salinity with various EC measurement
techniques and equipment (specifically, electrical re-
sistivity with the Wenner array and EM), examples of
spatial EC surveys and their interpretation, applications,
and value of spatial measurements of soil EC to preci-
sion agriculture, and current and future developments.

BRIEF HISTORY OF THE MEASUREMENT
OF SOIL SALINITY

Historically, five methods have been used for de-
termining soil salinity: (i) visual crop observations, (ii)
the electrical conductance of soil solution extracts or
extracts at higher-than-normal water contents, (iii) in
situ measurement of electrical conductance with electri-
cal resistivity using the Wenner array, (iv) noninvasive
measurement of electrical conductance with EM, and
most recently (v) in situ measurement of electrical con-
ductance with time domain reflectometry.

The first method, visual crop observation, is quick
and economical, but it has the disadvantage that salinity
development is detected after crop damage has oc-
curred. For this reason, visual observation is the least
desirable method for assessing soil salinity. However,
on fields where long-term, field-scale patterns of soil
salinity exist, visual observations from one year provide
useful information for succeeding years.

The second method, electrical conductance of the soil
solution extract, gives a quantitative measure of soil
salinity but requires considerable resources for field
sampling and laboratory analysis, plus the volume of
soil measurement is very small and ill-suited to charac-
terize and map the extreme variability of salinity at
field scales and larger (Corwin, 2002a). Customarily,
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Fig. 1. Diagram of the basic suction cup extractor setup for sampling
the soil solution. Taken from Corwin (2002a).

soil salinity has been defined in terms of EC of the
saturated soil paste extract (EC,). This is because it is
impractical for routine purposes to extract soil water
from samples at typical water contents; consequently,
soil solution extracts must be made at higher-than-nor-
mal water contents. Unfortunately, the partitioning of
solutes over the three soil phases (i.e., gas, liquid, and
solid) is influenced by the soil/water ratio at which the
extract is made so that the ratio needs to be standardized
to obtain results that can be applied and interpreted
universally. Commonly used extract ratios aside from a
saturated soil paste are 1:1 (EC,), 1:2 (ECy,), and 1:5
(EC,s) soil/water mixtures. However, soil salinity can
also be determined from the measurement of EC,,. The-
oretically, EC, is the best index of soil salinity because
this is the soil solution salinity actually experienced by
the plant root. Nevertheless, EC, has not been widely
used to express soil salinity for various reasons: (i) It
varies over the irrigation cycle as the soil water content
changes, so it is not single valued (Rhoades, 1978), and
(ii) the methods for obtaining soil solution samples for
routine EC, analysis are too labor, time, and cost inten-
sive at typical field water contents to be practical for
field-scale applications (Rhoades et al., 1999a). For dis-
turbed soil samples, soil solution can be obtained in the
laboratory by displacement, compaction, centrifugation,
molecular adsorption, and vacuum or pressure extrac-
tion methods (Rhoades and Oster, 1986). For undis-
turbed soil samples, EC,, can be determined either in
the laboratory on a soil solution sample collected with
a soil solution extractor (Fig. 1) or directly in the field
using in situ, imbibing-type porous-matrix salinity sen-
sors (Fig. 2).

There are serious doubts about the ability of soil
solution extractors and porous-matrix salinity sensors
(also known as soil salinity sensors) to provide represen-
tative soil water samples (England, 1974; Raulund-Ras-
mussen, 1989; Smith et al., 1990). Soil heterogeneity
significantly affects chemical concentrations in the soil
solution. Because of their small sphere of measurement,
both solution extractors and salt sensors do not ade-
quately integrate spatial variability (Amoozegar-Fard
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Fig. 2. Schematic of the porous-matrix salinity sensor. Taken from
Corwin (2002b).

et al., 1982; Haines et al., 1982; Hart and Lowery, 1997);
consequently, Biggar and Nielsen (1976) suggested that
soil solution samples are “point samples” that can pro-
vide good qualitative, but not quantitative, estimates
unless field-scale variability is adequately established.
Furthermore, salinity sensors demonstrate a response-
time lag that depends on diffusion of ions between the
soil solution and solution in the porous ceramic cell,
which is affected by (i) thickness of the ceramic conduc-
tivity cell, (ii) diffusion coefficients in soil and ceramic,
and (iii) fraction of the ceramic surface in contact with
soil (Wesseling and Oster, 1973). The salinity sensor
is generally considered the least desirable method of
measuring EC, because of its low sample volume, unsta-
ble calibration over time, and slow response (Corwin,
2002b).

Electrical resistivity (e.g., Wenner array) and EM are
both well suited for precision agriculture applications
because their volumes of measurement are large, which
reduces the influence of local-scale variability. How-
ever, electrical resistivity is an invasive technique that
requires good contact between the soil and four elec-
trodes inserted into the soil; consequently, it produces
less reliable measurements in dry or stony soils than the
noninvasive EM measurement. The EM has become the
first choice for measuring soil salinity in a geospatial
context because (i) measurements can be taken as
quickly as one can move from one location to the next,
(ii) the large volume of soil measured reduces local-
scale variability, and (iii) measurements in relatively
dry or stony soils are possible because no contact is
necessary between the soil and the EM sensor (Hen-
drickx et al., 1992). Nevertheless, electrical resistivity
has a flexibility that has proven advantageous for field
application, i.e., the depth and volume of measurement
can be easily changed by changing the spacing between
the electrodes. Even though the depth of penetration
and volume of measurement by EM can be varied by
raising the instrument above the soil surface, it is a
complicated matter of determining the subsequent
depth and volume of measurement, whereas in the case
of the electrical resistivity method, it is a simple calcula-
tion to estimate the depth of penetration and the volume
of measurement once the interelectrode spacing is ad-
justed. Both electrical resistivity and EM measure the
EC.. Electrical resistivity measures apparent resistivity.
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In homogeneous mediums, resistivity is the reciprocal
of conductivity. Resistivity devices convert measure-
ments of apparent resistivity into measurements of ap-
parent conductivity.

Time domain reflectometry (TDR) was initially
adapted for use in measuring water content. Later, Dal-
ton et al. (1984) demonstrated the utility of TDR to
also measure EC,. The measurement of EC, with TDR
is based on attenuation of applied signal voltage as it
traverses the medium of interest with the relative magni-
tude of energy loss related to EC, (Wraith, 2002). The
advantages of TDR for measuring EC, include (i) a
relatively noninvasive nature because there is only mi-
nor interference with soil processes, (ii) an ability to
measure both soil water content and EC,, (iii) an ability
to detect small changes in EC, under representative soil
conditions, (iv) the capability of obtaining continuous
unattended measurements, and (v) no need for a calibra-
tion of soil water content measurements in many cases
(Wraith, 2002).

PRINCIPLES OF EC, MEASUREMENT

Of all the aforementioned methods of measuring soil
salinity, the measurement of EC, with electrical resisti-
vity and EM is regarded as the most practical for estab-
lishing the spatial distribution of soil salinity at field
scales and larger (Rhoades et al., 1999b). Measurement

of EC, with electrical resistivity and EM has the greatest
potential for application to precision agriculture be-
cause of its reliability, accuracy, large volume of mea-
surement, and relative ease of obtaining the measurement.

Apparent soil electrical conduction in sufficiently
moist soils is primarily via salts contained in soil water
occupying the larger pores; consequently, measurement
of EC of bulk soil is closely related to soil salinity
(Rhoades et al., 1999b). However, there is also a contri-
bution by the solid phase to EC, in moist soils primarily
via the exchangeable cations associated with clay miner-
als (Rhoades et al., 1999b). A third pathway exists
through soil particles in direct and continuous contact
with one another (Rhoades et al., 1999b). These three
pathways of current flow contribute to the EC, (Fig. 3).

Rhoades et al. (1989) formulated an electrical conduc-
tance model that describes the three conductance path-
ways of EC;:

(Bss + Ows)* - ECys + ECss
+ (0sc - ECsc) + (Owe - ECye) (2]

EC, =

where 0, and 0, are the volumetric soil water contents
in the soil water pathway (cm? cm~?) and in the continu-
ous liquid pathway (cm® cm ™), respectively; 6, and 6,
are the volumetric contents of the surface-conductance

Pathways of Electrical Conductance

Section

Soil Cross

\

Solid | Liquid

Air

Fig. 3. Soil electrical conductance pathways. 1 = liquid, 2 = solid-liquid, and 3 = solid. Modified from Rhoades et al. (1989).
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(cm® cm ™) and indurated (cm® cm™?) solid phases of
the soil, respectively; EC,, and EC,, are the specific ECs
of the soil water pathway (dS m™!) and continuous liquid
pathway (dS m™!); and EC, and EC,, are the ECs of
the surface-conductance (dS m~') and indurated (dSm™")
solid phases, respectively. Equation [2] was reformu-
lated by Rhoades et al. (1989) into Eq. [3]:

_ [ (Bss + Bws)* - ECys - ECss
 L(8ss - ECys) + (Bys - ECy)
+ (6w — Bws) - ECyc 3]
where 60,, = 0,, + 0, = total volumetric water content
(cm® cm ™) and 6, - EC,, was assumed to be negligible.

The following simplifying approximations are also
known:

EC,

Oy = (PW - py)/100 [4]
Bsw = 0.6396y + 0.011 5]
Oss = py/2.65 [6]
ECss = 0.019(SP) — 0.434 7]

(Ece “ P SP)} [8]

100 - Bw

where PW is the percentage water on a gravimetric
basis, py is the bulk density (Mg m~3), SP is the saturation
percentage, EC, is average EC of the soil water assum-
ing equilibrium (i.e., EC, = EC,, = EC,), and EC, is
the EC of the saturation extract (dS m™!). By measuring
soil EC,, SP, PW, and p, and using Eq. [3] through [8],
the EC, can be estimated. Very simply, Eq. [3] through
[8] indicate that EC, is a function of the soil physical
and chemical properties of (i) soil salinity, (ii) SP, (iii)
water content, and (iv) bulk density. The SP and bulk
density are both closely associated with clay content.
Another factor influencing EC, is temperature. Elec-
trolytic conductivity increases at a rate of approximately
1.9% per degree centigrade increase in temperature.
Customarily, ECis expressed at a reference temperature
of 25°C for purposes of comparison. The EC measured
at a particular temperature ¢, EC, can be adjusted to a
reference EC at 25°C, ECy, using the below relation
from Handbook 60 (U.S. Salinity Lab. Staff, 1954):

EC25 = ﬁ . EC, [9]

where f,is a temperature conversion factor. Approxima-
tions for the temperature conversion factor are available
in polynomial form (Stogryn, 1971; Wraith and Or,
1999) or other equations such as Eq. [10] by Sheets and
Hendrickx (1995):

f; = 0.4470 + 1.4034¢ 126815 [10]

Traditionally, EC, has been the standard measure of
salinity used in all salt-tolerance plant studies. As a
result, a relation between EC, and EC, was needed to
relate EC, back to EC,, which is in turn related to crop
yield. Over the past two decades, research has been
directed at developing reliable and efficient conversion
techniques from EC, back to EC, (Williams and Baker,
1982; McNeill, 1980, 1986; McKenzie et al., 1989;

ECW:|:

Rhoades, 1992, 1996; Rhoades and Corwin, 1990;
Rhoades et al., 1989, 1990, 1991, 1999a; Slavich, 1990;
Cook and Walker, 1992; Diaz and Herrero, 1992; Yates
et al., 1993; Lesch et al., 1992, 1995a, 1995b, 1998).

METHODS AND EQUIPMENT FOR
GEOREFERENCED MEASUREMENT
OF EC,

Indirect methods for the determination of soil salinity
depend on a measurement of EC, using electrical resisti-
vity (i.e., Wenner array), EM, or TDR. Although TDR
has been demonstrated to compare closely with other
accepted methods of EC, measurement (Heimovaara
et al., 1995; Mallants et al., 1996; Spaans and Baker,
1993; Reece, 1998), it is still not sufficiently simple,
robust, or fast enough for the general needs of field-
scale assessment of soil salinity (Rhoades et al., 1999a).
Only electrical resistivity (specifically, the Wenner
array) and EM have been adapted for the georeferenced
measurement of EC, at field scales and larger (Rhoades
et al., 1999a, 1999b).

Electrical Resistivity

Electrical resistivity methods introduce 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. These methods were
developed in the second decade of the 1900s by Conrad
Schlumberger in France and Frank Wenner in the
United States for the evaluation of ground electrical
resistivity (Burger, 1992; Telford et al., 1990).

The electrode configuration is referred to as a Wenner
array when four electrodes are equidistantly spaced in
a straight line at the soil surface, with the two outer
electrodes serving as the current, or transmission, elec-
trodes and the two inner electrodes serving as the poten-
tial, or receiving, electrodes (Fig. 4). The depth of pene-
tration of the electrical current and the volume of
measurement depend on the interelectrode spacing. The
larger the spacing is, the deeper the measurement and
larger the volume of measurement. The resistivity, p,
measured with the Wenner array is (Burger, 1992):

p = 2maAV/i = 2waR [11]

where V is the voltage (V), a is the interelectrode spac-
ing, i is the electrical current (A), and R is the measured
resistance (w). Because the EC, is the inverse of R, then
Eq. [11] becomes:

EC, = 1/2maR [12]

The volume of measurement with the Wenner array is
roughly between the two inner potential electrodes from
the soil surface to a depth of roughly the interelectrode
spacing, a. For a homogeneous soil, the soil volume
measured is roughly wa®. Other electrode configurations
are frequently used, and the equations for these configu-
rations are discussed by Burger (1992), Dobrin (1960),
and Telford et al. (1990).

The basic equipment for measuring EC, with the
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Fig. 4. Schematic of Wenner array electrodes. C, and C, represent the current electrodes, P, and P, represent the potential electrodes, and a
represents the interelectrode spacing. Modified from Rhoades and Halvorson (1977).

Wenner array technique (Fig. 5) includes an electrical
current source, a resistance meter, four metal electrodes,
connecting wire, measuring tape, and a soil thermome-
ter (Rhoades and Halvorson, 1977). The current source
can be a hand-cranked generator or battery powered,
which should measure from 0.1 to 1000 w. The electrodes
can be made from any noncorrosive conductive metal
(e.g., stainless steel, copper, brass). The connecting wire
should be flexible, well-insulated, multistranded, 12- to
18-gauge wire. Detailed instructions concerning elec-
trode construction and information concerning the re-
sistivity meters can be found in Rhoades and Halvor-
son (1977).

By mounting the four electrodes to fix their interelec-
trode spacing, considerable time for a handheld mea-
surement is saved (Fig. 6; Rhoades and Halvorson, 1977).
An interelectrode spacing of 1 to 1.5 m is particularly
useful in instances where the Wenner array is used in
conjunction with the EM-38 electromagnetic conductiv-
ity meter because the penetration depths of the EM-38
in the vertical and horizontal coil configurations are 0.75
and 1.5 m, respectively. However, a Wenner array with

e 4 . -
Fig. 5. Equipment layout of the Wenner array technique. Taken from
Rhoades and Oster (1986).

a 1.5-m interelectrode spacing would result in a cumber-
some 4.5-m span.

The EC, for a discrete depth interval of soil, EC;, can
be determined with the Wenner array by measuring the
EC, of successive layers by increasing the interelectrode
spacing from a;_; to a; and using the following equation
from Barnes (1952) for resistors in parallel:

(EC, - a) — (EC,_, ;1)

(ai - ai—l)

where g; is the interelectrode spacing, which equals the
depth of sampling and a;_, is the previous interelectrode
spacing, which equals the depth of previous sampling.
A detailed discussion of the Wenner array electrical
resistivity technique can be found in Corwin and Hen-
drickx (2002).

A mobilized, tractor-mounted version of the fixed-
electrode array (Fig. 7) has been developed that geore-
ferences the EC, measurement with a GPS (Carter et al.,
1993; Rhoades, 1992, 1993). The fixed-electrode array is
a particularly appealing approach for field applications
because of the relative ease of measurement and the
large volume of soil that can be measured. However,

EC): = ECai—ai—l - [13]

| T P o =
E7, i, s L A

Flg 6. Electrodes mounted in a fixed array.
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Fig. 7. Mobile fixed-array equipment for the continuous measure-
ment of apparent soil electrical conductivity.

because of the large volume of measurement and the
complex localized spatial variability of pore geometry,
water content, and salinity, which influence the mea-
surement of EC,, some error is introduced, making it
difficult to calibrate EC,, as measured with this equip-
ment, to EC,, or EC, as determined for soil samples
taken at the sites of the EC, measurements. The error
is a consequence of the difference in volumes of mea-
surement between the EC, measurement and the soil
core sample used to determine the associated EC,, or
EC.. The calibration problem is also of concern for
EM. The mobile, fixed-electrode array equipment is
particularly well suited for collecting detailed maps of
the spatial variability of average root-zone soil EC at
field scales and larger.

Veris Technologies! has developed a commercial sys-
tem for measuring EC, using the principles of the Wen-

! Veris Technologies, Salina, KS, USA (www.veristech.com; verified
27 Jan. 2003). Product identification is provided solely for the benefit
of the reader and does not imply the endorsement of the USDA.
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ner array. The Veris unit consists of six coulter elec-
trodes. Coulter electrodes no. 2 and 5 are the current
electrodes. Two sets of electrode arrays enable simulta-
neous measurement of two soil depths: 0 to 0.3 m and
0 to 0.9 m. When connected to a GPS, a georeferenced
map of EC, for precision agriculture applications is
prepared.

Electromagnetic Induction

Apparent soil electrical conductivity can be measured
remotely with EM. An EM transmitter coil located at
one end of the instrument induces circular eddy-current
loops in the soil (Fig. 8). 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 sec-
ondary electromagnetic field that is proportional to the
value of the current flowing within the loop. A fraction
of the secondary induced electromagnetic field from
each loop is intercepted by the receiver coil of the instru-
ment, and the sum of these signals is amplified and
formed into an output voltage, which is related to a
depth-weighted bulk soil EC, EC,. The receiver coil
measures amplitude and phase of the secondary mag-
netic field. The amplitude and phase of the secondary
field will differ from those of the primary field as a
result of soil properties (e.g., clay content, water content,
and salinity), spacing of the coils and their orientation,
frequency, and distance from the soil surface (Hen-
drickx and Kachanoski, 2002).

The two most commonly used EM conductivity me-
ters in soil science and in vadose zone hydrology are
the Geonics? EM-31 and EM-38. The EM-31 has an
intercoil spacing of 3.66 m, which corresponds to a pene-
tration depth of 3 and 6 m in the horizontal and vertical
dipole orientations, respectively. The EM-38 has an in-
tercoil spacing of 1 m, which results in a penetration

> Geonics, Limited, Mississauga, ON, Canada. Product identifica-
tion is provided solely for the benefit of the reader and does not
imply the endorsement of the USDA.
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Fig. 9. Handheld Geonics EM-38 electromagnetic soil conductivity
meter (top) lying in the horizontal orientation with its coils parallel
to the soil surface and (bottom) lying in the vertical orientation
with its coils perpendicular to the soil surface.

depth of roughly 0.75 and 1.5 m in the horizontal and
vertical dipole orientations, respectively (Fig. 9). The
EM-38 has had considerably greater application for pre-
cision agriculture because the root zone extends roughly
to 1.5 m. A detailed discussion of the equipment and
its operation can be found in Hendrickx and Kacha-
noski (2002).

The EC, measured by EM at EC, < 100 mS m™! is

given by (McNeill, 1980)
4 (5> [14]

EC, — ——
2mp f1\H,

where EC, is measured in S m™'; H, and H, are the
intensities of the primary and secondary magnetic fields

at the receiver coil (A m™!), respectively; f is the fre-
quency of the current (Hz); w, is the magnetic perme-
ability of air (471077 H m™!); and s is the intercoil spac-
ing (m).

Mobile EM equipment developed at the Salinity Lab-
oratory (Carter et al., 1993; Rhoades, 1993) is available
for the appraisal of soil salinity and other soil properties
(e.g., water content and clay content) using an EM-38.
The drawback of this early mobile EM equipment was
that it produced a point EC, measurement for the verti-
cal (EM,) and horizontal (EM,) coil configurations
rather than a continuous-stream reading of EC, as with
the mobile fixed-array equipment; consequently, all EC,
maps were grid maps. The drawback relates to the in-
ability of the EM-38 meter to measure and record data
simultaneously in each dipole orientation. The measure-
ment of soil salinity with EM relies on both horizontal
and vertical dipole measurements at each observation
point to qualitatively evaluate the salinity distribution
profile. However, data can be recorded continuously
with the EM-38 meter if surveys are conducted in one
dipole orientation. This is commonly done in the Mid-
west where other towed units that have been developed.
In these instances, the concern is not with mapping
salinity, but usually with mapping clay, water content,
or both. Recently, the mobile EM equipment developed
at the Salinity Laboratory has been modified by the
addition of a dual-dipole EM-38 unit (Fig. 10). The dual-
dipole EM-38 meter simultaneously records data in both
dipole orientations at time intervals of just a few seconds
between readings. A close-up of the sled that houses
the dual-dipole EM-38is provided in Fig. 11. The mobile
EM equipment is suited for the detailed mapping of
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Fig. 11. Close-up of the sled that houses the dual-dipole EM-38 for the mobile electromagnetic induction vehicle.

EC, and correlated soil properties at specified depth
intervals through the root zone. The advantages of the
mobile dual-dipole EM equipment over the mobile
fixed-array resistivity equipment are that (i) the EM
technique is noninvasive, so it can be used in dry or
stony soils that would not be amenable to the invasive
technique of the fixed-array approach due to the need
for good electrode-soil contact; (ii) the EM technique
provides information for the vertical profiling of EC,
rather than just a single integrated EC, although the
Veris unit does provide two depths; and (iii) stream
tubes can be delineated (see Modeling Soil Salinity in
a Geospatial Context section). A disadvantage of the
EM approach would be that the EC, is a depth-weighted
value that is nonlinear. This depth-weighted nonlinear-
ity is shown in Fig. 12, which illustrates the cumulative
relative contributions of all soil EC, R(z ), for a homoge-
neously conductive material below a normalized depth
of z based on Eq. [15] and [16] from McNeill (1980) for
vertical and horizontal dipoles, respectively:

R.(z) = 1/(4z* + 1)1? [15]
Ri(z) = (42> + 1)'? = 27 [16]

STANDARD OPERATING PROCEDURE
FOR A FIELD-SCALE EC, SURVEY FOR
PRECISION AGRICULTURE
APPLICATIONS

The standard operating procedure for field-scale EC,
surveys applied to precision agriculture includes four
steps: (i) an initial intensive EC, survey, (ii) a soil sample
design based on the intensive EC, survey, (iii) a stochas-
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Fig. 12. Cumulative relative contribution of all soil electrical conduc-
tivity, R(z), below various depths for the EM-38 apparent soil
electrical conductivity reading when the device is held in a hori-
zontal (parallel) and vertical (perpendicular) position. Taken from
McNeill (1980).
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Mobile Wenner ECa Survey
Broadwew Water Dlstrlct - 1996
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Fig. 13. Detailed mobile Wenner apparent soil electrical conductivity (EC,) survey of Quarter Section 10-2 (roughly 70 ha) of the Broadview

Water District in the San Joaquin Valley of central California.

tic and/or deterministic calibration of EC, to soil sam-
ple—determined EC,, and (iv) a determination of the
dominant soil properties influencing the EC, measure-
ment at the site of interest. The following is a brief
description of each step.

Mobile EC, Survey and Soil Sample Design

An initial intensive EC, survey with either mobile
electrical resistivity or EM equipment is conducted and
used to establish soil core sampling locations needed
for calibration and understanding the dominant soil
properties influencing EC,. Depending on the level of
detail desired, from 100 to several thousand spatial mea-
surements of EC, are taken generally in regularly spaced
traverses across the field of interest. The use of mobile
EM equipment has one slight advantage over the use
of mobile resistivity equipment, which is the ability to
take measurements on dry and stony soils. Figures 13
and 14 show representative EC, surveys using mobile
Wenner array and mobile EM-38 equipment, respec-
tively.

Once a georeferenced, intensive EC, survey is con-
ducted, the data can be used to establish the locations
of the soil core sample sites that will be used for calibrat-
ing EC, to soil sample EC,. To establish the locations

where soil cores are to be taken, a software package
(ESAP) developed by Lesch et al. (1995a, 1995b, 2000)
is used. The ESAP software package identifies the opti-
mal locations for soil sample sites from the EC, survey
data. These sites are selected based on spatial statistics
to reflect the observed spatial variability. Generally, 6
to 20 sites are selected, depending on the level of vari-
ability of the EC, measurements for a site. The optimal
locations of a minimal subset of EC, survey sites are
identified to obtain soil samples for validation of the
EC, measurements. This is done with a response-surface
sampling design. The EC, measurements are subse-
quently transformed using an EC,-to-EC, calibration
into predicted salinity data throughout the entire survey
area using the sample soil salinity data in conjunction
with spatially based statistical modeling techniques.

Stochastic and/or Deterministic Calibration
of EC, to EC,

Soil salinity, as conventionally expressed in terms of
EC,, can be inferred from EC, by two approaches: a
deterministic and a stochastic approach (Rhoades et al.,
1999b). The preferred approach will vary with the size
of the area to be assessed, availability of equipment, and
the specific objectives. In the deterministic approach,
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Broadview W ater District - 1991
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Fig. 14. Mobile EM-38 apparent soil electrical conductivity survey of 2396 ha of the Broadview Water District. EM,, electromagnetic induction
measurement in the vertical coil-mode configuration.

either theoretically or empirically determined models
are used to convert EC, into salinity (EC.). Determinis-
tic models are static; i.e., all model parameters are con-
sidered known, and no EC, data need to be determined.
For example, Eq. [3], developed by Rhoades et al.
(1989), is a deterministic approach. The deterministic
approach is the preferred approach to use when signifi-
cant, localized variations in soil type exist in the field.
This approach typically requires knowledge of addi-
tional soil properties (e.g., soil water content, SP, bulk
density, temperature, etc.). In the stochastic approach,
statistical modeling techniques such as spatial regression
or co-kriging are used to directly predict the soil salinity
from EC, survey data. In this approach, the models are
dynamic; i.e., the model parameters are estimated using
soil sample data collected during the survey. This cali-
bration is developed by acquiring soil salinity data (or
other soil property data, such SP, texture, bulk density,
etc.) from a small percentage of the sensor measurement
sites and estimating an appropriate stochastic prediction
model for each depth increment using the paired soil
sample and EC, measurement data. Then, using the
remaining sensor data in conjunction with the estab-
lished model, the soil salinity levels (or other similarly

1000
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calibrated properties) are predicted at all of the re-
maining nonsampled measurement locations. The sto-
chastic and deterministic calibration approaches are de-
scribed in detail by Lesch et al. (1995a, 1995b, 2000)
and incorporated into the ESAP software (Lesch et
al., 2000).

Typically, when an EC, survey is performed, the EC,
data are used to estimate the values of one or more soil
variables influencing EC,. For example, estimates of
spatial soil salinity pattern, soil texture, or water-holding
capacity may be desired. To facilitate this estimation
process, the soil variables are calibrated to the EC, sur-
vey information with a stochastic approach. As men-
tioned in the previous section (Mobile EC, Survey and
Soil Sample Design), ESAP optimizes the sample design
by selecting sites that optimize estimation of a calibra-
tion or prediction model (i.e., an equation that can be
used to predict the values of soil variables from the
EC, survey data). The prediction model is an ordinary
regression model. To use an ordinary regression model
to predict the values of a spatial data set, ESAP ad-
dresses issues of spatial correlation and collinearity.

Apparent soil electrical conductivity can be converted
into estimated soil salinity (i.e., EC,) using a determinis-
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tic conversion algorithm. First, raw EC, data are con-
verted into depth-specific EC,. Next, these EC, data are
converted into estimated soil salinity data using Eq. [3]
through [8], originally developed by Rhoades et al.
(1989).

Determination of the Dominant Soil Properties
Influencing the EC, Measurement

The fact that EC, is a function of several soil proper-
ties (i.e., soil salinity, texture, and water content) is often
overlooked in the application of EC, measurements ob-
tained with EM and electrical resistivity to precision
agriculture. 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 man-
agement, thereby confounding interpretation. These
factors include soil salinity, water content, SP, and bulk
density. In areas of saline soils, salinity dominates the
EC, measurements, and interpretations are often more
straightforward. To use spatial measurements of EC, in
a precision agriculture context, it is necessary to under-
stand what factors are most significantly influencing the
EC, measurements within the field of study. There are
two approaches for determining the predominant fac-
tors influencing EC, measurement: (i) simple statisti-

cal correlation and (ii) wavelet analysis. Even though
wavelet analysis is a powerful tool for determining the
dominant complex interrelated factors influencing EC,
measurement, it requires data on a regular grid or equal-
spaced transect. Grid or equal-spaced transect sampling
schemes are not as practical for determining spatial dis-
tributions of soil salinity from EC, measurements as the
stochastic statistical approach developed by Lesch et al.
(1995a, 1995b, 2000).

Table 1 is a compilation of correlation data for six
field study sites where EC, surveys were performed for
the purpose of salinity appraisal. The table shows the
variation in the influence of various soil properties on
EC, for different field locations. In all cases, the surveys
were performed as discussed in the above standard op-
erating procedure. An intensive EC, survey was per-
formed, followed by selection of 6 to 20 sites for soil
core sampling. An analysis was performed on the soil
cores for various physicochemical properties (e.g., SP,
salinity, and water content). A calibration and the corre-
lations in Table 1 were determined using the EC, survey
and soil sample data. The predicted correlation column
corresponds to the correlation between the predicted
EC, using Eq. [3] through [8] and the specified soil
property (salinity, texture, and 6,,) while the observed
correlation column corresponds to the correlation be-

Table 1. Means and ranges of the soil factors [electrical conductivity of the saturated soil paste extract (EC.; ds m™'), saturation
percentage (SP), and total volumetric water content (6,; cm® cm?), and the correlations of In(EM,,,)1 with In(EC,), SP and 6,, for

six field-scale surveys.

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

Predicted Observed
Field Mean Range correlation: correlation§
Coachella Valley wheat field
In(EM,,,) and In(EC,) 2.33 0.85-6.64 0.87 0.87
In(EM,,,) and SP 40.4 36.5-45.8 0.76 0.78
In(EM,,,) and 6, 0.24 0.18-0.32 0.73 0.77
Coachella Valley sorghum field
In(EM,,,) and In(EC,) 10.1 5.37-16.8 0.83 0.88
In(EM,,,) and SP 57.0 51.0-61.1 0.06 -0.20
In(EM,,,) and 0,, 0.38 0.33-0.41 0.19 0.25
Broadview Water District (quarter sections 16-2 and 16-3)
In(EM,,,) and In(EC,) 3.65 1.61-8.19 0.68 0.62
In(EM,,,) and SP 50.3 33.2-85.0 0.79 0.84
In(EM,,,) and 0, 0.31 0.21-0.39 0.81 0.86
Fresno cotton field
In(EM,,,) and In(EC,) 5.42 1.28-9.57 0.92 0.87
In(EM,,,) and SP 79.4 59.3-103.0 0.60 0.71
In(EM,,,) and 0, 0.28 0.22-0.33 -0.49 —0.65
Coachella Valley—Kohl Ranch field
In(EM,,,) and In(EC,) 11.8 3.73-22.9 0.94 0.94
In(EM,,,) and SP 63.3 59.7-66.7 -0.31 -0.33
In(EM,,,) and 0, 0.33 0.30-0.36 0.72 0.76
In(EM,,,) and In(SAR){ 23.2 5.55-40.2 0.88 0.89
In(EM,,,) and In(B)# 1.44 0.52-2.57 0.87 0.91
Broadview Water District (quarter section 10-2)
In(EM,,,) and In(EC,) 2.66 0.90-5.69 0.81 0.80
In(EM,,,) and SP 554 40.6-67.4 0.54 0.49
In(EM,,,) and 0,, 0.38 0.29-0.42 0.58 0.59
In(EM,,,) and pyi¥ 1.35 1.26-1.44 —0.38 —0.35
In(EM,,,) and sandi} 25.5 8.35-49.9 -0.39 —0.38
In(EM,,,) and silt$3 39.3 26.3-51.6 0.38 0.42
In(EM,,,) and clayii 353 23.8-44.5 0.35 0.29

T EM,,, the geometric mean of the vertical and horizontal electronmagnetic induction readings.

% The correlation between the predicted apparent soil electrical conductivity using Eq. [3] through [8] and the specified soil property (salinity, texture,

volumetric water content).

§ The correlation between the measured apparent soil electrical conductivity and the specified soil property.

1l SAR, sodium adsorption ratio.
# B, boron (mg kg™ ).

T p, bulk density (g cm™3).

1% Units: %.
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tween the measured EC, and the specified soil property.
The fact that the predicted correlations are in most cases
the same as the observed correlations shows that the
model by Rhoades et al. (1989) is fairly robust. Only in
the case of the Coachella sorghum [Sorghum bicolor
(L.) Moench] field does the model appear to show some
weakness. Even more convincing evidence of the ro-
bustness of the Rhoades et al. (1989) model is the high
correlation between the predicted EC,, as reflected by
In(EC’,), and the observed EC,, as reflected by In(EM,,,),
in Table 2. However, the observed correlations in
Table 1 are the most significant because this column
shows what soil properties are influencing the EC, read-
ing most.

The following is a discussion of the six EC, surveys
presented in Table 1.

Coachella Valley Wheat (Triticum aestivum L.) Field

This is an example of a survey where the salinity
represented by In(EC,), the soil texture reflected by the
SP, and the 6,, correlate with the EM data, which is
represented as In(EM,,,), where EM,,, is the geometric
mean of the vertical and horizontal EM readings (i.e.,
VEM, EM,). In this field, Eq. [3] through [8] correctly
predict the correlations and correctly predict that salin-
ity will correlate best with the averaged EM data. The
reason why all three soil properties correlate well with
the EM data is because all three soil properties are
highly correlated with each other (Table 2).

Coachella Valley Sorghum Field

This field is an example of where only salinity corre-
lates well with the EM data. Equations [3] through [8]
correctly predict this condition even though the calcu-
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lated correlation between the In(EM,,) and the
In(EC’,), where EC, is calculated from Eq. [3] through
[8], is less than ideal (r = 0.85). Note from Table 2 that
neither the soil texture nor 0,, correlate much at all with
salinity, with r = —0.10 and r = 0.28, respectively. It is
this lack of correlation with salinity and because the
texture and water content exhibit minimal sample varia-
tion (i.e., sample range for SP is 51.0-61.1%; sample
range for 6, is 0.33-0.41 cm® cm—°) that they correlate
so poorly with the EM data, with r = —0.20 and r =
0.25, respectively (Table 1).

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

These combined quarter sections display large vari-
ability in soil texture (SP ranges from 33.2-85.0%) and
water content (0, ranges from 0.21-0.39 cm® cm %) sam-
ple data, with relatively minimal salinity variation (80%
of the samples fell below the mean value of 3.65dS m™).
Equations [3] through [8] correctly predict that both the
texture and EM and water content and EM correlation
levels will be higher than the salinity and EM correlation
level (Table 1). Equations [3] through [8] tend to slightly
overestimate the influence of salinity and underestimate
the texture and water content influences (Table 1).

Fresno Cotton (Gossypium hirsutum L.) Field

Equations [3] through [8] correctly predict a negative
correlation between EM data and water content and
also correctly predict the order of the degree of correla-
tion between the EM data and each soil property al-
though the influence of soil water content again appears
to be underestimated (Table 1).

Table 2. Correlation matrix of soil properties and calculated correlation between In(EM,,,) and In(EC’,) for the six field-scale apparent

soil eletrical conductivity (EC,) surveys.}

Correlation between

Field In(EC,)* SP§ 0,1 In(EM,,,) and In(EC’,)
Coachella Valley wheat field 0.90
In(EC,) 1.00 0.69 0.66
SpP 1.00 0.91
0, 1.00
Coachella Valley sorghum field 0.85
In(EC,) 1.00 -0.10 0.28
SpP 1.00 —0.47
0, 1.00
Broadview Water District (quarter sections 16-2 and 16-3) 0.96
In(EC,) 1.00 0.23 0.33
SpP 1.00 0.82
0, 1.00
Fresno cotton field 0.96
In(EC,) 1.00 0.38 -0.37
Sp 1.00 —0.78
0, 1.00
Coachella Valley—Kohl Ranch field 0.95
In(EC,) 1.00 -0.39 0.72
SP 1.00 —0.04
0, 1.00
Broadview Water District (quarter section 10-2) 0.95
In(EC,) 1.00 0.08 0.14
SpP 1.00 0.91
0, 1.00

T EM,,, is the geometric mean, and EC’, is the calculated EC, using Eq. [3]-[8] from Rhoades et al. (1989).

i EC,, electrical conductivity of the saturated soil paste extract.
§ SP, saturation percentage.
1 6,,, total volumetric water content.
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Coachella Valley—-Kohl Ranch Field

This field displays excellent agreement between pre-
dicted and observed EM-soil property correlations
(Table 1). Salinity correlates very well, water content
correlates fairly well, and soil texture exhibits weak neg-
ative correlation, indicating that the dominant soil prop-
erties influencing the EM reading are salinity and water
content. In addition, two secondary properties, sodium
adsorption ratio and B, were measured. The fact that
these correlated quite well with the EM data suggests
the close association of these properties with salinity in
this particular field because the EM reading does not
directly measure sodium adsorption ratio or B.

Broadview Water District (Quarter Section 10-2)

Equations [3] through [8] do an excellent job of pre-
dicting both the sign and magnitude of each EM-soil
property correlation (Table 1). The dominant soil prop-
erty influencing the EM reading is salinity.

From this discussion of six typical EC, surveys for
agricultural soils in the arid Southwest, what is known
about the interrelationship of soil properties influencing
the EC, measurement? First, Eq. [3] through [8] de-
scribe how various soil properties (salinity, texture, and
water content) interact to influence the EC, signal data
and highlight the fact that this interaction can be quite
complex. However, there appears to be consistent, high
positive correlation between the EC’, (i.e., the calcu-
lated EC, using Eq. [3]-[8]) and EM data (see Table 2),
implying that Eq. [3] represents a reasonable model.
Therefore, we can get a good idea of how well EM
survey data will correlate with a specific soil property by
determining how well this same soil property correlates
with EC’, data.

Second, it is clear that the innercorrelation structure
of the various primary soil properties (EC,, SP, and 6,,)
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 di-
verse types of innercorrelation structures and/or differ-
ent degrees of specific soil property variation, as shown
in Tables 1 and 2. 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(EM,,,) and SP correla-
tion estimates shown in Table 1 where the observed
estimates range from —0.33 to 0.84.

Finally, with respect to EC, data, the best scenario
for the prediction of salinity from EC, signal data occurs
when the (EC,, SP, and 6,,) cross-correlation estimates
are all positive and high (i.e., near 1) and/or the SP and
0, variation is minimal. However, in all of the scenarios
shown here, Eq. [3] can be successfully used to explain
why certain soil properties correlate well with EC, signal
data in some survey scenarios but not in others.

MODELING SOIL SALINITY IN A
GEOSPATIAL CONTEXT

Spatial measurements of EC, are not only of value
to precision agriculture from the perspective of real-
time inventories of soil salinity, but they’re also of value
in forecasting spatio-temporal changes in salinity status
based on existing conditions and subsequent imposed
scenarios. Assessment encompasses both real-time mea-
surements and model predictions. The ability to assess,
both in real time and in a prognostication mode, the
spatial distribution and fate of a nonpoint source (NPS)
pollutant, such as soil salinity, is a key concern in main-
taining the delicate balance between crop productivity
and the detrimental environmental impacts of NPS pol-
lutants. This balance is a cornerstone of sustainable agri-
culture (Corwin et al., 1999a). It is through real-time
measurements that a continued inventory of a constit-
uent (e.g., salinity) can be maintained to determine the
extent of the problem and to evaluate changes, whether
for better or worse, that gauge the effect of ameliorative
actions (Corwin et al., 1999a). Model predictions set the
stage for posing what if scenarios that serve a preventa-
tive role by suggesting management actions that will
alter the occurrence of detrimental conditions before
they manifest (Corwin et al., 1999a). A key aspect of
precision agriculture is minimizing detrimental environ-
mental impacts. Landscape-scale solute transport mod-
eling can serve as a crucial component of precision agri-
culture by providing feedback concerning solute loading
to ground water or drainage tile systems.

Soil and ground water quality affected by salinity
depend on spatially distributed properties that influence
salt transport. The phenomenon of salt transport
through the vadose zone (i.e., the zone extending from
the soil surface to the ground water table) is affected
by the temporal variation in irrigation water quality and
the spatial variability of plant water uptake and soil
chemical and physical properties. Coupling a GIS to a
salt transport model potentially offers a means of deal-
ing with the complex spatial heterogeneity of soils,
which influences the intricate biological, chemical, and
physical processes of transient-state salt transport in the
vadose zone (Corwin, 1996).

Modeling the movement and accumulation of salinity
is a spatial problem well suited for the integration of a
salt transport model with GIS (Corwin, 1996). A GIS
serves as a spatial database to organize, manipulate, and
display the complex spatial data used by a deterministic
model to describe the regional-scale distribution of soil
salinity and salt loading to ground water. Coupling of
the spatial data—handling capabilities of a GIS with a
one-dimensional salt transport model offers the advan-
tage of utilizing the full information content of spatially
distributed data to analyze solute movement on a field
scale in three dimensions (Corwin, 1996). As a visualiza-
tion and analysis tool, GIS is capable of manipulating
both spatially referenced input and output parameters
of the model.

The basic components of a NPS pollutant model (NPS
pollutants, such as salinity and pesticides, are spread
over a wide area, as opposed to point source pollutants,
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which are located at a specific site or point, such as a
toxic spill) are model, GIS, and data (Corwin et al.,
1997). These components depend on the advanced in-
formation technologies of a GPS, GIS, geostatistics, re-
mote sensing, solute transport modeling, neural net-
works, transfer functions, fuzzy logic, hierarchical
theory, and uncertainty analysis (Corwin et al., 1999a).

Published work by Corwin and his colleagues (Corwin
and Rhoades, 1988; Corwin et al., 1989, 1995, 1996,
1999b) reflects the current trend in the application of
GIS-based models to simulate the transport of NPS
pollutants in the vadose zone at field, basin, and regional
scales (Corwin, 1996; Corwin et al., 1997, 1999a). These
models are specifically designed to account for the
spatio-temporal variability of the properties and condi-
tions influencing soil salinity accumulation and trans-
port. Two different GIS-based approaches are described
for predicting the areal distribution of salinity. The first
approach couples a regression model of salinity develop-
ment to a GIS of soil salinity development factors (i.e.,
permeability, leaching fraction, and ground water EC)
for the Wellton-Mohawk Irrigation District near Yuma,
AZ, over the study period 1968-1973 (Corwin and
Rhoades, 1988; Corwin et al., 1989). The regression
model predicts the composite salinity of the root zone
(i.e., top 60 cm.). Areas of low, medium, and high salini-
zation potential are delineated for the entire 44 000-ha
irrigation district. Measured salinity data verified that
86% of the predicted salinity categories was accurately
predicted. The second approach loosely coupled the
one-dimensional, transient-state solute transport model,
TETrans, to the GIS ARC/INFO (Corwin et al., 1999b).
Slightly less than 2400 ha of the Broadview Water Dis-
trict located on the west side of central California’s San
Joaquin Valley was used as the test site to evaluate the
integrated GIS—transport model over the study period
1991-1996 (Corwin et al., 1999b).

The unique aspect of the Corwin et al. (1999b) ap-
proach to landscape-scale modeling of a NPS pollutant
(i.e., salinity) in the vadose zone is the delineation of
stream tubes from EC, measurements taken on a grid
with the mobile EM-38 equipment developed by Carter
et al. (1993) and Rhoades (1993). Stream tubes are non-
interactive volumes of soil whose physicochemical prop-
erties influencing solute transport are relatively homog-
enous so that solute transport within the column of soil
defined by the stream tube can be simulated with a
one-dimensional solute transport model. Corwin et al.
(1999b) first proposed the use of an intensive EM survey
measuring EC, as a means of delineating stream tubes.
For field sites where EC, is closely correlated with soil
salinity, stream tubes can be delineated based on EM,
and EM, measurements of EC.. From the geometric
mean of EM,; and EM, (i.e., \/EMh - EM,), quantiles can
be defined. The ratio of EM; to EM, (i.e., EM,/EM,) is
determined, and within each quantile, the points are
selected where the low and high EM,/EM, ratios exist.
These points serve as the centroids of the Thiessen poly-
gons delineating the stream tubes throughout the area
of study.

A GIS is used to define the spatial location of the
stream tubes with their associated solute transport prop-

erty attributes. TETrans uses the GIS as a spatial data-
base from which to draw its input data. Simulations are
presented over a 5-yr period, 1991-1996. Display maps
show spatial distributions of soil salinity profiles to a
depth of 1.2 m, irrigation efficiencies, drainage amounts,
and salt loading to ground water over the 2396-ha study
area. These maps provide a potential precision agricul-
ture tool for making irrigation management decisions
to minimize the environmental impact of salinity on soil
and ground water. The first approach is best suited for
areas where steady-state conditions are approximated
while the second approach can be used under transient-
state conditions.

SUMMARY

As the world’s population continues to grow, hu-
mankind is faced with the onerous task of meeting the
world’s food demand. This can only be accomplished
with sustainable agriculture. Sustainable agriculture re-
quires a delicate balance between crop production, nat-
ural resource use, environmental impacts, and econom-
ics. The goal of sustainable agriculture is to optimize
food production while maintaining economic stability,
minimizing the use of natural resources and minimizing
impacts on the environment. Precision agriculture stands
as one of the potential means of attaining sustainable
agriculture. The future of precision agriculture rests on
the reliability, reproducibility, and understanding of the
technological developments on which it is based.

Assessing the impact of salinity at regional and local-
ized scales is a key component to achieving sustainable
agriculture. Assessment involves the determination of
change in salinity over time, which can be measured in
real time or predicted with a model. Real-time measure-
ments reflect activities of the past, whereas model pre-
dictions are glimpses into the future based on a simpli-
fied set of assumptions. Both means of assessment are
valuable; however, the advantage of prediction is that
it can be used to alter the occurrence of detrimental
conditions before they develop. Forecasting information
from model simulations is used in decision-making strat-
egies designed to sustain agriculture. This information
permits an alteration in the management strategy before
the development of levels of soil salinity that detrimen-
tally impact either agricultural productivity of the soil
or quality of the ground water.

The ability to locate the sources of soil salinity within
irrigated landscapes and to model the migration of salt
through the vadose zone to obtain an estimate of salt
loading to drainage and ground water is an essential
tool in precision agriculture to combat degradation of
our soil and water resources. This information is valu-
able for selecting alternate crops or alternate irrigation
management practices to maintain crop productivity
while minimizing the environmental impacts of salinity.

The need for a means of measuring soil salinity in
the root zone in a quick, reliable, and cost-effective
manner resulted in the development of mobile electrical
resistivity and EM techniques to measure EC,. How-
ever, the measurement of EC, is complicated by the
influence of several soil properties aside from soil salin-
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ity, including soil texture, temperature, and water con-
tent. For this reason, it is necessary to determine the
dominant soil properties influencing the EC, measure-
ment at each field of interest to interpret what informa-
tion is being conveyed by a map of EC,. From a precision
agriculture perspective, when maps of EC, are properly
understood, they (i) provide a graphic inventory of the
scope of the soil salinity problem, (ii) provide useful
spatial information concerning soil texture and water
content, (iii) provide information for crop selection, (iv)
identify potential areas in need of improved irrigation
and drainage management, and (v) provide a means of
monitoring spatio-temporal changes in soil properties
that potentially influence crop production.

Because precision agriculture is an outgrowth of tech-
nological developments such as the EC, measurement,
the future of precision agriculture rests on a complete
understanding of these technologies. The fruition of the
precision agriculture application of EC, maps will likely
come from future plant indicator approaches where
combinations of data inputs including airborne spectral
imagery, EC, measurements with mobile EM, and plant
and soil sampling based on response-surface sample de-
sign strategies are manipulated, organized, and dis-
played with GIS, image analysis, and spatial statistical
analysis to create maps of soil salinity, soil texture and
available water.
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