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CHAPTER 10
I'~0RATORY AND FIELD MEASUREMENTS

Dennis L. Corwin, S. M. Lesch, and D. B. Lobell

INTRODUCTION

Sull salinity refers to the presence of major dissolved inorganic solutes
{he soil solution (i.e., aqueous liquid phase of the soil and its solutes),
I consist of soluble and readily dissolvable salts, including charged
{e.g., Na*, K*, Mg*, Ca*?, Cl-, HCO;3, NOj, SO;2 and CO32),
nic solutes, and ions that combine to form ion pairs. The primary
uve of salts in soil and water is the geochemical weathering of rocks
the earth’s upper strata, with atmospheric deposition and anthro-
ic activities serving as secondary sources. The predominant mecha-
causing the accumulation of salt in the rootzone of agricultural soils
of water through evapotranspiration (ET; the combined processes
poration from the soil surface and plant transpiration), which selec-
\ removes water, leaving salts behind.

accumulation of soil salinity can result in reduced plant growth,
iced yields, and in severe cases, crop failure. Salinity limits water
ake by plants by reducing the osmotic potential, making it more diffi-
jor the plant to extract water. Salinity may also cause specific-ion tox-
eg., Na' ion toxicity) or upset the nutritional balance of plants. In
tion, the salt composition of the soil water influences the composition
ions on the exchange complex of soil particles, which influences soil
ability and tilth.

figated agriculture, which accounts for 35% to 40% of the world'’s
sl lood and fiber, is adversely affected by soil salinity on roughly half
Lallirrigated soils (totaling about 250 million ha), with more than 20 mil-
severely affected by salinity worldwide (Rhoades and Loveday
Because of the potential detrimental impacts of soil salinity accu-
fion, it is a crucial soil chemical property that is routinely measured
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296 AGRICULTURAL SALINITY ASSESSMENT AND MANAGEMENT

and monitored. This chapter describes common field and laboratory teck
niques for measuring salinity in the soil and water, with discussion
their practicability and reliability.

FACTORS AFFECTING SOIL SALINITY l
The accumulation of soil salinity is a consequence of a variety &
processes, some of which are illustrated in Fig. 10-1. In arid and semiant
areas, for example, where precipitation is less than evaporation, salts o
accumulate at the soil surface when the depth to the water table is le
than 1 to 1.5 m, depending on the soil texture. The accumulation of salts
the soil surface is the consequence of the upward flow of water and ~r}-
sequent transport of salts due to capillary rise driven by the evaporati
process. However, the most common cause for the accumulation of sali
is ET by plants, which results in an increase in salt concentration wilt
depth through the rootzone (see graph in Fig. 10-1) and the accumulatio
of salts below the rootzone. The level of salt accumulation within an!
below the rootzone due to ET depends on the fraction of irrigation or pre

What Causes Salt Accumulation?

AV

". Salinity Distribution
Evaporatlon

in the Root Zone

qggumulatlon

i

0 10
Salinity (dS )

f Leaching Saline.
accumu ation :

-~
-

-
- —

FIGURE 10-1. Various examples of how salts accumulate in soil.
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wn that flows beyond the rootzone, referred to as the leaching frac-
As the LF increases, the total salts within the rootzone decrease
i their removal from the rootzone by leaching. A third process,
s comimon in the northern Great Plains of the United States, is the
saline seeps. There are several forms of saline seeps differing
ns of development. In general, saline seeps form downslope
areas in locations where discharge is occurring because of the
uf a low conductivity layer and shallow water table (Fig. 10-1).
leached from the upslope recharge area, which tends to be an
r conductivity than the downslope discharge area. Once the
d salts from upslope reach the downslope low conductivity
hey accumulate and are forced to the surface by evaporation.

iCT AND INDIRECT ANALYSIS OF SOIL SALINITY

ostcommon technique for the measurement of soil salinity is lab-
lysis of aqueous extracts of soil samples. Soil salinity is quanti-
5 of the concentration of total salts in the soil. The measure-
the total salt concentration of the aqueous extracts of soil samples
e either directly through the chemical analysis of the chemical
dlutes that comprise soil salinity, or indirectly through the measure-
4 of electrical conductivity (EC). The chemical species of primary
in salt-affected soils include four major cations (Na*, K*, Mg*?,
nd four major anions (C1-, HCO;5, SO, % and COs ?) in the soil solu-
changeable cations (Na®, K*, Mg*?, Ca®?); and the precipitated
(lcium carbonate (lime) and calcium sulfate (gypsum). Other soil
surties of concern in salt-affected soils include pH, water content of
saluration paste, sodium adsorption ratio (SAR), and exchangeable
wm percentage (ESP). Detailed analytical techniques for measuring
these salinity-related properties can be found in Methods of Soil
i (Part 3, Sparks 1996; Part 4, Dane and Topp 2002). However, a
analysis of the salinity-related properties of primary concern is
abor- and cost-intensive to be practical, particularly when large num-
s of samples are involved, such as field-scale assessments of salinity;
sequently, the salinity of aqueous extracts of soil samples has been
Lolten measured by EC.
vell known that the EC of water is a function of its chemical salt
ition and total salt concentration (U.S. Salinity Laboratory 1954).
boratory, soil salinity is commonly determined from the measure-
' the EC of soil-solution extracts, where the current-carrying
of the soil solution is proportional to the concentration of ions in
solution. The total concentration of the soluble salts in soil is meas-
wd by EC of the soil solution in dS m '. Over a range of mixed salt

A
N
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concentrations commonly found in soils (1 to 50 meq L), total salt cor-
centration (C) in meq L™" is linearly related to electrical conductance i
the solution by Eq. 10-1:

C=~10-ECyaxs-c

where EC,, @ 5« is the electrical conductivity of the soil solution refes
enced to 25 °C (dS m™). If C is measured in mg L™" or ppm, then
related to EC,, 425 by a factor of 640 (i.e., C = 640 - EC,, g 25¢). O
broader range of salt concentrations (1 to 500 meq L ') the relationsh
between C and EC,, 425 -c is no longer linear and is best fit with a this
order polynomial or an exponential equation. Another useful relationst
is between osmotic potential () and EC, where s, in bars is relaly
to EC, @ 25°c by a factor of —0.36 (e.g., ¥, = —0.36 - EC,, 4 25:¢; ford
EC,‘,@ 25°C = 30dS m_l).

Theoretical and empirical approaches are available to predict the ECg
a solution from its solute composition. Equation 10-2 is an example o
theoretical approach based on Kohlrauch’s Law of independent migs
tion of ions, where each ion contributes to the current-carrying abilify
an electrolyte solution:

Core v G —ByYe)
EC ZEC, 2————1000

i

where EC is the specific conductance (dS m™), EC; is the ionic specific c
ductance (dS m ?), ¢; is the concentration of the ith ion (mmol. L"), A &
the ionic equivalent conductance at infinite dilution (cm? S mol, '), and §
an empirical interactive parameter (Harned and Owen 1958). Equation -
shows an empirical equation developed by Marion and Babcock (1976):

log TSS = 0.990 + 1.055 log EC (r* = 0.993)

where TSS is the total soluble salt concentration (mmol. L™).

Temperature influences EC; consequently, EC must be referenced to
specific temperature to permit comparison. Electrolytic conducti
increases at a rate of approximately 1.9% per degree centigrade increa
in temperature. Customarily, EC is expressed at a reference temperatun
of 25 °C. The EC measured at a particular temperature t (in °C), EC, ca
be adjusted to a reference EC at 25 °C, ECys5 <, using Eq. 4 from USDA
Handbook 60 (U.S. Salinity Laboratory 1954):

ECys+c = f; - EG,
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o/ - 04470 + 1.4034 exp(—t/26.815) [from Sheets and Hendrickx
N

A

HODS OF LABORATORY, LYSIMETER, AND PLOT-SCALE
SALIN MEASUREMENT

ically, four principal methods have been used for measuring soil
the laboratory, in soil lysimeter columns, and at ficld-plot
the EC of soil solution at or near field capacity, of extracts at
normal water contents (i.e., including saturation and soil to
nsof 1:1,1:2, and 1:5), or of a saturation paste; (2) in-situ meas-
atof electrical resistivity (ER); (3) noninvasive measurement of EC
lect omagnetic induction (EMI); and, most recently, (4) in-situ
urement of EC with time domain reflectometry (TDR).

cal Conductivity

amine the EC of a soil solution extract, the solution is placed in

aining two electrodes of constant geometry and distance of sep-
An electrical potential is imposed across the electrodes, and the
of the solution between the electrodes is measured. The meas-
ductance is a consequence of the solution’s salt concentration
ectrode geometry whose effects are embodied in a cell constant.
it potential, the current is inversely proportional to the solu-
ance as shown in Eq. 10-5:

EC, = k/R; (10-5)
v [C, is the electrical conductivity of the soil solution in dS m™! at
re f (°C), k is the cell constant, and R; is the measured resistance
t temperature £. One dS m ! is equivalent to one mS em™' and
ocm ', where mmho ecm ' are the obsolete units of EC.
for the measurement of EC of a saturated soil paste (EC,), the
ation of soluble salts in disturbed soil samples consists of two
s: (1) preparation of a soil-water extract, and (2) the measure-
L of the salt concentration of the extract using EC. Customarily, soil
y has been defined in terms of laboratory measurements of the EC
W extract of a saturated soil paste (EC,). This is because it is impracti-
it routine purposes to extract soil water from samples at typical field
wcontents; consequently, soil-solution extracts must be made at satu-
oo or higher water contents. The saturation paste extract is the lowest
; ter ratio that can be easily extracted with vacuum, pressure, or
wation, while providing a sample of sufficient size to analyze. The
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water content of a saturation paste is roughly twice the field capad
most soils. Furthermore, FC, has been the standard measure of sl
used in salt-tolerance plant studies. Most data on the salt tolerans
crops have been expressed in terms of the EC of the saturation
extract (Bresler et al. 1982; Maas 1986). ;

Unfortunately, the partitioning of solutes over the three soil pi

can be applied and interpreted universally. Commonly used e
ratios, other than a saturated soil paste, are 1:1,1:2,and 1:5 soil-tos
mixtures. These extracts are easier to prepare than saturation pi
extracts. With the exception of sandy soils, soils containing gypsum,#
organic soil, the concentrations of salt and individual ions are apps
mately diluted by about the same ratio between field conditions and!
extract for all samples, which allows conversions between water con
using dilution factors. The conversion of EC from one extract to anothe
commonly done using a simple dilution factor. For example, if the gr
metric saturation percentage (SP) is 100%, then EC,. = EC,,; =5 EQ
if SP = 50%, then EC, = 2 - EC,.; = 10 * EC,.5. However, this is not rec
mended because of potential dissolution-precipitation reactions that
occur. At best, the use of a dilution factor to convert from one extrad
another is an approximation.

Any dilution above field water contents introduces errors in the i
pretation of data. The greater the dilution is, the greater the devian
between ionic ratios in the sample and the soil solution under field co
tions. These errors are associated with mineral disselution, ion hydu!
sis, and changes in exchangeable cation ratios. In particular, soil sa mpk
containing gypsum deviate the most because the calcium (Ca) and sulf¥
concentration remain nearly constant with sample dilution, while the
centrations of other ions decrease with dilution. The standardized &
tionship between the extract and the conditions of the soil solution in ¥
field for different soils is not applicable with the use of soil-to-wale
above saturation. However, the recent development of Extract Chen s
ware by Suarez and Taber (2007) allows for the accurate conversion fre
one extract ratio to another, provided sufficient chemical information
known (for example, knowledge of the major cations and anions i
presence/absence of gypsum). The disadvantage of determining s
salinity using a soil sample is the time and labor required, which trans
lates into high cost. However, there is no more accurate way of measurisg
soil salinity than with extracts from soil samples.

using a 50-mL cylindrical conductivity cell, referred to as a “Bureau
Soils cup,” filled with a saturated soil paste to estimate soluble-salt cor
centrations by measuring the EC,. This approach was fast and easy; cr



LABORATORY AND FIELD MEASUREMENTS 301

iy it was used to map and diagnose salt-affected soils. When Reit-
ilcox (1946) determined that plant responses to soil salinity
re closely with the EC values of the saturation paste extract,
the paste was discontinued. A theoretical relationship between
has since been developed to overcome the cell’s shortcom-

Wwas done by developing a simple method of determining the
tric water and volumetric solid contents of the saturation paste,
e of the sample surface, and the current pathway of the
cell (Rhoades et al. 1999b). Even so, the relationship between
is complex; consequently, the measurement of EC,, is not rec-
‘except in instances where obtaining an extract of the satura-
I not possible or is impractical. Figure 10-2 graphically illus-
theoretical complexity of the relationship between EC, and EC,
un the dual parallel pathway conductance model of Rhoades et al.

salinity can also be determined from the measurement of the EC of
wlution (EC,), where the water content of the soil is less than satu-
ally at field capacity. Ideally, EC,, is the best index of soil salin-
this is the salinity actually experienced by the plant root. Never-
% EC. has not been widely used to express soil salinity for various
) it varies over the irrigation cycle as the soil water content
it is not single-valued; and (2) the methods for obtaining soil
samples at typical field water contents are too labor-, time-, and
ive to be practical (Rhoades et al. 1999b). For disturbed soil
,soil solution can be obtained in the laboratory by displace-
\ cumpaction, centrifugation, molecular adsorption, and vacuum- or

ik

SP=20% 40% 60%
1

EC, (dS m")
A o o S

N

EC, (dS m)

10-2. Theoretical relationship between EC, and EC, based on the dual
wllel pathway conductance model of Rhoades et al. (1989a,b).
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pressure-extraction methods. For undisturbed soil samples, EC, can
determined with a soil-solution extractor (Fig. 10-3a), often referred o
a porous cup extractor, or using an in situ, imbibing-type porous-mak
salinity sensor (Fig. 10-3b).

(a) Soil solution extractor system

Manifold |

Solution
samble battle

Gy

Ceramic cup

Suction cup extractors

(b) Porous-matrix salinity sensor

Release pin

Electrolytic
element

Spring

Platinum __—
electrodes

Thermistor
Housing

FIGURE 10-3. Instruments for obtaining soil-solution extracts at less than si
uration, including (a) soil-solution extractor system (from Corwin 2002a),
(b) porous-matrix salinity sensor (from Corwin 2002b). Reprinted with permis
sion from Soil Science Society of America.
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soil solution extractors include zero-tension and tension (or
Historically, suction cups have been more widely used. No
ution sampling device will perfectly sample under all condi-
s important to understand the strengths and limitations of a
delerrmne when to apply certain sampling methods in prefer-
ot methods. In structured soils, suction cups do not sample
ential flow paths. Zero-tension cups will almost always
urated flow, which is more closely associated with prefer-
channels, and tension samplers will more efficiently sample
flow within soil aggregates. Zero-tension cups represent the
tion, whereas the tension samples are approximations of
wncentrations.
Bl design of a suction cup apparatus consists of a suction cup,
ullection bottle, manifold (if there is more than one suction cup),
Irap, an applied vacuum, and connective tubing (Fig. 10-3a).
vl principle behind the operation of suction cup extractors is
Wit suction (preferably the suction at field moisture capacity) is
st the porous cup. This suction opposes the capillary force of
Al field capacity, causing soil solution to be drawn across the
of the cup as a result of the induced pressure gradient. The
tion is stored in a sample coilection chamber. This approach
¢ s0il solution is viable when the soil-water matric potential is
about -30 kPa (kilopascals, a standard unit of pressure).
ity sensor consists of a porous ceramic substrate with an
piatinum mesh electrode, which is placed in contact with the
te the EC of the soil solution that has been imbibed by the
10-3b). The salinity sensor contains a thermistor designed to
re-correct the EC readings. Both the electrolytic element and
‘0l a salt sensor (Fig. 10-3b) must be calibrated for proper oper-
tion is necessary because of (1) the variation in water reten-
sorosity characteristics of each ceramic, and (2) the variation in
spacing, both of which cause the cell constant to vary for each
The calibration can change with time, so periodic recalibration

v are vatious advantages and disadvantages to measuring EC uamg
wtion extractors or soil salinity sensors. The obvious advantage is
being measured, but this is outweighed by the disadvantages.
1 the sample volume of a soil-solution extractor (10 to 100 cm”)
anorder of magnitude Jarger than a salinity sensor (1 to 2 cm?),
»significantly limited sample volumes; consequently, there are
bts about the ability of soil-solution extractors and porous-
lity sensors to provide representative soil-water samples, par-
tfield scales (England 1974; Raulund-Rasmussen 1989; Smith et al.
lheterogeneity significantly affects chemical concentrations in
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the soil solution. Because of their small sphere of measurement, neils
solution extractors nor salt sensors adequately integrate spatial variahi
(Amoozegar-Fard et al. 1982; Haines et al. 1982; Hart and Lowery 1%
Biggar and Nielsen (1976) suggested that soil-solution samples are “po
samples” that can provide a good qualitative measurement of soil sl
tions but are not adequate quantitative measurements unless the fiel
scale variability is adequately established. Furthermore, salinity senss
demonstrate a response time lag that is dependent on the diffusion of i

affected by (1) the thickness of the ceramic conductivity cell, (2) thed f
sion coefficients in soil and ceramic, and (3) the fraction of the ceram
surface in contact with soil (Wesseling and Oster 1973). The salinity s

because of its low sample volume, unstable calibration over time, "
slow response time (Corwin 2002b). Soil-solution extractors have
drawback of requiring considerable maintenance due to cracks in
vacuum lines and clogging of the ceramic cups with algae and fine &
particles. Both solution extractors and salt sensors are considered sl
and labor-intensive.

The ability to obtain the EC of a soil solution when the water conten
at or less than field capacity, which are the water contents most com
monly found in the field, is considerably more difficult than extracts
water contents at or above saturation because of the pressure or suclin
required to remove the soil solution at field capacity and lower water
tents. The EC of the saturated paste is the easiest to obtain, followed by
the EC of extracts greater than SP, followed by the EC of extracts less this
SP. However, EC, is most preferred; consequently, either measuring £
or being able to relate the EC measurement to EC, is critical. The tech
niques of ER, EMI, and TDR measure EC,, which is discussed in the nex
section.

Electrical Resistivity

Because of the time and cost of obtaining soil-solution extracts and th
lag time associated with porous ceramic cups, developments in the meas-
urement of soil EC shifted in the 1970s to the measurement of the soil i
of the bulk soil, referred to as apparent soil electrical conductivity (EC}
Apparent soil electrical conductivity provides an immediate, easy-to-lake
measurement of conductance with no lag time and no need to obtaing
soil extract. However, EC, is a complex measurement that has been mis
interpreted and misunderstood by users in the past due to the fact thati
is a measure of the EC of the bulk soil, not just a measure of the condue
tance of the soil solution, which is the desired measurement, since the
soil solution is the soil phase that contains the salts affecting plant roots.
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sust comprehensive body of research concerning the adaptation
stion of geophysical techniques to the measurement of soil
hin the rootzone (top 1 to 1.5 m of soil) was compiled by sci-
» US. Salinity Laboratory. The most recent reviews of this
search can be found in Corwin (2005), Corwin and Lesch
i, and Rhoades et al. (1999b).

trical resistivity (ER) was originally used by geophysicists to meas-
tivity of the geological subsurface. Electrical resistivity meth-
the measurement of the resistance to current flow across four
inserted in a straight line on the soil surface at a specified dis-
between the electrodes (Corwin and Hendrickx 2002). The elec-
e connected to a resistance meter that measures the potential gra-
ween the current and potential electrodes (Fig. 10-4). These
ere developed in the second decade of the 1900s by Conrad
1 in France and Frank Wenner in the United States for the
of near-surface ER (Burger 1992; Rhoades and Halvorson
ugh two electrodes (one current and one potential electrode)
the stability of the reading is greatly improved with the use
CHoAes.

tance is converted to EC using Eq. 10-5, where the cell con-
|, in that equation is determined by the electrode configuration and
we. The depth of penetration of the electrical current and the volume
ent increase as the interelectrode spacing increases. The four-
configuration is referred to as a Wenner array when the four
udes are equidistantly spaced (interelectrode spacing = a). For a

Resistance Meter ﬂ
| L

Current
electrode

f Current
. electrode Potential

( " / electrodes \
LTI L

Ll
b

R rle—R, —]

iy
"‘

gl

URE 10-4. Schematic of four-electrode probe electrical resistivity used to
apparent soil electrical conductivity. From Corwin and Hendrickx
) with permission from Soil Science Society of America.
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homogeneous soil, the depth of penetration of the Wenner array is g and
the soil volume measured is roughly ma®.

Other four-electrode configurations are frequently used, as discuss!
by Burger (1992), Dobrin (1960), and Telford et al. (1990). The influens

of the interelectrode configuration and distance on EC, is reflected s
Eq. 10-6:

1 I 1+_1
nonooR RZJ

where EC, »5 ¢ is the apparent soil electrical conductivity temperature cor
rected to a reference of 25 °C (dS m™!), and #;, 75, R;, and R, are the dis
tances in cm between the electrodes as shown in Fig. 10-4. For the Wenne
array, wherea = r; = r, = Ry = Ry, Eq. 10-6 reduces to EC, = 159.2 f,/a&;
and 159.2/a represents the cell constant (k).

A variety of four-electrode probes have been commercially developad
reflecting diverse applications. Burial and insertion four-electrode probes
are used for continuous monitoring of EC, and to measure soil profit
EC,, respectively (Fig. 10-5a,b). These probes have volumes of measur
ment roughly the size of a football (i.e., about 2,500 cm?). Bedding prabe
with small volumes of measurement of roughly 25 cm® were used to mos
itor EC, in seed beds (Fig. 10-5c), but these probes are no longer commes-
cially available. Only the Eijelkamp conductivity meter and probe an
commercially available, which is similar in use and basic design to tic
insertion probe in Fig. 10-5b.

Measuring ER is an invasive technique that requires good contatl
between the soil and the four electrodes inserted into the soil; conse
quently, it produces less reliable measurements in dry or stony soils than
a noninvasive measurement such as EMI. Nevertheless, ER has a flexibil-
ity that has proven advantageous for field application, that is, the depil
and volume of measurement can be easily changed by altering the spac
ing between the electrodes. A distinct advantage of the ER approach i
that the volume of measurement is determined by the spacing between
the electrodes, which makes a large volume of measurement possible. Fo
example, a 1-m interelectrode spacing for a Wenner array results in a vol
ume of measurement of more than 3 m’. This large volume of measute

ment integrates the high level of local-scale variability often associated
with EC, measurements.
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' -5. Examples of various four-electrode probes: (a) burial probe,
tion probe, and (c) bedding probe.
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Because EC, is regarded as the standard measure of salinity, a relatis
between EC, and EC, is needed to relate EC, to salinity. The relationshig:
between EC, and EC, is linear when EC, is above 2 dS m™" and is dependu
on soil texture, as shown in Fig. 10-6. Rough approximations of EC, frm:
EC, in dS m~! when EC, =2 dS m ! are: EC, = 3.5 - EC, for fine-texturs
soils, EC, = 5.5 - EC, for medium-textured soils, and EC, = 7.5 - EC, for
coarse-textured soils. For EC, <2 dS m !, the relation between EC, and [
is more complex. In general, at EC, =2 dS m™" salinity is the dominant con-
ductive constituent; consequently, the relationship between EC, and EC &
linear. However, when EC, <2 dS m ', other conductive properties (e
water and clay content) and properties influencing conductance (e.g., bulk-
density) have greater influence. For this reason, it is recommended tha!
below an EC, of 2 dS m !, the relation between EC, and EC, is established
by calibration. The calibration between EC, and EC, is established by meas
uring the EC, of soil samples taken at a minimum of three to four location:
within a study area where associated EC, measurements have been taken
These samples should reflect a range of EC;s and should be collected over
the volume of measurement for the EC, technology used (i.e., ER or EMI).

Electromagnetic Induction

Apparent soil electrical conductivity can be measured noninvasiveiy-
with EMI. A transmitter coil located at one end of the EMI instrument

45
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FIGURE 10-6. Relationships between EC, and EC, for representative soil types
found in the northern Great Plains, United States. Modified from Rhoades and
Halvorson (1977).
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dreular eddy-current loops in the soil, with the magnitude of
directly proportional to the EC in the vicinity of that loop
h current loop generates a secondary electromagnetic field
onal to the value of the current flowing within the loop. A
secondary induced electromagnetic field from each loop is
the receiver coil of the instrument and the sum of these
wplified and formed into an output voltage, which is related to
ted EC,. The amplitude and phase of the secondary field
m those of the primary field as a result of soil properties
 content, water content, salinity), spacing of the coils and their
i, frequency, and distance from the soil surface (Hendrickx and
2002).
commonly used EMI conductivity meters in soil science and
b zone hydrology are the Geonics EM-31 and EM-38 (Geonics
ga, Ontario, Canada) and the DUALEM-2 (Dualem Inc.,
itario, Canada). The EM-38 has had considerably greater appli-
0 “agncultural purposes because the depth of measurement corre-
zhly to the rootzone (i.e., generally 1 to 1.5 m.). When the
s placed in the vertical coil configuration (EM,, with the coils
ar to the soil surface), the depth of measurement is about
horizontal coil configuration (EM,,, with the coils parallel to
ice), the depth of the measurement is 0.75 to 1.0 m. The EM-31
coil spacing of 3.66 m, which corresponds to a penetration
nd 6 m in the horizontal and vertical dipole orientations,
, which extends well beyond the rootzone of agricultural

IE!!llﬁl —

10-7. Schematic of the operation of electromagnetic induction equip-
ng an EM-38.
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crops. However, the EM-38 has one major pitfall—the need for calils
tion—which the DUALEM-2 does not require. Further details abouts
operation of the EM-31 and EM-38 equipment are discussed in Hendri
and Kachanoski (2002). Documents concerning the DUALEM-2 can!
found in Dualem (2007). f

Apparent soil electrical conductivity measured by EMI at EC, <1
m ' is given by Eq. 10-7, from McNeill (1980):

EC, - — 2 |1
2'7T}Lof5 H

where EC, is measured in S m™'; H, and H, are the intensities of the i
mary and secondary magnetic fields at the receiver coil (A m ), resps
tively; fis the frequency of the current (Hz); ., is the magnetic permeal
ity of air (4w10~7 H m™); and s is the intercoil spacing (m). ‘

Both ER and EMI are rapid and reliable technologies for the measu
ment of EC,, each with its advantages and disadvantages. The primas
advantage of EMI over ER is that EMI is noninvasive, so it can be use&v
dry and stony soils that would not be amenable to invasive ER equip
ment. The disadvantage is that EC, measured with EMI is a depi
weighted value that is nonlinear, whereas ER provides an EC, measu
ment that is nearly linear with depth. More specifically, EMI concentrat
its measurement of conductance over the depth of penetration at shalloy
depths while ER i is more uniform with depth Because of the hneanty o

EC,, can be determined with the Wenner array by measuring the EC,
successive layers by increasing the interelectrode spacing from a; ; tos
and using Eq. 10-8 from Barnes (1952) for resistors in parallel:

(ECH. " ﬂ,‘) = (EC-I. y R »l)

ECX = ECN, i~ -
(4 —a,)

where 4; is the interelectrode spacing, which equals the depth of sam
pling, and 4; ; is the previous interelectrode spacing, which equals th
depth of previous sampling. Measurements of EC, by ER and EMI at the
same location and over the same volume of measurement are not compa-

EM-38 is more involved then for ER equipment. However, there is o
need to calibrate the DUALEM-2.
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Jomain Reflectometry

win reflectometry (TDR) was initially adapted for use in
ter content, 8 (Topp and Davis 1981; Topp et al. 1980, 1982).
nique is based on the time for a voltage pulse to travel down
and back, which is a function of the dielectric constant (g) of
media being measured. Later, Dalton et al. (1984) demon-
utility of TDR to also measure EC,. The measurement of EC,
is based on the attenuation of the applied signal voltage as it
the medium of interest, with the relative magnitude of energy
d to EC, (Wraith 2002).

ing €, B can be determined through calibration (Dalton 1992).
ated with Eq. 10-9, from Topp et al. (1980):

(Y (L) -
¢ (21) (lvp] (10-9)

| is the propagation velocity of an electromagnetic wave in free
% 10°m s 1), t is the travel time (s), [ is the real length of the
(m), [, is the apparent length (m) as measured by a cable tester,
the relative velocity setting of the instrument. The relationship
and € is approximately linear and is influenced by soil type, py,
I, and organic matter (Jacobsen and Schjenning 1993).

uring the resistive load impedance across the probe (Z;), EC,
ated with Eq. 10-10, from Giese and Tiemann (1975),

EC, =¥—§1 (10-10)
L

fe 1, is the permittivity of free space (8.854 X 107> F m™'), Z, is the

Seimpedance (), and Z; = Z,[(2Vy/ V) — 1] 7! where Z,, is the charac-

“iic impedance of the cable tester, V; is the voltage of the pulse gener-

o ur zero-reference voltage, and Vi is the final reflected voltage at an
dingly long time. To reference EC, to 25 °C, Eq. 10-11 is used:

EC, = K fZ;! (10-11)

. K is the TDR probe cell constant (K, [m™!] = eycZy/1), which is
ined empirically.

' Ivantages of TDR for measuring EC, include (1) a relatively non-
] nature since there is only minor interference with soil processes,
2l an ability to measure both soil water content and EC,, (3) an ability to
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detect small changes in EC, under representative soil conditions, (4 &
capability of obtaining continuous unattended measurements, and i}
lack of a calibration requirement for soil water content measuremei
many cases (Wraith 2002). Even so, TDR has not been the instr
choice for the measurement of salinity, whether in the laboratory or i
field; consequently, it will not be discussed in detail.

Soil EC, has become one of the most reliable and frequently used m
urements to characterize field variability for application to precision
culture due to its ease of measurement and reliability (Corwin and I
2003). Although TDR has been demonstrated to compare closely
other accepted methods of EC, measurement (Heimovaara et al. |
Mallants et al. 1996; Reece 1998; Spaans and Baker 1993), it is still not:
ficiently simple, robust, or fast enough for the general needs of fields
soil salinity assessment (Rhoades et al. 1999b). Only ER and EMI
been adapted for the georeferenced measurement of EC, at field S
and larger (Rhoades et al. 1999a,b).

SOIL-RELATED (EDAPHIC) FACTORS INFLUENCING THE
EC, MEASUREMENT

The earliest field applications of geophysical measurements of EC.
soil science involved the determination of salinity through the soil
of arid zone soils (Cameron et al. 1981; Corwin and Rhoades 1982, 1
de Jong et al. 1979; Halvorson and Rhoades 1976; Rhoades and Cam
1981; Rhoades and Halvorson 1977; Williams and Baker 1982). Howey
it became apparent that the measurement of EC, in the field to infer
salinity was more complicated than initially anticipated due to the cos
plexity of current flow pathways arising from the complex interaction
the conductive properties influencing the EC, measurements and iz
the spatial heterogeneity of those conductive properties.

The interpretation of EC, measurements is not trivial because of i
complexity of current flow in the bulk soil. Numerous EC, studies ha
been conducted that have revealed the site specificity and complexity
geospatial EC, measurements with respect to the particular property &
properties influencing the EC, measurement at the study site. Table Il
(taken from Corwin and Lesch 2005a) is a compilation of EC, studies a
the associated dominant soil property or properties measured by EC {
each study.

The advantages of the EC, measurement are that it is rapid, reliable, a
easy to take, which have made it an ideal field measurement tool.
ever, because of the multiple pathways of conductance, it is often diffi
to interpret. Corwin and Lesch (2003) provided guidelines for the usai,
EC, in agriculture by identifying the complexities of the EC, measuremgs
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Il-1. Compilation of Literature Measuring EC, Categorized
wling to the Physicochemical and Soil-Related Properties
either Directly or Indirectly Measured by EC,

References

d Soil Properties

ients, Halvorson and Rhoades (1976); Rhoades et al.
(1976); Rhoades and Halvorson (1977); de Jong

et al. (1979); Cameron et al. (1981); Rhoades and
Corwin (1981, 1990); Corwin and Rhoades (1982,
1984); Williams and Baker (1982); Greenhouse and
Slaine (1983); van der Lelij (1983); Wollenhaupt

et al. (1986); Williams and Hoey (1987); Corwin and
Rhoades (1990); Rhoades et al. (1989b, 1990, 1999a,
1999b); Slavich and Petterson (1990); Diaz and
Herrero (1992); Hendrickx et al. (1992); Lesch et al.
(1992, 1995a, 1995b, 1998); Rhoades (1992, 1993);
Cannon et al. (1994); Nettleton et al. (1994); Bennett
and George (1995); Drommerhausen et al. (1995);
Ranjan et al. (1995); Hanson and Kaita (1997);
Johnston et al. (1997); Mankin et al. (1997);
Eigenberg et al. (1998, 2002); Eigenberg and
Nienaber (1998, 1999, 2001); Mankin and
Karthikeyan (2002); Herrero et al. (2003); Paine
(2003) ; Kaffka et al. (2005); Lesch et al. (2005);
Sudduth et al. (2005)

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

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

density-related Rhoades et al. (1999b); Gorucu et al. (2001)

_ompaction)

)

(continued)
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TABLE 10-1. Compilation of Literature Measuring EC, Categorized
According to the Physicochemical and Soil-Related Properties
either Directly or Indirectly Measured by EC, (Continued)

Soil Property References

Indirectly Measured Soil Properties

Organic matter-related Greenhouse and Slaine (1983, 1986); Brune and
(including soil organic Doolittle (1990); Nyquist and Blair (1991); Javs

carbon, and organic (1996); Benson et al. (1997); Bowling et al. (1947

chemical plumes) Brune et al. (1999); Nobes et al. (2000); Farahas:
et al. (2005); Sudduth et al. (2005)

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

Leaching Slavich and Petterson (1990); Corwin et al. (1%
Rhoades et al. (1999b); Lesch et al. (2005)

Groundwater recharge Cook and Kilty (1992); Cook et al. (1992);
et al. (1994)

Herbicide partition Jaynes et al. (1995)

coefficients

Soil map unit boundaries Fenton and Lauterbach (1999); Stroh et al. (

Corn rootworm distributions  Ellsbury et al. (1999)

Soil drainage classes Kravchenko et al. (2002)

From Corwin and Lesch (2005a) with permission from Elsevier.

and how to deal with them. As shown in Fig. 10-8, three parallel pathwas:
of current flow contribute to the EC, measurement: (1) a liquid phase paf
way (Pathway 1) via salts contained in the soil water occupying the lang
pores, (2) a solid pathway (Pathway 2) via soil particles that are in dird
and continuous contact with one another, and (3) a solid-liquid pathwa
(Pathway 3) primarily via exchangeable cations associated with clay mir
erals (Rhoades et al. 1999b). To measure soil salinity, the EC of only the sl
solution (Pathway 1) is required; consequently, EC, measures more thi
just soil salinity. In fact, EC, is a measure of anything conductive withis
the volume of measurement and is influenced, whether directly or indi-
rectly, by any edaphic properties that affect bulk soil conductance. '

Because of the pathways of conductance, EC, is influenced by a com
plex interaction of edaphic properties including salinity, texture (or satu-
ration percentage, SP), water content, bulk density (p,), organic matte
(OM), cation exchange capacity (CEC), clay mineralogy, and temperature
The SP and p, are both directly influenced by clay content (or texture) and
OM. Furthermore, the exchange surfaces on clays and OM prOth& !
solid-liquid phase pathway primarily via exchangeable cations; conse
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jays of Electrical Conductance

Soil Cross Section

(D

18, Schematic showing the three conductance pathways of apparent

conductivity (EC,). Pathway 1 = liquid phase conductance, Path-

olid phase conductance, and Pathway 3 = solid-liquid phase conduc-

» Fom Rhoades et al. (1989b). Reprinted with permission from the Soil Sci-
Wiety of America.

iy, clay type and content (or texture), CEC, and OM are recognized
influencing EC, measurements. Measurements of EC, must be
d with these influencing factors in mind.
paramount importance that the concept of parallel pathways of
is understood in order to interpret EC, measurements. Inter-
measurements is accomplished best with ground-truth meas-
of the soil physical and chemical properties that potentially
EC, at the point of measurement. An understanding and inter-
of geospatial EC, data can only be obtained from ground-truth
of soil properties that correlate with EC, from either a direct
ence or indirect association. For this reason, geospatial EC, measure-
Lare used as a surrogate of soil spatial variability to direct soil
when mapping soil salinity at field scales and larger spatial
ey are not generally used as a direct measure of soil salinity,
i at EC, <2 dS m ' where the influence of conductive soil prop-
suther than salinity can have an increased influence on the EC, read-
Athigh EC, values, salinity is most likely dominating the EC, read-
uently, geospatial EC, measurements are most likely mapping
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METHODS OF FIELD-SCALE SOIL SALINITY MEASUREM

Soil salinity is a dynamic soil property that is highly spatially &
temporally variable. The dynamic nature of soil salinity makes mappi

ing soil salinity at field scale requires a rapid, reliable, easy method
taking geospatial measurements. The use of soil samples to me
salinity (e.g., EC,, EC,.y, EC,.5, EC,.5, or EC,) at field scales is impr:
because of the need for hundreds and even thousands of grid samps

reflect the range and variability of salinity within the area of study. Il
can be achieved using easily measured spatial information correlateds
soil salinity as a means of directing where to take the fewest samy
Two potential sources of correlated spatial information used to di
where soil samples should be taken to measure EC, are: (1) visual &
observation, and (2) geospatial measurements of EC, with mobile R o
EMI equipment.

Associated with visual crop observation but considered a distin
potential approach is the use of multi- and hyperspectral imagery. f
though the use of remote imagery has tremendous potential, at this poii
it is still restricted to research because the methodology has not b
developed for general application to mapping and monitoring salinity. &
present, only the use of geospatial measurements of EC, can provide i
able, accurate maps of salinity at field scales. Even so, remote imagen
will unquestionably play a future role in mapping salinity, particulatlys
landscape scales.

Visual Crop Observation

Visual crop observation is a quick method, but it has the disadvantag
that salinity development is detected after crop damage has occ
consequently, crop yield must be sacrificed to locate areas of salinify
development. Furthermore, decreases in crop yield are not necessarl
the consequence of only salt accumulation. Crops respond to a varie
of anthropogenic (e.g., irrigation uniformity, farm equipment traffic
edaphic (e.g., salinity, water content, texture, OM), biological (e.g., di
case, nematodes), meteorological (e.g., precipitation, humidity, tempers
ture), and topographical (e.g., slope, elevation, microrelief) factors, any
of which can cause yield reduction. Because of the variety of factos
influencing crop yield and quality, the use of visual crop observationsf |
assess soil salinity is not definitive and can be extremely misleading.

The least desirable method to measure salinity distributions in the field
is visual observation because crop yields are reduced to obtain soil salir-
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simation, and the crop yield decrements may or may not be related
V. However, remote imagery is increasingly becoming a part of
eand potentially represents a quantitative approach to visual
? fion. Remote imagery may offer a potential for early detection of
ot of salinity damage to plants. The expectations for the use of
-and hyperspectral imagery to map and monitor soil salinity as well
L spatial variability of other soil properties (e.g., water content, min-
v and others) is high and will no doubt prove fruitful as research
es in this area.

ial EC, Measurements

ause of the quickness and ease with which geospatial measure-
80 EC, can be obtained and because EC, measures a variety of prop-
s that potentially influence crop yield and quality (i.e., salinity, water
wil, texture, OM, bulk density), geospatial EC, measurements can
W s a surrogate to characterize the spatial variability of a variety of
wuties, particularly soil salinity (Corwin 2005). It has been hypothe-
4 B}ICOrwin and Lesch (2003, 2005b) that spatial EC, information can
sl to develop a soil sampling plan that identifies sites reflecting the
¢ and variability of soil salinity and/or other soil properties corre-
i with EC,. The use of geospatial EC, measurements to direct a soil
g plan is referred to as EC,-directed soil sampling (Corwin 2005).
] proach has been demonstrated for not only mapping salinity at
{saale (Corwin et al. 2003a; Corwin and Lesch 2005¢) but also for
Jlcations in (1) precision agriculture to define site-specific manage-
it units (Corwin 2005; Corwin et al. 2003b); (2) monitoring manage-
linduced spatio-temporal changes due to degraded water reuse
wwin et al. 2006); (3) characterizing soil spatial variability (Corwin
1) and (4) modeling nonpoint source pollutants in the vadose zone
Lnwin 2005; Corwin et al. 1999). Fach of these applications uses EC,-
sded soil sampling to characterize the spatial variability of a soil prop-
ar properties of significance to the particular application.

Heclrical resistivity (e.g., Wenner array) and EMI are both well suited
W lield-scale applications because their volumes of measurement are
wue, which reduces the influence of local-scale variability. To obtain
tial measurements, a mobile means of measuring EC, is essential.
EC, equipment has been developed by a variety of researchers
on et al. 1994; Carter et al. 1993; Freeland et al. 2002; Jaynes et al.
4%, Kitchen et al. 1996; McNeill 1992; Rhoades 1993). The development
S mobile FC, measurement equipment has made it possible to produce
L maps with measurements taken every few meters. Mobile EC, meas-
sment equipment has been developed for both ER and EMI geophysical
proaches.
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By mounting the four ER electrodes to “fix” their spacing, conside
time for a measurement is saved. A tractor-mounted version of the ‘i
electrode array” has been developed that georeferences the EC, meass
ment with a GPS (Rhoades 1993). The mobile, fixed-electrodeas
equipment is well suited for collecting detailed maps of the spatia
ability of EC, at field scales and larger. Veris Technologies (2011}
developed a commercial mobile system for measuring EC, using thes
ciples of ER, which uses the spacing of 6 coulter electrodes to measus!
to depths of 0-30 and 0-91 cm (Fig. 10-9a).

FIGURE 10-9. Mobile apparent soil electrical conductivity (EC,) equipn
(a) Veris 3100 electrical resistivity rig, and (b) electromagnetic inductions

developed at the U.S. Salinity Laboratory with a close-up of the sled containing
dual-dipole Geonics EM-38. '
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EMI equipment developed at the U.S. Salinity Laboratory
is available for appraisal of soil salinity and other soil
, water content and clay content) using an EM-38.
obile EMI equipment developed at the U.S. Salinity Lab-
dified by the addition of a dual-dipole EM-38 unit (Fig.
ALEM-2. The dual-dipole EM-38 conductivity meter
records data in both dipole orientations (horizontal and
time intervals of just a few seconds between readings. The
il equipment is suited for the detailed mapping of EC, and
| properties at specified depth intervals through the root-
‘advantage of the mobile dual-dipole EMI equipment over the
array resistivity equipment is that the EMI technique is
50 it can be used in dry, frozen, or stony soils that would
ble to the invasive technique of the fixed-array approach
d for good electrode—soil contact. The disadvantage of the
would be that the EC, is a depth-weighted value that is
Ldepth McNeill (1980).

tthe U.S. Salinity Laboratory have developed an integrated
ot the measurement of field-scale salinity consisting of (1) mobile
wurement equipment (Rhoades 1993), (2) protocols for EC,-
sil sampling (Corwin and Lesch 2005b), and (3) sample design
d(Lesch et al. 2000). The integrated system for mapping soil salin-
ally illustrated in Figure 10-10.

Is of an EC, survey for measuring soil salinity at field scale
it basic elements: (1) EC, survey design, (2) georeferenced EC,
ion, (3) soil sample design based on georeferenced EC, data,
ple collection, (5) physical and chemical analysis of pertinent
les, (6) spatial statistical analysis, (7) determination of the
il properties influencing the EC, measurements at the study
GIS development. The basic steps for each element are pro-
le 10-2. A detailed discussion of the protocols can be found in
Lesch (2005b). Corwin and Lesch (2005¢) provide a case
trating the use of the protocols. Arguably, the most signifi-
of the protocols is the EC,-directed soil sampling design,
wartants discussion.

ample Design Based on Geospatial EC, Data

W a georeferenced EC, survey is conducted, the data are used to
Wil the locations of the soil core sample sites for (1) calibration of
sample EC, and /or (2) delineation of the spatial distribution of
wperties correlated to EC, within the field surveyed. To establish
: where soil cores are to be taken, either design-based or pre-
w-based (i.e., model-based) sampling schemes can be used. Design-
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EC,-directed§
Sampling

EC, Survey

]

-
L

Response surface

Sample design

Lab analyses |& GIS

= Basic statistics
= Simple statistical co
= F-tests

* Graphical displays, etc.

FIGURE 10-10. Schematic of the integrated system for mapping field-s
salinity as developed at the U.S. Salinity Laboratory. )

based sampling schemes have historically been the most commonly &
and hence are more familiar to most research scientists. An e
review of design-based methods can be found in Thompson {If
Design-based methods include simple random sampling, stratified
dom sampling, multistage sampling, cluster sampling, and networks
pling schemes. The use of unsupervised classification by Fraisse ¢
(2001) and Johnson et al. (2001) is an example of design-based sampl
Prediction-based sampling schemes are less common, although sig
cant statistical research has been recently performed in this area (V

et al. 2000). Prediction-based sampling approaches have been applie!
the optimal collection of spatial data by Miiller (2001); the specifica

optimal designs for variogram estimation by Miiller and Zimmens
(1999); the estimation of spatially referenced linear regression models
Lesch (2005) and Lesch et al. (1995b); and the estimation of geos
mixed linear models by Zhu and Stein (2006). Conceptually simil
of nonrandom sampling designs for variogram estimation have be
introduced by Bogaert and Russo (1999), Russo (1984), and Warrick
Myers (1987). Both design-based and prediction-based sampling metl
can be applied to geospatial EC, data to direct soil sampling as a mears
characterizing soil spatial variability (Corwin and Lesch 2005b).
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12 Outline of Steps to Conduct an EC, Field Survey to
Map Soil Salinity

plion and EC, survey design

site metadata.

¢ project’s/survey’s objective.
te boundaries.

'S coordinate system.

EC, measurement intensity.

i collection with mobile GPS-based equipment

plerence site boundaries and significant physical geographic
1res with GPS.

wsure georeferenced EC, data at the predetermined spatial

v and record associated metadata.

mple design based on georeferenced EC, data

ally analyze EC, data using an appropriate statistical

¢ design to establish the soil sample site locations.

fablish site locations, depth of sampling, sample depth incre-
pats, and number of cores per site.

yesampling at specified sites designated by the sample design
measurements of soil temperature through the profile at
sites.

\trandomly selected locations, obtain duplicate soil cores within
l-m distance of one another to establish local-scale variation of

il properties.

d soil core observations (e.g., mottling, horizonation, tex-
discontinuities).

analysis of soil salinity and other EC,-correlated physical
chemical properties defined by project objectives

, stochastic and /or deterministic calibration of EC, to EC, or
soil properties (e.g., water content and texture)

v'-statistical analysis to determine the soil properties influencing

Perform a basic statistical analysis of physical and chemical data,
inc udmg soil salinity, by depth increment and by composite

depth over the depth of measurement of EC,.

ermine the correlation between EC, and salinity and between
and other soil properties by composite depth over the depth
ol measurement of EC,,.

15 database development and graphic display of spatial distribution
I il properties

¢ from Corwin and Lesch (2005b) specifically for mapping soil salinity.



322 AGRICULTURAL SALINITY ASSESSMENT AND MANAGEMENT

The prediction-based sampling approach was introduced by i
etal. (1995b). This sampling approach attempts to optimize the esting
of a regression model, that is, minimize the mean square prediction,
produced by the calibration function, while simultaneously ensuring
the independent regression model residual error assumption rea
approximately valid. This, in turn, allows an ordinary regression m
be used to predict soil property levels at all remaining (i.e., nonsanmy
conductivity survey sites. The basis for this sampling approach s
directly from traditional response-surface sampling methodology
and Draper 1987).

There are two main advantages to the response-surface approach |
a substantial reduction in the number of samples required for effects
estimating a calibration function can be achieved, in comparison lus
traditional design-based sampling schemes. Second, this approach &
itself naturally to the analysis of EC, data. Indeed, many types of
airborne-, and/or satellite-based remotely sensed data are often colli
specifically because one expects these data to correlate stronglyy
some parameter of interest (e.g., crop stress, soil type, soil salinity):
the exact parameter estimates (associated with the calibration m
may still need to be determined via some type of site-specific samp
design. The response-surface approach explicitly optimizes this sites
tion process.

A user-friendly software package (ESAP) developed by Leschef
(2000), which uses a response-surface sampling design, has proven i
particularly effective in delineating spatial distributions of soil prope
from EC, survey data (Corwin 2005; Corwin et al. 2003a,b, 2006; Cis
and Lesch 2003, 2005¢). The ESAP software package identifies the opti
locations for soil sample sites from the EC, survey data. These sites.
selected based on spatial statistics to reflect the observed spatial van
ity in EC, survey measurements. Generally, 6 to 20 sites are seli
depending on the level of variability of the EC, measurements for 31
The optimal locations of a minimal subset of EC, survey sites are id¢
fied to obtain soil samples.

Once the number and location of the sample sites have been e
lished, the depth of soil core sampling, sample depth increments, |
number of sites where duplicate or replicate core samples should be
are established. The depth of sampling should be the same at each san
site and should extend over the depth of penetration by the EC -meas
ment equipment used. For instance, the Geonics EM-38 measures|
depth of roughly 0.75 to 1.0 m in the horizontal coil configuration (&
and 1.2 1.5 m in the vertical coil configuration (EM,). Sample depthint
ments are flexible and depend to a great extent on the study objectite
depth increment of 0.3 m has been commonly used at the U.S. Salig
Laboratory because it provides sufficient soil profile information ove:
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(-12t0 1.5 m) for statistical analysis without an overly burden-
mber of samples to conduct physical and chemical analyses.
rements should be the same from one sample site to the next.
of duplicates or replicates taken at each sample site is deter-
desired accuracy for characterizing soil properties and the
blishing the level of local-scale variability at the site. Dupli-
cates are not necessarily needed at every sample site to estab-
ale variability.

mitions when Conducting an EC, Survey

f considerations must be heeded when conducting a
_ survey to map soil salinity. Each of these considerations
' the EC, measurement, leading to a potential misinterpreta-
ity distribution. These considerations account for tempo-
surface roughness, and surface geometry effects.
comparisons of geospatial EC,; measurements to determine
al changes in salinity patterns of distribution can only be
_,survey data that have been obtained under similar water-
temperature conditions. Surveys of EC, should be conducted
er content is at or near field capacity and the soil profile tem-
» similar. For irrigated fields, EC, surveys should be con-
y two to four days after an irrigation, or longer if the soil is
i content and additional time is needed for the soil to drain to
waity. For dryland farming, the survey should occur two to four
¢4 substantial rainfall, or longer, depending on soil texture. The
lemperature can be addressed by taking soil profile tempera-
time of the EC, survey and temperature-correcting the EC,
s, or by conducting the surveys roughly at the same time dur-
that the temperature profiles are the same for each survey.
irrigation used can influence the within-field spatial distri-
ter content and should be kept in mind as a factor influenc-
al patterns. Sprinkler irrigation has a high level of applica-
, whereas flood irrigation and drip irrigation are highly
1 In general flood irrigation results in higher water contents
ing at the “head” end of the field, while underleaching and
ontents can occur at the “tail” end of the field. This general
eld trend is observed for both flood irrigation with basins
ul irigation with beds and furrows, but beds and furrows intro-
\added level of localized complexity. Flood irrigation with beds
s results in localized variations in water content, with high
ents and greater leaching occurring under the furrows while
lypically show lower water contents and accumulations of
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The presence or absence of beds and furrows is a significant fact
ing a geospatial EC, survey. Measurements taken in furrows will§
from measurements taken in beds due to water flow and salt accus
tion patterns. In addition, the physical presence of the bed influenc
conductivity pathways, particularly when using EMI. These s
geometry effects are in addition to the effects of moisture and saliniy
tribution patterns that are present in beds and furrows. To assess sl
in a bed-furrow irrigated field, it is probably best to take the EC
urements in the bed. Above all, the EC, measurements must be cons:
either entirely in the furrow or entirely in the bed.

Surveys of drip-irrigated fields are even more complicated than!
surveys of bed-furrow irrigated fields. Drip irrigation produces comg
local- and field-scale three-dimensional patterns of water content
salinity that are particularly difficult to spatially charactem’e W
geospatial EC, measurements (or any salinity measurement techniqu
that matter). The easiest approach is to run EC, transects both ove
between drip lines to capture the local-scale variation.

The roughness of the soil surface can also influence spatial EC, me
urements. Geospatial EC, measurements taken on a smooth field su
will be higher than the same field with a rough surface from disking, |
is due to the fact that the disturbed disked soil acts as an insulated lays
the conductance pathways, thereby reducing its conductance. Whei ¢
ducting a geospatial EC, survey of a field, the entire field must have#
same surface roughness. ’

These factors, if not taken into account when conducting an EC,
vey, will likely produce a “banding” effect. For example, if an EC, surg
is conducted on a field that has areal differences in water content, soil p
file temperature, surface roughness, and surface geometry, then bands:
EC, such as those found in Fig. 10-11 will result. These bands reflect
variations in soil moisture, temperature, roughness, and surface geu
try, which must be uniform across a field to produce a reliable EC, s
that can be used to direct soil sampling to spatially characterize the diss
bution of salinity.

USE OF REMOTE IMAGERY FOR MEASURING SOIL SALINITY Al
FIELD AND LANDSCAPE SCALES

While field-based measurements of soil salinity have progress
greatly over the past decades, they remain limited to mapping soil salirif
over a small number of fields in a single day. Assessments of soil sali
across entire landscapes and through time are therefore difficult ad
expensive to conduct with field-based approaches alone. Remote sensii
instruments aboard airplanes or satellites routinely acquire measus
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0-11. A poorly designed apparent soil electrical conductivity (EC,)
ving the banding that occurs when surveys are conducted at different
varying water contents, temperatures, surface roughnesses, and sur-
iy conditions.

ol energy reflected or emitted from the land surface across wide
land, thus presenting an opportunity for low-cost mapping of
t broad scales.

ately, in our estimation, efforts to relate remote sensing data
ity have achieved limited success. Most methods have been
irical in nature, and empirical relationships successful in one
have tended to break down when applied to data from different
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scales, years, or locations. This is especially true in the case of map
salinity at slight to moderate levels (EC, = 2 to 8 dS m '), Here w P
vide a selective review of past work and highlight the approaches
believe are most promising for the future. More exhaustive review
remote sensing techniques for soil salinity can be found in Mettems
and Zinck (2003) and Mougenot et al. (1993)

As with EC,, remote sensing measurements are influenced by ar
of land surface properties, with soil salinity representing only one of
factors. The overall challenge is to find some measure that is sensitie
soil salinity but insensitive to other factors that vary in the landscape. |
measure may be reflectance or emittance at a particular wavelength,
strategic combination of measurements made at different wavelengt
dates, or locations. Importantly, the appropriate measure may depend
the aspect of soil salinity that is of interest. For example, reflectance s
a soil surface is affected by salinity only in the upper few centim
soil, which may not be representative of average salinity at
depths. In contrast, reflectance from plant canopies can provide i
tion on soil salinity throughout the rootzone.

Much of the work on remote sensing of salinity has been done i #
two major agricultural regions affected by salinity: the 1rr1gated
tems of India and Pakistan and the rain-fed systems of Australia. Fi
work relied heavily on visual interpretation of aerial photos or Lands
satellite images. Verma et al. (1994) observed that remote indicatars:
canopy biomass [Landsat red and near-infrared (NIR) reflectance] d
ing the peak of the cropping season in the Indo-Gangetic Plains s
cessfully distinguished barren saline soils from healthy crop land.
Landsat thermal image was then used to separate saline fields from
low fields with sandy soils, which had similarly bright reflectance
ues but lower soil moisture levels. Many similar studies have been s
ducted throughout India that rely mainly on a lack of vegetations
salt-affected soils (IDNP 2002; Sharma et al. 2000). Other studies ha
used images acquired prior to the growing season, when white &
crusts on the surface of saline soils are significantly brighter than ne
saline soils (IDNP 2002).

Both of these approaches can be quite useful for mapping sevenh
saline soils (EC, > 25 dS m 1), but are problematic for less severe cases
are not marked by salt crusts and barren land. In general, an important s
tor in evaluating any study is the range of salinity values sampled. &
example, a high model R? can be driven by a few points above 20 dSn
even though the model’s predictive power at lower levels is poor.

The more challenging problem of mapping slight to moderate saling
has been approached in several ways. A common method has been to s
the health of crop condition as an indicator of soil salinity. In aerial phots
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i tolor infrared film, dense vegetation appears bright red, saline
war bright white, and fields with sparse canopies appear pinkish.
| satellite data can be similarly displayed and interpreted
@ quantitative measures can also be used, such as the normal-
o vegetation index (NDVT) based on INIR and red reflectance:
R~ Red)/(NIR + Red).
ple, Wiegand et al. (1994, 1996) found strong linear relation-
NDVI and rootzone salinity in salt-affected cotton and
lds. However, such simple relationships are only likely to
where salinity is the major factor responsible for variability
Landscapes with only slight to moderate salinity are likely
‘many other factors, such as field management, that affect yields
) or more than salinity. Extrapolation of relationships within a
nber of salt-affected fields to an entire landscape can therefore
ge errors.
55 this problem, some have proposed using average crop
& number of years to filter out noise from nonsoil factors,
to vary from year to year. Lobell et al. (2007) found very weak
ps between salinity and yields in individual years in the Col-
ier delta region of Mexico, but much stronger correspondence
msalinity and maximum yield over a six-year period. In Australia,
al. (1995) reported large commission errors for a classification of
when using a single year of image data, because many areas
condition were incorrectly labeled as saline. These errors of
were reduced from 20% to 2% by the addition of a second
dsat data.
common approach is to estimate salinity from soil reflectance
ued when the surface is bare. These methods rely on the bright
¢ reflectance of surface salts, several characteristic absorption fea-
1 lnnger wavelengths, or both (Ben-Dor et al. 2002; Csillag et al.
Uehaan and Taylor 2002). However, because soil reflectance can
tlv due to spatially and temporally variable moisture or sur-
oughness conditions, these techniques often result in poor accura-
when applied outside of the calibration dataset. As mentioned, soil
I at the surface can also correlate poorly with average rootzone

developed but promising approach is to exploit the spatial
of remote sensing data. Because salts tend to be spatially het-
wneous, saline fields may be identified by a high standard deviation
\DVI within fields (Metternicht and Zinck 1997). This approach
uies relatively high spatial resolution imagery, accurate information
Suld boundaries, and a relatively low contribution of other factors to
infield heterogeneity.
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Overall, no single remote sensing approach has proven pagti
effective for mapping salinity at low to moderate levels. Therelos
most successful approaches are likely to combine information from g
ety of sources, including multiple remote sensing measures as well &
eral nonremote indicators such as landscape position, soil
topography (Furby et al. 1995; Metternicht 2001; Tweed et al.
with any spatial prediction problem, the use of independent v
data will also be critical to evaluating and improving salinity esti
For example, simply extrapolating local empirical relationships
mate regional totals (Madrigal et al. 2003) should be avoided. As

half) of sites for independent validation can help to identify shortc
in the original algorithms and suggest improvements. Another impos
methodological consideration for regional mapping is that sites shoul
selected at random and not preferentially in saline areas. Table
ents a summary of elements that are most likely, in our opinion,
in successful salinity mapping with remote sensing at landscape s
Recently, Lobell et al. (2010) published a successful regional-scale salis
assessment of 284,000 ha using these recommended elements.

TABLE 10-3. Some Elements Key to Successful Remote Sensing i
Salinity at Landscape Scales

Element Comment
Well-timed image Images should be selected, if possible
acquisition from end of dry season for methods

based on soil reflectance, or from peak
of growing season for methods based
on crop canopy reflectance.

Randomly selected A bias of training sites toward high-

training sites salinity fields will likely result inan
overestimation of regional salinity
levels.

Independent validation data Prediction errors for test data can be

much larger than training errors.

Multiple years of images Nonsoil factors can heavily influence
reflectance in any one year, but will
tend to average out over multiple
years.

Ancillary data Combining remote sensing with other
GIS data (soil texture, topography, ete.,
can greatly improve model accuracy,
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us methods of measuring/estimating soil salinity have pros

eand reliable, directly measuring the aqueous extract of
the laboratory is labor-intensive and costly.
soil samples to measure salinity at field scales is only
if sampling is directed using an easy-to-take surrogate
I, such as apparent soil electrical conductivity (EC,), to
the number of samples.
\ple volumes of soil solution extractors and soil salinity sen-
small, which affects their ability to provide data representa-
eld conditions.
ents of apparent soil conductivity (EC,) can be made
ectrical resistivity (ER), electromagnetic induction (EMI),
domain reflectometry (TDR). In general, when measuring
important to take into consideration the multiple pathways
I conductivity in the bulk soil; consequently, EC, may be
by salinity, texture, water content, bulk density, organic
rin the soil, cation exchange capacity, clay mineralogy, and
perature.
-scale salinity measurement, a systematic EC,-directed sam-
ipproach is required that minimizes the primary influences of
op erty effects (such as water content, texture, bulk density,
il temperature) and avoids the confounding secondary influ-
of soil condition effects (such as surface roughness, presence
bsences of beds and furrows, ambient air temperature effects on
trumentation, and compaction) to reliably measure the target
ty of soil salinity.
sensing techniques are an experimental approach to map-
soil salinity over regional scales with tremendous potential, but
correlations between energy strength and spectrum and field
unditions are needed before the technique is reliable.

.

technique for measuring and mapping soil salinity at field scale
directed soil sampling is well understood, and an eight-step
Wl s outlined in Table 10-2.
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NOTATION
CEC = cation exchange capacity
EC = electrical conductivity
EC, = electrical conductivity of the bulk soil, referred to as apparent
soil electrical conductivity
EC, =

electrical conductivity of an extract of a saturated soil paste
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ctrical conductivity of saturated soil paste

trical conductivity of a soil solution

ctromagnetic induction when the instrument coils are parallel
) the soil surface

omagnetic induction when the instrument coils are per-
licular to the soil surface

magnetic induction

trical resistivity

evapotranspiration

‘ alized difference vegetation index

ration percentage

> domain reflectometry





