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Preface

Volume 158 contains five timely and excellent reviews on topics of
relevance to the crop and soil sciences. Chapter 1 is a comprehensive review
on assessment of salinity across multiple scales using proximal and remote
sensors. Chapter 2 deals with the eftect of biochar on phosphorus transfor-
mations in agricultural soils. Chapter 3 discusses the current status and
frontiers in applying grazing land models for ecosystem management.
Chapter 4 1s a contemporary review of soil carbon in sandy soils.
Chapter 5 discusses how the National Academy of Sciences Prize in Food
and Agriculture Science was established.
[ am grateful to the authors for their fine contributions.
DoNALD L. SPARKS
Newark, Delaware, United States
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for agriculture across multiple
scales using proximal and/or
remote sensors
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Abstract

Mapping and monitoring soil spatial variability is particularly problematic for tempo-
rally and spatially dynamic properties such as soil salinity. The tools necessary to
address this classic problem only reached maturity within the past 2 decades to
enable field- to regional-scale salinity assessment of the root zone, including GPS,
GIS, geophysical techniques involving proximal and remote sensors, and a greater
understanding of apparent soil electrical conductivity (EC;) and multi- and hyper-
spectral imagery. The concurrent development and application of these tools have
made it possible to map soil salinity across multiple scales, which back in the 1980s
was prohibitively expensive and impractical even at field scale. The combination of
EC,-directed soil sampling and remote imagery has played a key role in mapping
and monitoring soil salinity at large spatial extents with accuracy sufficient for applica-
tions ranging from field-scale site-specific management to statewide water allocation
management to control salinity within irrigation districts. The objective of this paper is:
(i) to present a review of the geophysical and remote imagery techniques used to
assess soil salinity variability within the root zone from field to regional scales; (i) to
elucidate gaps in our knowledge and understanding of mapping soil salinity; and
(iii) to synthesize existing knowledge to give new insight into the direction soil salinity
mapping is heading to benefit policy makers, land resource managers, producers, agri-
culture consultants, extension specialists, and resource conservation field staff. The
review covers the need and justification for mapping and monitoring salinity, basic
concepts of soil salinity and its measurement, past geophysical and remote imagery
research critical to salinity assessment, current approaches for mapping salinity at
different scales, milestones in multi-scale salinity assessment, and future direction of
field- to regional-scale salinity assessment.

Highlights

e Areview of multi-scale soil salinity assessment using proximal and remote sensors is
presented.

* Geophysical and remote sensing approaches to map salinity across multiple scales
are discussed.

*  Milestones in multi-scale salinity assessment are outlined.

*  Future direction and knowledge gaps of field- to regional-scale salinity assessment
are pointed out.

Abbreviations

ANOCOVA  analysis of covariance

CCR common coefficient regression

EC, apparent soil electrical conductivity (dSm ™)

EC,. electrical conductivity of the saturation extract (dSm ™)

EM,, EC, measured with electromagnetic induction in the horizontal coil con-

figuration (dSm™ )
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EM, EC, measured with electromagnetic induction in the vertical coil configu-
ration (dSm™")

EMI electromagnetic induction

FSR field specific regression

MSE mean square error

MSPE mean square prediction error

1. Introduction

Soils are notoriously heterogeneous, which is a well-documented fact
since the classic paper by Nielsen et al. (1973) regarding the spatial variability
of soil water properties measured within a field. The variability of soil is due
to the interaction of pedogenic (i.e., soil parent material), edaphic (i.e., soil
permeability, water table depth, salinity of perched groundwater, topogra-
phy, and geohydrology), meteorological (i.e., amount and distribution of
rainfall, temperature, relative humidity, and wind), biological (i.e., vegeta-
tion), and anthropogenic (i.e., irrigation, drainage, tillage, and cropping
practices) factors (Rhoades et al., 1999a; Samake et al., 2005; Wei et al.,
2008; Yemefack etal., 2005). Characterizing soil spatial variability is without
question one of the most significant areas of soil research because of its broad
reaching influence on field- to landscape-scale processes related to agricul-
ture and the environment, including solute transport, within-field variation
in crop yield, and soil salinity distribution, just to mention a few. No prac-
tical environmental or agricultural application involving soil at field scale or
larger spatial extents can ignore spatial variability because soil is spatially var-
1able in its physical and chemical makeup.

Soil salinity is a worldwide concern in arid and semi-arid agricultural
areas. Salt-affected soils are estimated to comprise 23% of the cultivated land,
approximately 3.5 x 10%ha (Massoud, 1981). In actuality, there are no
directly measured global inventories of soil salinity. All known global inven-
tories of soil salinity and with only a few exceptions all known regional-scale
inventories are gross approximations based on qualitative and not quantita-
tive data (Lobell, 2010; Lobell et al., 2010).

Soil salinity is a property that is particularly challenging to assess in the
field because it is a dynamic property that is highly variable in space and time.
The ability to map and monitor soil salinity from field to regional scale in
near real time (i.e., hours or days rather than weeks or months) meets a
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fundamental soil information need of researchers, producers, agriculture
consultants, farm advisors, soil and crop scientists, natural resource conser-
vationists and managers, irrigation specialists, cooperative extension spe-
cialists, and land and water policy makers at a time in modern history
when altered weather patterns are im pacting agricultural lands and the
environment to an unprecedented extent. Arid-zone agricultural areas,
such as the west side of California’s S an Joaquin Valley, are experiencing
salt accumulation in the root zon e due to extreme drought conditions
(Corwin and Scudiero, 2017 ). In addition, the scarcity of water is causing
a shift from flood and sprinkler irrigation to micro irrigation (e.g., drip,
buried drip, and micro-sprinkler irrigation), which significantly increases
the spatial and temporal complexity of field-scale salinity distribution in
the root zone, making the long-term management of salinity a greater
challenge.

The need for field-scale mapping and monitoring of salinity in the root
zone has never been greater due to limited water resources and complex spa-
tial distributions of salinity that necessitate site-specific management using
near real-time maps of salinity distributions. Concomitantly, maps of
root-zone salinity are in demand at regional, state, national, and global levels.
Spatial knowledge of root-zone soil salinity is needed at multiple scales for
site-specific management of salinity at farm levels to optimize scarce water
resources, for the development of water use and regulatory guidelines at state
and national levels, and for assessing trends of climate change impact at state,
national, and global levels.

It is the objective of this review to provide an overview of soil salinity
assessment through a discussion of (1) a brief background of salinity including
its definition, salinization processes, categories of salt-affected soils, and
impacts, (i) global extent of the salinity problem, (iii) brief background
in laboratory measurement of soil salinity, (iv) geospatial apparent soil elec-
trical conductivity (EC,) measurements for field-scale mapping of salinity,
(v) historical perspective of soil salinity assessment, (vi) previous reviews
of the measurement of soil properties with proximal and remote (i.e., air-
borne or satellite) sensors, (vii) milestones of salinity assessment research with
proximal and remote sensors, and (viii) knowledge gaps and trends in salinity
assessment research. This review distinguishes itself from previous reviews of
proximal and/or remote sensors used to measure soil properties by focusing
solely on soil salinity and on the pivotal research that has brought the scien-
tific community to its current level of understanding of assessing soil salinity
across multiple scales.
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1.1 Background in salinity: Definition, salinization processes,
categories of salt-affected soils, and impacts

Soil salinity refers to the total salt concentration in the soil solution (i.e.,
aqueous liquid phase of the soil and its solutes) consisting of soluble and read-
ily dissolvable salts including charged species (e.g., Na*, K*, Mg*? Ca™>,
Cl~, HCO3~, NO3~, SO4 2 and CO32), non-ionic solutes, and ions that
combine to form ion pairs (Corwin, 2003). The origin of salts in soil can be
natural or anthropogenic, where the former refers to primary salinization
and the latter, secondary salinization. The primary source of salts in soil
and water is the geochemical weathering of rocks from the Earth’s upper
strata, with atmospheric deposition, seawater intrusion, rising ground waters
in low-lying topography from saline aquifers serving as other natural sources,
and anthropogenic activities serving as secondary sources. Anthropogenic
sources include salts present in irrigation waters, residual salts from amend-
ments added to soil and water, animal wastes, chemical fertilizers, and
applied sewage sludge and effluents (Tanji, 2002). The predominant mech-
anism causing the accumulation of salt in the root zone of agricultural soils is
loss of water through evapotranspiration (i.e., combined processes of evap-
oration from the soil surface and plant transpiration), which selectively
removes water, leaving salts behind. Salinization commonly occurs on arid
and semi-arid zone soils where irrigation and/or rainfall are insufficient to
leach salts, where poor drainage and/or shallow water tables exist, where
there is an upslope recharge and downslope discharge, and where saline
sub-soils formed naturally from marine deposits.

The accumulation of soil salinity is a consequence of a variety of pro-
cesses. Fig. 1 illustrates some of these processes. In arid and semi-arid areas,
for example, where precipitation is less than evaporation, salts can accumu-
late at the soil surface when the depth to the water table is <1-1.5m
depending on the soil texture. The accumulation of salts at the soil surface
is the consequence of the upward flow of water and subsequent transport of
salts due to capillary rise driven by the evaporative process. However, the
most common cause for the accumulation of salts is evapotranspiration
(ET) by plants, which results in an increase in salt concentration with depth
through the root zone (see graph in Fig. 1) and the accumulation of salts
below the root zone. The level of salt accumulation within and below
the root zone due to ET depends upon the fraction of irrigation and/or pre-
cipitation that flows beyond the root zone, referred to as the leaching frac-
tion (LF). As the LF increases the total salts within the root zone decrease due
to their removal from the root zone by leaching. A third process is the
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What Causes Salt Accumulation?

\\\\

i &é Salinity Distribution
in the Root Zone

=
o

Depth (m)

-
o

Fig. 1 Various examples of how salts accumulate in soil. Taken from Corwin, D.L.,
Lesch, S.M., Lobell, D.B., 2012. Chapter 10: Laboratory and field measurements. In:
Wallender, W.W. and Tanji, K.K., (Eds.), Agricultural Salinity Assessment and Management,
second ed., ASCE Manuals and Reports on Engineering Practice No. 71. ASCE, New York, NY,
295-341 with permission.

formation of saline seeps, which generally form from topographic variation.
Saline seeps are common in the northern Great Plains of the United States.
There are several forms of saline seeps differing in their means of develop-
ment. In general, saline seeps form downslope of recharge areas in locations
where discharge is occurring because of the presence of a low conductivity
layer and shallow water table (Fig. 1). Salts leach from the upslope recharge
area, which tends to be an area of higher conductivity than the downslope
discharge area. Once the water and salts from upslope reach the downslope
low conductivity layer, they accumulate and move to the surface by
evaporation.

Soil salinity 1s a dynamic soil property particularly within the root zone.
This is due to evaporation from the soil surface and actively transpiring plants
that remove soil water through root-water extraction, which concentrate
salts in the soil solution, and due to replenishment of soil water from rainfall,
irrigation, or snowmelt, which dilute salts. Dissolved salts within the soil
profile are mobile due to diffusion and convective-dispersive processes. Soil
properties, including salinity development, are a consequence of the com-
plex interaction of meteorological, topographic, anthropogenic, edaphic,
pedogenic, and biological factors. These factors result in complex,
3-dimensional spatial patterns of salinity distribution within the root zone
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with a coefficient of variation generally over 60% (Corwin et al., 2003a).
This spatial complexity is clearly visible in the aerial images of precipitated
salt patterns on the surfaces of fields shown in Fig. 2. In contrast to tempo-
rally stable soil properties such as texture or bulk density, the spatial variation
of dynamic soil properties, such as salinity, is especially challenging to mea-
sure, map, and monitor due to their complex temporal and spatial nature. To
assess (i.e., measure, map, and/or monitor) soil salinity from field to regional
scale, reliable measurement techniques are required that can take numerous
geo-referenced measurements rapidly and accurately. Geophysical tech-
niques including proximal sensors such as electrical resistivity (ER), electro-
magnetic induction (EMI), and satellite sensors such as moderate resolution
imaging spectroradiometer (MODIS) and Landsat 7 are those most com-
monly used to assess soil salinity from field to regional scale.

Traditionally, there are three types of salt-affected soils: saline, sodic,
and saline-sodic. The U.S. Salinity Laboratory Staff (1954) classifies saline
soils as those with an electrical conductivity of the saturated soil paste
extract (EC.) of >4dSm™ ' and an exchangeable sodium percentage
(ESP) of <15%. However, the salinity threshold above which deleterious
effects occur to plants varies depending on the plant species, climate, soil
fertility, physical condition of the soil, and soil-water regime (Maas, 1996).
There is considerable uncertainty in yi eld-threshold salinity values because
of the influence of these factors on the salinity threshold ( Grieve et al.,
2012). Handbook 60 (U.S. Salinity Laboratory Statt, 1954 ) defines various
general categories of soil salinity: 0 —2dSm™' (non-saline), 2—4dSm ™'
(slightly saline), 4—8dSm™' (moderately saline), 8-16dSm ™" (strongly
saline), and >16dSm ™" (extremely saline). Sodic soils have an ESP > 15,
an EC.<4dSm™', and a lower limit of 13 for the saturation extract
sodium adsorption ratio (SAR). Saline-sodic soils have an EC . >4dSm ™"
and an ESP > 15.

The accumulation of salts in the root zone can have a variety of agricul-
tural impacts. Soil salinity can reduce plant growth, reduce yields, and in
severe cases, cause crop failure. Salinity impacts plant yield for several rea-
sons. Salinity limits plant water uptake by reducing the osmotic potential
making it more difficult for the plant to extract water. Salinity may also cause
specific-ion toxicity or upset the nutritional balance of plants. Extensive
plant salt tolerance literature documents the influence of soil salinity on crop
yield (Maas, 1996). In addition, the salt composition of the soil solution
influences the composition of cations on the exchange complex of soil par-
ticles, which influences soil permeability and tilth.
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Fig. 2 Aerial views illustrating the complex spatial patterns of soil salinity distribution
within various fields.
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Assessing and mapping soil salinity across multiple scales is an agronomic
decision-making tool for managing salinity and water. From an agricultural
perspective, two approaches customarily used to manage salinity are:
(1) irrigation and drainage and/or (ii) selecting plants of sufficient salt toler-
ance. Field-scale maps of soil salinity assist producers and agriculture consul-
tants in crop selection, salinity and irrigation management, soil quality and
health assessment, reclamation, and assessing degraded water reuse impacts,
while basin- to regional-scale maps of salinity provide resource managers and
policy makers with a decision-making tool for water and land management.
Field- to regional-scale maps of salinity are particularly crucial to producers
and decision-makers in water scarce areas of the world that are agriculturally
productive, such as California’s San Joaquin Valley.

1.2 Global extent of the salinity problem

Secondary salinization dates back 6000 years to the degradation of agricul-
tural lands in the Tigris-Euphrates Valleys of Mesopotamia by the Sume-
rians between 4000 and 2000BC due to irrigation practices. From a
contemporary perspective, of the 13.2 x 10” ha of land surface on the Earth,
only 1.5 x 107 ha is cultivated, 23% of the cultivated land is estimated to be
saline and another 37% is sodic, which comprises about 10% of the total
arable land (Massoud, 1981; Szabolcs, 1989). Squires and Glenn (2009) esti-
mated the global extent of saline soils to be 412 Mha, which closely agrees
with the FAO (http://www.fao.org/soils-portal/en/) estimate of 397 Mha.
The estimate of Szabolcs (1989) is more conservative, at 352 Mha. Only
17% of the world’s cropland is irrigated and yet irrigated agriculture
accounts for 30% of the world’s total agricultural production (Hillel,
2000). Worldwide, in the 1990s irrigated soils totaled about 227 million
ha with 20-50% regarded as salt affected (Flowers, 1999; Ghassemi et al.,
1995; Rhoades and Loveday, 1990; Szabolcs, 1989, 1992). In 2012 irrigated
lands worldwide were estimated at 324 million ha (FAO-AQUASTAT,
2013), with an estimated 20% or 62 million ha salt affected (Qadir et al.,
2014). In the 1990s, a conservative estimate of the cost of salinity to
agriculture was approximately $12 billion USD per year (Ghassemi
et al., 1995). More recently, an inflation-adjusted cost of salt-induced land
degradation was estimated at $441ha™", resulting in an estimated global
economic loss of $27.3 billion USD for 2013 (Qadir et al., 2014). Welle
and Mauter (2017) estimate an income loss due to salinity within California
alone at $3.7 billion USD for 2014.


http://www.fao.org/soils-portal/en/
http://www.fao.org/soils-portal/en/
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Approximately one-third of all agricultural lands are becoming saline
with over 100 countries experiencing problems from salt-affected soils
(Rengasamy, 2006; Squires and Glenn, 2009). Recent estimates are that
over the past 20 years the world has lost an average of 2000 ha of farmland
daily to salt damage (Qadir et al., 2014). Extensive salt-affected soils can be
found in the Aral Sea Basin of Central Asia, Indo-Gangetic Basin of India,
Indus Basin of Pakistan, Yellow River Basin of China, Euphrates Basin of
Syria and Iraq, Murray-Darling Basin of Australia, and California’s San
Joaquin Valley in the United States as well as Mediterranean areas of Europe
(e.g., Spain, Caspian Basin, the Ukraine, and the Carpathian Basin), north-
ern and eastern Africa, and northeastern Mexico. Table 1 provides an esti-
mation of the global distribution of all saline and sodic land areas with over 1
billion ha of land worldwide considered saline and/or sodic soils. Approx-
imately 30% of the soil in the conterminous United States is regarded as
moderate to severe potential for salinity issues (Tanji, 1996). In California
alone, an estimated 1.72Mha (29%) of all non-federal land is either saline
or sodic (Tanji, 1996).

However, the estimates of salt-affected soils in Table 1 are not based on
quantitative measurements of salinity and sodicity, but rather on qualitative
visual estimates of ground-truth salinity by field experts. Accurate statistics
on the extent of salt-affected soils are not available. In fact, there is no world-
wide inventory of salt-affect soils based on quantitative measurements of

Table 1 Global distribution of salt-affected soil.

Continent Saline (Mha) Sodic (Mha) Total (Mha)
Africa 122.9 86.7 209.6
South Asia 82.2 1.8 84.0
North and Central Asia 91.4 120.1 211.4
Southeast Asia 20.0 — 20.0

South America 69.4 59.8 129.2
North America 6.2 9.6 15.8
Mexico and Central America 2.0 - 2.0
Australia 17.6 340.0 357.6
Global total 411.7 617.9 1029.5

Taken from Squires, V.R., Glenn, E.P., 2009. Salination, desertification, and soil erosion. In: Squires,
V.R. (Ed.), The Role of Food, Agriculture, Forestry and Fisheries in Human Nutrition. Vol. IIl—Encyclopedia of
Life Support Systems. EOLSS Publishers, Oxford, UK, 102-123.



Copyright Elsevier 2019 This book belongs to Dennis Corwin

Review of multi-scale soil salinity assessment 11

salinity and sodicity because of the tremendous scale of such an undertaking
and the prohibitive cost. Recently, methodology has been developed to map
salinity quantitatively at regional scale (Corwin and Scudiero, 2016;
Scudiero et al., 2015). Another complicating factor in getting a worldwide
inventory of salt-affected soil is the different systems of classification used by
individual countries. Aside from the classification system established by the
U.S. Salinity Laboratory, which was adopted by the old Soil Conservation
Service (now referred to as the Natural Resource Conservation Service) for
their soil surveys, the Australians traditionally define sodic soils as having an
ESP between 6 and 14 and a strongly sodic soil having ESP > 15 (Northcote
and Skene, 1972).

1.3 Brief background in laboratory measurement of soil salinity

The most common technique for measuring soil salinity is laboratory anal-
ysis of aqueous extracts from disturbed soil samples. Because the current-
carrying capacity of soil solution is proportional to the concentration of ions
in the solution, soil salinity is quantified in terms of the total concentration of
the soluble salts as measured by the electrical conductivity (EC) of the soil
solution in dSm™" (U.S. Salinity Laboratory Staff, 1954).

Measurement of electrical conductivity is with a cell containing two
electrodes of constant geometry and distance of separation (Jurinak and
Suarez, 1996). Soil solution is placed between the two electrodes. An elec-
trical potential is imposed across the electrodes and the resistance of the solu-
tion between the electrodes is measured. The measured conductance is a
consequence of the solution’s salt concentration and the electrode geometry
whose eftects are embodied in a cell constant. At constant potential, the cur-
rent is inversely proportional to the solution’s resistance:

EC[ — k/Rt (1)

where EC, in units of dSm ™" is the electrical conductivity of the solution at
temperature f (°C), k is the cell constant, and R, is the measured resistance at
temperature f.

The soil/water ratio of an extract influences the partitioning of solutes
between the three soil phases (i.e., gas, solid, liquid); consequently, the ratio
must be standardized to obtain results that can be applied and interpreted
universally. Laboratory measurement of the EC of the saturation extract
(EC,) is the customary means of measuring soil salinity because it is imprac-
tical for routine purposes to extract soil water from samples at typical field
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water contents. One widely used technique is to obtain an extract by vac-
uum filtration of a saturated soil paste made with distilled water (Rhoades,
1996). Other commonly used extract ratios are 1:1, 1:2, and 1:5 soil/water
mixtures. However, extracts at these ratios adjust soil to unnaturally high
water contents not found in the field, providing only relative salinity. Soil
salinity can also be determined from the measurement of the EC of the soil
solution at some defined field water content (EC,), such as field capacity.
Field capacity represents the water content of soil 2-3 days after irrigation
when free drainage is negligible. Theoretically, EC,, is a more representative
index of soil salinity because the plant root is exposed to salinity at field
capacity. Nevertheless, EC,, has not been widely used for two reasons:
(1) it varies over the irrigation cycle as the soil water content changes and
(i) methods for obtaining soil solution samples at water contents less than
saturation are too labor and cost intensive to be practical for field-scale appli-
cations (Rhoades et al., 1999a).

Temperature has an effect on EC. Electrolytic conductivity increases
approximately 1.9% per degree centigrade over the range of 15-35°C; con-
sequently, EC is expressed at a reference temperature of 25 °C for purposes
of comparison (Corwin, 2003). To adjust the EC (e.g., EC, or EC,,) mea-
sured at a temperature ¢ (°C), EC, (dSm™"), to a reference EC at 25°C,
ECys, the following equations from Sheets and Hendrickx (1995) are used:

ECy =f*EC, 2)
f=0.4470 + 1.4034 exp (—1/26.815) 3)

where f; is a temperature conversion factor.

Obtaining the EC of a soil solution when the water content is at or less
than field capacity, which are the water contents most commonly found in
the field, is considerably more difficult than extracts for water contents at or
above saturation because of the pressure or suction required to remove the
soil solution at field capacity and lower water contents. Even so, measuring
soil salinity of 1:1, 1:2, or 1:5 soil/water extracts from soil samples taken to
characterize salinity distributions for volumes of soil beyond 10-20m” is
impractical due to the intensive labor requirements. Subsequently, the mea-
surement of apparent soil electrical conductivity (EC,) has been used to
measure the spatial variability of soil salinity in soil volumes >10-20m’
(i.e., the size of a small experimental plot).

Apparent soil electrical conductivity measures the conductance of the
bulk soil, i.e., it measures anything conductive in the soil. It is a fast, reliable
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measurement that is easily mobilized; consequently, extensive geospatial
EC, data can be collected in a short length of time. There are three primary
geophysical techniques for measuring EC, in the root zone (i.e., top 1.2 or
1.5m): electrical resistivity (ER), electromagnetic induction (EMI), and
time domain reflectometry (TDR). Electrical resistivity and EMI are easily
mobilized and are well suited for field-scale applications because of the ease
and low cost of measurement with a volume of measurement that is suffi-
ciently large (>1m’) to reduce the influence of local-scale variability.
Developments in agricultural applications of ER and EMI have occurred
along parallel paths with each filling a needed niche based upon inherent
strengths and limitations. Even though TDR is a useful and well-studied
technique for measuring EC,, it has lagged behind ER and EMI as an
“on-the-go” proximal sensor because it does not provide a continuous
stream measurement with associated GPS positions. Rather, TDR requires
the user to go from one location to the next, stopping at each location to take
discrete measurements; consequently, it is less rapid and is less appealing for
mapping EC, at field scales and larger spatial extents.

1.4 Electrical resistivity

Electrical resistivity methods introduce an electrical current into the soil
through current electrodes at the soil surface. The difference in current flow
potential is measured at potential electrodes that are placed in the vicinity of
the current flow (Fig. 3). These methods were developed in the second
decade of the 1900s by Conrad Schlumberger in France and Frank Wenner

| Resistance Meter U

| ‘ ‘ \
Current . Current
electrode Potential electrode

c, / P, /electrodes\ P, \\ c,
HALLALLL LA AT A LLL LA

Fig. 3 Schematic showing the electrical resistivity method with an array of four elec-
trodes: two current electrodes (C; and C,) and two potential electrodes (P, and P»).
When electrodes are equally spaced at distance g, as shown, the electrode array is called
a Wenner array. Taken from Corwin, D.L.,, Lesch, S.M., 2005a. Apparent soil electrical con-
ductivity measurements in agriculture. Comput. Electron Agric. 46 (1-3), 11—43 with
permission.
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in the United States for the evaluation of ground ER (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 electrodes and
the two inner electrodes serving as the potential or receiving electrodes (see
Fig. 3; Corwin and Hendrickx, 2002). The depth of penetration of the elec-
trical current and the volume of measurement increase as the inter-electrode
spacing, a, increases. For a homogeneous soil, the soil volume measured is
roughly mta’. There are additional electrode configurations that are fre-
quently used, as discussed by Dobrin (1960), Telford et al. (1990), and
Burger (1992).

Electrical resistivity and EMI techniques are both well suited for field-
scale applications because their volumes of measurement are large, which
reduces the influence of local-scale variability. However, ER is an invasive
technique that requires good contact between the soil and four electrodes
inserted into the soil; consequently, it produces less reliable measurements
in dry or stony soils than the non-invasive EMI measurement.

1.5 Electromagnetic induction

A transmitter coil located at one end of the EMI instrument induces circular
eddy-current loops in the soil with the magnitude of these loops directly
proportional to the electrical conductivity in the vicinity of that loop. Each
current loop generates a secondary electromagnetic field that is proportional
to the value of the current flowing within the loop. A fraction of the sec-
ondary induced electromagnetic field from each loop is intercepted by
the receiver coil of the instrument and the sum of these signals is amplified
and formed into an output voltage, which is related to a depth-weighted soil
electrical conductivity, EC,. 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, salinity), spacing of the coils and their orienta-
tion, frequency, and distance from the soil surface (Hendrickx and
Kachanoski, 2002).

The two most commonly used EMI conductivity meters in soil science
and in vadose zone hydrology are the Geonics' EM-31 and EM-38.

* Geonics Limited, Mississauga, Ontario, Canada. All references to commercial equipment and instru-
mentation are provided solely for the benefit of the reader and do not imply the endorsement of the
USDA.
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Fig. 4 Dual-dipole EM38 conductivity meter showing the connection between
(A) EM-38m and Trimble MC-V Pro-XL system consisting of (B) MC-V data logger,
(C) TANS receiver, (D) battery pack, and (E) dome antenna. Source: Corwin, D.L., Lesch,
S.M., 2005b. Characterizing soil spatial variability with apparent soil electrical conductivity:
I. Survey protocols. Comput. Electron Agric. 46 (1-3), 103—133.

The EM-38 (Fig. 4) has had greater application for agricultural purposes
because the depth of measurement corresponds roughly to the root zone
(i.e., 1.5m), when the instrument is placed in the vertical coil configuration.
In the horizontal coil configuration, the depth of the measurement is
0.75-1.0m. McNeill (1980, 1986) and Hendrickx and Kachanoski (2002)
discuss the operation of the EM-38 equipment. The depth of measurement
of the EM-31 is approximately 6m.

1.6 Time domain reflectometry

Noborio (2001) provides a review of time domain reflectometry (TDR)
with a thorough discussion of the theory for the measurement of soil water
content and EC,; probe configuration, construction, and installation; and
strengths and limitations. In addition, Wraith (2002) provides an excellent
overview of the principles, equipment, procedures, range and precision
of measurement, and calibration of TDR..

Time domain reflectometry was initially adapted for use in measuring
soil water content (Topp et al., 1980, 1982; Topp and Davis, 1981). The
TDR technique is based on the time for a voltage pulse to travel down a
soil probe and back, which is a function of the dielectric constant (y) of
the porous media being measured. Later, Dalton et al. (1984) demonstrated
the utility of TDR to measure EC,, based on the attenuation of the applied
signal voltage as it traverses through soil.
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Advantages of TDR for measuring EC, include (i) a relatively non-
invasive nature, (i) 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 measure-
ments at a single location, and (v) a lack of a calibration requirement for soil
water content measurements in many cases (Wraith, 2002). However,
because TDR is a stationary instrument where measurements are taken from
point-to-point thereby preventing it from mapping at the spatial resolution
of ER and EMI approaches, it is currently impractical for developing
detailed geo-referenced EC, maps for large areas.

Although TDR has been demonstrated to compare closely with other
accepted methods of EC, measurement (Heimovaara et al., 1995;
Mallants et al., 1996; Reece, 1998; Spaans and Baker, 1993), it is still not
sufficiently simple, robust, and fast enough for the general needs of field-
scale soil salinity assessment (Rhoades et al., 1999b). Currently, the use of
TDR for field-scale spatial characterization of soil water content and EC,
distributions is largely limited. Only ER and EMI have been widely adapted
for detailed spatial surveys consisting of intensive geo-referenced measure-
ments of EC, at field scales and larger (Rhoades et al., 1999a, b).

2. Geospatial apparent soil electrical conductivity (EC,)
measurements

Geospatial EC, measurements are particularly well suited for esta-
blishing within-field spatial variability of soil properties because they are
quick and dependable measurements that integrate the influence of several
soil properties contributing to the electrical conductance of the bulk soil. At
present, no other measurement provides a greater level of spatial soil infor-
mation than that of geospatial measurements of EC, when used to direct soil
sampling (Corwin and Lesch, 2005a). However, EC, is a complex soil prop-
erty that is influenced by a complex interaction of a variety of edaphic prop-
erties, including soil salinity (most commonly measured as the electrical
conductivity of the saturated soil paste extract or EC,), texture (quantita-
tively approximated by saturation percentage or SP), water content (0y,),
bulk density (py), organic matter (OM), clay minerology, cation exchange
capacity (CEC), and temperature (T). Measurements of EC, must be inter-
preted with these influencing edaphic factors in mind. Geospatial EC, mea-
surements serve as a means of defining spatial patterns that indicate
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differences in electrical conductance due to the combined conductance
influences of EC,, SP, 0, p,, OM, CEC, and T.

2.1 Basis for field-scale mapping of salinity with EC,

The characterization of the spatial variability of soil salinity at field scale using
geospatial EC, measurements is based on the hypothesis that spatial EC,
information can be used to develop a directed soil sampling plan, which
identifies sites that adequately reflect the range and variability of soil salinity
correlated with EC, at the site of interest. This hypothesis has repeatedly
held true for a variety of agricultural applications (Corwin and Lesch,
2005a). Because EC, is influenced by a variety of edaphic properties, an
understanding and interpretation of geospatial EC, data can only be obtained
from ground-truth measures of soil properties that correlate with EC,,
which results from either a direct influence or indirect association at the par-
ticular study site of interest. For this reason, geospatial EC, measurements are
used as a surrogate of soil spatial variability to direct soil sampling when map-
ping soil salinity (or any soil property correlated to EC,) at field scales and
larger spatial extents (i.e., up to 10km?) and are not generally used as a direct
measure of soil salinity except in instances where salinity is dominating the
EC, measurement.

3. Historical perspective of soil salinity assessment

Historically, there have been six methods commonly used to deter-
mine soil salinity at field scale and larger spatial extents (Corwin, 2008):
(1) visual crop observations, (ii) EC of soil solution extracts or extracts at
higher than normal water contents, (iii) ER, (iv) EMI, (v) TDR, and (v1)
multi- and hyper-spectral imagery. Visual crop observation is the oldest
and least quantitative means of determining the presence of soil salinity. It
is a rapid method, but has the distinct disadvantage that salinity is detected
after crop damage has occurred and it provides very little information about
low and moderate levels of salinity that do not influence a crop’s yield. For
obvious reasons, visual observation is the least desirable method because crop
yields are reduced to obtain spatial information on soil salinity. Multi- and
hyper-spectral imagery represent a quantitative approach to the antiquated
method of visual observation that offers tremendous potential for the detec-
tion of a full range of salinities from field to regional scales. Even though the
measurement of EC of'soil solution extracts or extracts at higher than normal
water contents has at times been used for field-scale studies, it is an
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impractical application because of the intensive time, effort, and cost
demands. Its greatest utility is as a means of obtaining ground-truth salinity
measurements that can be used to calibrate EC, measurements taken with
ER, EMI, or TDR. For research purposes, the three geophysical techniques
of ER, EMI, and TDR are not used equally to map soil salinity. Both ER.
and TDR are invasive methods, which puts them at a disadvantage. TDR
requires the insertion of a probe, which necessitates point-to-point measure-
ments across a field instead of the steady stream of data that can be obtained
from EMI and ER. Electrical resistivity requires good contact between the
four electrodes and the surface soil. This necessitates adequate soil moisture
at the soil surface to maintain the liquid conductance pathway, which often
times makes it difficult to obtain EC, measurements with ER when the soil
surface is dry, crusted, or filled with coarse material such as sand, gravel, and
rocks. Furthermore, ER can only be used on fallow fields with a flat surface
since the electrodes would damage a crop or any beds and furrows. The geo-
physical tool of choice for mapping soil salinity has been and will continue to
be EMI. Subsequently, the discussion of the major pivotal research and
research trends will principally focus on the use of EMI and multi- and
hyper-spectral imagery to assess salinity from field to regional scales.

In the 1960s through the early 1970s soil solution extractors and porous
matric salinity sensors were commonly used in the field. The measurement
of EC to determine soil salinity shifted away from soil extractions to the
measurement of EC, because the time and cost of obtaining soil solution
extracts prohibited their practical use at field scales, and the high local-scale
variability of soil rendered salinity sensors and small volume soil core samples
of limited quantitative value. Rhoades and colleagues at the U.S. Salinity
Laboratory led the shift in the early 1970s to the use of EC, measured with
ER as the measure of soil salinity (Rhoades and Ingvalson, 1971; Rhoades
and van Schilfgaarde, 1976). The use of EC, to measure salinity has the
advantage of increased volume of measurement and quickness of measure-
ment, but suffers from the complexity of measuring EC for the bulk soil
rather than restricted to the solution phase. Furthermore, EC, measurement
techniques, such as ER and EMI, are easily mobilized and are well suited for
field-scale applications because of the ease and low cost of measurement with
a volume of measurement that is sufficiently large (>1m”) to reduce the
influence of local-scale variability.

In the late 1970s and early 1980s, de Jong et al. (1979), Rhoades and
Corwin (1981), and Williams and Baker (1982) began investigating the
use of EMI to measure soil salinity. de Jong et al. (1979) published the first
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use of EMI for measuring soil salinity. The early studies with EMI by Rho-
ades and Corwin were efforts to profile soil salinity through the root zone
(Corwin and Rhoades, 1982, 1984; Rhoades and Corwin, 1981). Unlike
ER, vertical profiling with EMI is not a trivial task because a relatively simple
linear model can be used for low conductivity media, but for higher con-
ductivity values, a nonlinear model is required. Williams and Baker
(1982) sought to use EMI as a means of surveying soil salinity at landscape
scales and larger with the first use of aerial EMI to map geologic sources of
salinity having agricultural impacts.

The field-scale mapping of soil salinity (and other soil properties corre-
lating with EC, at a specific field, sometimes referred to as “target” proper-
ties) began in the 1990s. The first map of salinity using geospatial EC,
measurements was by Lesch et al. (1995a, b). The pivotal point for the
field-scale mapping of soil salinity came when GPS, mobile EMI equipment,
sample design software (Lesch et al., 2000; Lesch, 2005), and protocols for
soil sampling based on the spatial variation in geospatial EC, measurements
(Corwin and Lesch, 2003, 2005b) came together to become what is now
referred to as EC,-directed soil sampling. Conceptually speaking, EC, -directed
soil sampling consists of geospatial measurements of EC, that are used as a
surrogate of soil spatial variability to direct soil sampling when mapping soil
salinity or other target soil properties (e.g., texture, water content, organic
matter) correlated to EC, at a field (Corwin and Scudiero, 2016). The
directed soil samples reflect the range and variability in salinity or other target
property or properties (Corwin and Scudiero, 2016).

Geospatial measurements of EC, have been used to measure and map a
variety of soil properties in the field. Table 2 is a comprehensive compilation
of the research conducted broken down into the predominate property or
properties measured in the EC, study. Table 2 not only provides a thorough
listing of the field-scale EC, research conducted, but also reveals the tremen-
dous amount of redundancy regarding EC, measurement of soil spatial var-
iability, especially for measuring salinity.

Rhoades et al. (1999a) and Hendrickx et al. (2002b) provide a detailed
discussion of the theory, operation, and construction of EMI instrumenta-
tion used to measure EC, in the root zone (i.e., top 1.5m of soil). There are
various types of mobilized EC,-measurement equipment using EMI instru-
mentation. These range from simple ATVs with hand-built PVC or wood
sleds carrying the EMI and GPS equipment to modified herbicide spray rigs
with enclosed cabs and retractable sleds housing EMI equipment that can
create EC, maps in real time instead of post-processing the data after the
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Table 2 Compilation of literature measuring EC, with geophysical techniques (ER or
EMI) that have been categorized according to edaphic properties that were either
directly or indirectly measured by EC..

Directly measured soil properties

Salinity (including total dissolved solids, sodicity, inorganic C, CaCO3, and nutrients)

Halvorson and Rhoades (1976), Rhoades etal. (1976, 1989a, 1990a, b, 1997, 1999a,
b), Rhoades and Halvorson (1977), de Jong et al. (1979), Cameron et al. (1981),
Rhoades and Corwin (1981, 1990), Corwin and Rhoades (1982, 1984, 1990),
Williams and Baker (1982), Greenhouse and Slaine (1983), van der Lelij (1983),
Williams and Fidler (1983), Williams and Braunach (1984), Wollenhaupt et al.
(1986), Williams and Hoey (1987), Boivin et al. (1989), Dixon (1989), McKenzie
et al. (1989, 1993, 1997), Norman (1989), Slavich (1990), Slavich and Petterson
(1990), Diaz and Herrero (1992), Hendrickx et al. (1992), Lesch et al. (1992, 1993,
1995a, b, 1998, 2005), McNeill (1992), Rhoades (1992, 1993), Cannon et al.
(1994), Dunn et al. (1994), Nettleton et al. (1994), Salama et al. (1994), Sheets et al.
(1994), Whiteley (1994), Bennett and George (1995), Drommerhausen et al.
(1995), Jaynes et al. (1995a, b), Ranjan et al. (1995), SriRanjan and Karthigesu
(1995), Vaughan et al. (1995), Lopez-Bruna and Herrero (1996), Bourgault et al.
(1997), Ceuppens et al. (1997), Hanson and Kaita (1997), Johnston et al. (1997),
Mankin et al. (1997), Eigenberg et al. (1998, 2002, 2006), Eigenberg and Nienaber
(1998, 1999, 2001, 2003), Odeh et al. (1998), Ceuppens and Wopereis (1999),
Hopkins and Richardson (1999), Bennett et al. (2000), Chaudhry (2000),
McKenzie (2000), Triantafilis et al. (2000, 2001a, 2002, 2003, 2004), Barbiéro et al.
(2001, 2008), Clay et al. (2001), Doolittle et al. (2001), Johnson et al. (2001, 2005a,
b), Broadfoot et al. (2002), Mankin and Karthikeyan (2002), Barnes et al. (2003),
Corwin and Lesch (2003, 2005a, b, ¢, 2013, 2014, 2017), Corwin et al. (2003a, b,
2006b, 2008a, b, 2010), Edwards and Webb (2003), Fitzpatrick et al. (2003),
Heiniger et al. (2003), Herrero et al. (2003), Lesch and Corwin (2003, 2008), Paine
(2003), Gill and Yee (2004), Soliman et al. (2004), Bekele et al. (2005), Bronson
et al. (2005), Cockx et al. (2005), Corwin (2005a, b, 2012), Douaik et al. (2005),
Friedman (2005), Horney et al. (2005), Kaftka et al. (2005), Korsaeth (2005), Lesch
(2005), Amezketa (2006, 2007a, b), Grigera et al. (2006), Kinal et al. (2006), Nogués
etal. (2006), Wittler et al. (2006), Aimrun et al. (2007), Brunner et al. (2007)," Dent
(2007), Yao et al. (2007, 2012, 2014, 2015, 2016a, b), Amezketa and del Valle de
Lersundi (2008), Akramkhanov et al. (2008, 2011, 2014), Urdanoz et al. (2008),
Arriola-Morales et al. (2009), Goes et al. (2009), Thomas et al. (2009), Triantafilis
and Buchanan (2009, 2010), Zheng et al. (2009), Aragtés et al. (2010, 2011),
Bakker et al. (2010), Dixit and Chen (2010), Lopez-Lozano et al. (2010),
McLeod et al. (2010), Moftett et al. (2010), Rongjiang and Jingsong (2010),
Viezzoli et al. (2010), Yao and Yang (2010), Cordeiro et al. (2011a, b), Dang et al.
(2011), Feikema and Baker (2011), Ganjegunte and Braun (2011), Gholizadeh et al.
(2011), Heilig et al. (2011), Herrero et al. (2011), Jayawickreme et al. (2011),
Kaman et al. (2011), Krum et al. (2011), Rahimian and Hasheminejhad (2011),
Scudiero et al. (2011, 2013," 2014a," 2015"), Urdanoz and Aragiiés (2011, 2012),
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Table 2 Compilation of literature measuring EC, with geophysical techniques (ER or
EMI) that have been categorized according to edaphic properties that were either
directly or indirectly measured by EC,.—cont'd

Directly measured soil properties

Wu and Margulis (2011), Adam et al. (2012), Amakor et al. (2013), Bouksila et al.
(2012), Cetin et al. (2012), Goldshleger et al. (2012)" Li et al. (2012, 2013a, b),
Mahmood et al. (2012)," Morway and Gates (2012), Rekha et al. (2012)," Atwell et al.
(2013), Casa et al. (2013)," Ganjegunte et al. (2013, 2014, 2017} Guo et al. (2013a,
2016)," Peralta and Costa (2013), Berkal et al. (2014), Ding and Yu (2014)," Herrero
and Hudnall (2014), Huang et al. (2014a, b, ¢, 2015a, b, ¢, ¢ f," 2017a, b), Taghizadeh-
Mebhrjardi et al. (2014), Valente et al. (2014), Wu et al. (2014a, b)," Cassel et al. (2015),
Chaali et al. (2015), Corwin and Ahmad (2015), Davies et al. (2015), Jadoon et al.
(2015, 2017), Peralta et al. (2015), Ezrin et al. (2016), Liu et al. (2016), Moghadas et al.
(2016), Tycholiz et al. (2016), Aboelsoud and AbdelRahman (2017) Dakak et al.
(2017), Moral and Rebollo (2017), Narjary et al. (2017), Watson et al. (2017), Nouri
et al. (2018)," Uribeetxebarria et al. (2018), and Walter et al. (2018)

Water content (including macropore porosity, water table depth, and irrigation canal seepage)

Rhoades et al. (1976), Fitterman and Stewart (1986), Kean et al. (1987), Kachanoski
etal. (1988, 1990), Sheets and Hendrickx (1995), Vaughan et al. (1995), Hanson and
Kaita (1997), Khakural et al. (1998), Fritz et al. (1999), Doolittle et al. (2000), Malo
et al. (2000), Morgan et al. (2000), Bobert et al. (2001), Clay et al. (2001), Freeland
et al. (2001), Brevik and Fenton (2002), Wilson et al. (2002, 2003), Corwin and
Lesch (2003), Corwin et al. (2003b, 2008a), Lesch and Corwin (2003), Reedy and
Scanlon (2003), Schumann and Zaman (2003), Sherlock and McDonnell (2003),
Hall et al. (2004), Akbar et al. (2005), Carroll and Oliver (2005), Erindi-kati (2005),
Kaffka et al. (2005), Sudduth et al. (2005), Brevik et al. (2006), McCutcheon et al.
(2006), Vitharana et al. (2006), Wong and Asseng (2006), Hezarjaribi and Sourell
(2007), Huth and Poulton (2007), Jiang et al. (2007a, b), Abdu et al. (2008),
Jayawickreme etal. (2008, 2011), Buchanan and Triantafilis (2009), Hedley and Yule
(2009), Luck et al. (2009), Robinson et al. (2009, 2012), Tromp-van Meerveld and
McDonnell (2009), Chaplot et al. (2010), Houssain et al. (2010), Martinez et al.
(2010, 2018), Zhu et al. (2010a), Dadfar et al. (2011), Ekwue and Bartholomew
(2011), Hadzick etal. (2011), Padhi and Misra (2011), Rodriguez-Pérez etal. (2011),
Sun et al. (2011a, 2013), Heil and Schmidhalter (2012), Lardo et al. (2012), Moysey
and Liu (2012), Serrano et al. (2012, 2013, 2014), De Benedetto et al. (2013), Guo
et al. (2013a, 2016)," Hedley et al. (2013), Pognant et al. (2013), Wunderlich et al.
(2013), Chrétien et al. (2014), Costa et al. (2014), Gooley et al. (2014)," Liao et al.
(2014), Misra and Padhi (2014), Fortes et al. (2015), Haghverdi et al. (2015),
Huang etal. (2015d, 2016, 2017¢, d), Landrum et al. (2015)," Shanahan et al. (2015),
Stadler et al. (2015), Segundo et al. (2015), Walter et al. (2015), Cho et al. (2016),
Neely et al. (2016), Pedrera-Parrilla et al. (2016, 2017), Altdorff et al. (2017, 2018),
Filho et al. (2017), Lu et al. (2017), Martini et al. (2017), Moghadas et al. (2017),
Watson et al. (2017), Al Rashid et al. (2018), Mallet et al. (2018), Rallo et al. (2018),
Robinet et al. (2018), and Nocco et al. (2019)

Texture-related (including sand, clay, depth to claypans or sand layers, soil layers, topsoil
thickness, depth to bedrock, saturation percentage, soil type, and map units)

Continued
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Table 2 Compilation of literature measuring EC, with geophysical techniques (ER or
EMI) that have been categorized according to edaphic properties that were either
directly or indirectly measured by EC,.—cont'd

Directly measured soil properties

Zalasiewicz et al. (1985), Williams and Hoey (1987), Krabbenborg and Biewinga
(1988), Ammons et al. (1989), Biewinga et al. (1990), Brus et al. (1992), Jaynes et al.
(1993), Sudduth and Kitchen (1993), Doolittle et al. (1994, 2002a, b), Knotters et al.
(1995), Kitchen et al. (1996, 1999), Banton et al. (1997), Boettinger et al. (1997),
Bork et al. (1998), Doolittle and Collins (1998), Fenton and Lauterbach (1999),
Rhoades et al. (1999b), Scanlon et al. (1999), Waine et al. (2000), Bobert et al.
(2001), Dalgaard et al. (2001), Inman et al. (2001, 2002), Kimble et al. (2001),
Nehmdahl and Greve (2001), Schmidhalter et al. (2001), Stroh et al. (2001),
Triantafilis et al. (2001a, b, 2003, 2004, 2009), Anderson-Cook et al. (2002), Brevik
and Fenton (2002), Delin and Soderstrom (2002), Corwin and Lesch (2003, 2005¢),
Corwin etal. (2003b), Dampney et al. (2003), James et al. (2003), Lesch and Corwin
(2003), Sommer et al. (2003), Sudduth et al. (2003, 2005), Domsch and Giebel
(2004), Hedley et al. (2004), Rampant and Abuzar (2004), Allred et al. (2005),
Bronson et al. (2005), Carroll and Oliver (2005), Johnson et al. (2001, 2005b), Jung
et al. (2005), Korsaeth (2005), McBratney et al. (2005), Triantafilis and Lesch
(2005), Grigera et al. (2006), Jung et al. (2006), McCutcheon et al. (2006), Siri-
Prieto et al. (2006), Vervoort and Annen (2006), Cockx et al. (2007, 2009), Weller
et al. (2007), Mertens et al. (2008), Robinson et al. (2008, 2010), Shaner et al.
(2008a), Vitharana et al. (2006, 2008), Harvey and Morgan (2009), Kuhn et al.
(2009), Lukas et al. (2009), Martinez et al. (2009), Morari et al. (2009), Saey et al.
(2009a, b, 2011, 2012a, b), Cai et al. (2010), Chaplot et al. (2010), De Benedetto
et al. (2010, 2012), Triantafilis and Monteiro Santos (2010b), Zhu et al. (2010b,
2013), Bréchet et al. (2012), Fulton et al. (2011), Hbirkou et al. (2011), Luck et al.
(2011), Nelson et al. (2011), Rodriguez-Pérez et al. (2011), Sun et al. (2011b),
Terrdn et al. (2011), Brevik et al. (2012), Castrignano et al. (2012)," Gholizadeh
et al. (2012), Heil and Schmidhalter (2012), Islam et al. (2012), Mahmood et al.
(2012)," Casa et al. (2013),* Grellier et al. (2013), Koszinski et al. (2013), Nearing
etal. (2013), Piikki et al. (2013)," Rossi et al. (2013), Huang et al. (2014d),” Klassen
etal. (2014), Pan etal. (2014), Ciampalini et al. (2015)," Pedrera-Parrilla et al. (2015,
2016), Pozdnyakov et al. (2015), Rodriguez et al. (2015), Rodrigues Jr. et al.
(2015)," Rudolph et al. (2015), Stadler et al. (2015), Stepien et al. (2015)," Afshar
et al. (2016)," Cho et al. (2016), Khan et al. (2016), Moghadas et al. (2016), Filho
et al. (2017), Ganjegunte et al. (2017), Garcia-Tomillo et al. (2017), Kelley et al.
(2017), de Lima et al. (2017), Tucker-Kulesza et al. (2017), Grubbs et al. (2019),
Brogi et al. (2019), and Nocco et al. (2019)

Bulk density related (including compaction, and rock content)

Rhoades et al. (1999b), Malo et al. (2000), Gorucu et al. (2001), Johnson et al.
(2001), Brevik and Fenton (2004), Carroll and Oliver (2005), Chaplot et al. (2010),
Ekwue and Bartholomew (2011), André et al. (2012)," Naderi-Boldaji et al. (2013,
2014), Rossi et al. (2013), Al-Asadi and Mouazen (2014),* Islam et al. (2014a, b),
Cho et al. (2016), Filho et al. (2017), and Al Rashid et al. (2018)
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Table 2 Compilation of literature measuring EC, with geophysical techniques (ER or
EMI) that have been categorized according to edaphic properties that were either
directly or indirectly measured by EC,.—cont'd

Directly measured soil properties

Organic matter related (including soil organic carbon, total carbon, and organic chemical
plumes)

Greenhouse and Slaine (1983, 1986), Brune and Doolittle, 1990, Nyquist and Blair
(1991), Jaynes (1996), Benson et al. (1997), Bowling et al. (1997), Brune et al.
(1999), Nobes et al. (2000), Bekele et al. (2005), Grigera et al. (2006), Shaner et al.
(2008a), Martinez et al. (2009), Werban et al. (2009), Ekwue and Bartholomew
(2011), Kweon et al. (2013),* Koszinski et al. (2015),* Peralta et al. (2015),
Pozdnyakov et al. (2015), Altdorff et al. (2016)," Huang et al. (2017¢), Grubbs et al.
(2019), Uribeetxebarria et al. (2018), and Nocco et al. (2019)

Cation exchange capacity

McBride et al. (1990), Triantafilis et al. (2002, 2009), Sudduth et al. (2003, 2005),
Bronson et al. (2005), Gholizadeh et al. (2011), Terron et al. (2011), Kweon et al.
(2013),” Peralta and Costa (2013), Pozdnyakov et al. (2015), Rodrigues Jr. et al.
(2015),* and Walter et al. (2015)

Soil temperature

Brevik et al. (2004) and Giordano et al. (2017)

Soil mineralogy

Nagra et al. (2017)

Indirectly measured soil properties

Groundwater recharge

Cook and Kilty (1992), Cook et al. (1989, 1992), Cook and Williams (1998),
Salama et al. (1994), and Massuel et al. (20006)

Heavy metals

Corwin and Ahmad (2015)

Herbicide partition coefficients
Jaynes et al. (1995b) and Shaner et al. (2008b)

Leaching (including leaching fraction)

Rhoades (1981), Slavich and Yang (1990), Corwin et al. (1999, 2003b), and
Rhoades et al. (1999b)

pH (soil acidity)

Clay et al. (2001), Bekele et al. (2005), Aimrun et al. (2007), Dunn and Beecher
(2007), Wong et al. (2008), Serrano et al. (2010), Gholizadeh et al. (2011), Terrén
etal. (2011), Mahmood etal. (2012)," Peralta and Costa (2013), Huang et al. (2014c,
d)," Peralta et al. (2015), Tycholiz et al. (2016), and Grubbs et al. (2019)

Continued
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Table 2 Compilation of literature measuring EC, with geophysical techniques (ER or
EMI) that have been categorized according to edaphic properties that were either
directly or indirectly measured by EC,.—cont'd

Indirectly measured soil properties

Soil drainage and drainage classes (including hydraulic conductivity)

Rhoades et al. (1997), Kravchenko et al. (2002), Triantafilis et al. (2004), Vervoort
and Annen (2006), Liu et al. (2008)," Weaver et al. (2013), and Rezaei et al. (2016)

Soil resistance to penetration

Siqueira et al. (2014)

"Data fusion: use of EC, (either ER or EMI) and 1 or more other proximal or satellite sensors (e.g.,
gamma-ray spectrometry, hyperspectral reflectance, synthetic aperture radar, LIDAR) or aerial photos.
Definitions: EC, =apparent soil electrical conductivity; ER = electrical resistivity; EMI = electromag-
netic induction.

Modified from Corwin, D.L., Lesch, S.M., 2005a. Apparent soil electrical conductivity measurements in
agriculture. Comput. Electron Agric. 46 (1-3), 11-43; Corwin, D.L., Lesch, S.M., 2013. Protocols and
guidelines for field-scale measurement of soil salinity distribution with ECa-directed soil sampling. J.-
Environ. Eng. Geophys. 18 (1), 1-25.

geospatial EC, measurements. Examples are found in Rhoades (1992, 1993),
Carter et al. (1993), Cannon et al. (1994), and Freeland et al. (2002).

The sampling strategy is crucial to the EC,-directed soil sampling
approach. The sample design software used to select soil sample sites from
the geospatial EC, measurements is covered in detail in Corwin and
Scudiero (2016). Either design-based (i.e., probability based) or model-
based (i.e., prediction-based) sampling schemes are used to establish the
locations of where soil cores are taken based on the range and variability
of the georeferenced EC, measurements taken in a field. Design-based sam-
pling relies on randomization principles for drawing statistical inference
(Lesch, 2012) and includes random sampling, stratified random sampling,
and supervised classification, to mention a few. Designed-based sampling
methods are particularly useful whenever the reason for sampling does
not involve spatial modeling, such as when comparing soil properties over
different fields. In contrast, model-based sampling, such as a response surface
sampling design, supports the use of parametric modeling (Lesch, 2012) by
focusing on the requirements of the model one intends to use. Lesch (2005),
Lesch and Corwin (2008), and Corwin etal. (2010) compared the design-based
and model-based sampling strategies and found that model-based sampling
resulted in more precise parameter estimates and smaller prediction variances
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than design-based sampling strategies. More specifically, the use of a response
surface sampling design resulted in a substantial reduction in the number of sam-
plesrequired to characterize variation in the targetsoil property. For this reason,
the work of Lesch and colleagues in the development of the ESAP software
(Lesch etal., 2000), which uses the response surface sampling design approach,
1s regarded as a significant contribution to EC,-directed soil sampling.

The protocols for EC,-directed soil sampling have evolved (Corwin and
Lesch, 2003, 2005b, 2013; Corwin and Scudiero, 2016). However, the goal
of the protocols has remained unchanged. The protocols are intended to
mitigate the influence of primary and secondary factors influencing an
EC, survey targeted at measuring soil salinity (or other target property) to
optimize the collection of reliable EC, survey data that will render spatially
accurate maps of soil salinity (or other target property). Fig. 5 is a conceptual
path diagram showing the primary and secondary factors influencing an EC,
survey that can cause unreliable EC, data. The failure to follow EC,-directed
soil sampling protocols will likely result in unreliable data that causes an inac-
curate calibration of EC, to the target property causing spurious maps of the

target property.

Soil property effects:

Soil temperature, water
content, texture, bulk density,
organic matter, magnetic
susceptibility

Primary|Influences
EC, B Target Soil
Survey Property:
soil salinity

Secondary|Influences

Soil conditionand
miscellaneous effects:
Positional offset, metal, surface
topography and elevation,
surface roughness, irrigation
management, compaction,
ambient temperature

Fig. 5 Conceptual path diagram of the primary and secondary factors influencing an
apparent soil electrical conductivity (EC,) survey targeted at measuring soil salinity.
Taken from Corwin, D.L., Lesch, S.M., 2013. Protocols and guidelines for field-scale measure-
ment of soil salinity distribution with EC,-directed soil sampling. J. Environ. Eng. Geophys.
18 (1), 1-25 with permission.
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To manage the threat posed by soil salinity, producers, land and water
resource managers, and policy makers need reliable, up-to-date, high reso-
lution assessments of soil salinity across multiple scales (i.e., field to regional
scales). The development of field-scale EC,-directed soil sampling opened
the door for salinity assessment at larger spatial extents than field scale
(i.e., >3km?). Two quantitative salinity assessment approaches have
evolved and are in current use for application at scales ranging from
landscape-scale (3-10km®) to regional-scale (10-10°km?), both relying
on field-scale EC,-directed soil sampling. One approach uses analysis of
covariance (ANOCOVA) to calibrate EC, to salinity over large spatial
extents (i.e., 100,000 ha or more). The second approach uses satellite imag-
ery and EC,-directed soil sampling to calibrate categories of pixels with a
vegetation index or VI (i.e., spectral transformation of two or more wave-
lengths, which allows spatial and temporal comparisons of vegetation cover
condition such as photosynthesis and canopy structure) by itself or VI in
combination with other environmental co-variates.

The earliest efforts to map soil properties, including soil salinity, at land-
scape scale and larger spatial extents were qualitative approaches taken by
such federal agencies as the soil conservation service (SCS), which later
became the current natural resources conservation service (NRCS). NRCS
is charged with the mission of mapping soils throughout the United States.
Mapping soils and their associated soil properties were based on the premise
that soil formation was a process involving the interplay of five main factors:
time, parent material, climate, relief, and organisms. Ultimately, spatial soils
databases at three scales were developed in the United States: the national
level called NATSGO (National Soil Geographic database at a scale of
1:7,500,000), the state level called STATSGO (State Soil Geographic data-
base with scales ranging from 1:250,000 to 1:1,000,000), and the county
level called SSUR GO (Soil Survey Geographic database with scales ranging
from 1:12,000 to 1:63,360). Soil properties in SSUR GO were qualitatively
established by associating a representative soil profile to a soil series, which
consists of pedons grouped together because of similar soil chemistry, phys-
ical properties, and pedogenesis. Subsequently, the first regional-scale maps
of soil salinity were from SSUR GO. However, representative soil profiles in
SSURGO were representative of natural conditions and not conditions
reflecting anthropogenic impacts from irrigation and crop management.
Subsequently, mapping transient soil chemical properties within the root
zone, such as soil salinity, from SSUR GO with any likelihood of accuracy
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is dubious. Corwin et al. (2017) confirmed this in a validation study com-
paring SSURGO data to ground-truth measurements of soil salinity. The
validation study revealed that only 5 out of 22 fields assessed the mean salin-
ity accurately, suggesting that the transient salinity levels influenced by
anthropogenic activity are not captured by the one-time measurements of
NRCS soil surveys. However, SSURGO was able to assess 15 out of
22 fields accurately for salinity below the root zone, indicating that the salt
levels below the root zone remained relatively unchanged and unaffected by
anthropogenic influences.

The earliest effort to map root-zone soil salinity quantitatively at regional
scale did not rely on proximal or remote sensors, but rather approached the
problem from a modeling perspective. Corwin et al. (1989) developed a phe-
nomenological model for salinization of the root zone from edaphic, anthro-
pogenic, and hydrological factors influencing salinity development. These
salinization factors included soil permeability, leaching fraction, and ground-
water quality. Corwin et al. (1989) mapped root-zone soil salinity for the
entire Wellton-Mohawk Irrigation District (440km?) near Yuma, AZ. Com-
parison of the salinity predictions from the model to ground-truth salinity
from soil samples indicated that 86% of the categories of salinity (i.e., low salin-
ity of <2dSm™'; medium salinity of 2—4 dSm™'; high salinity of >4dSm ™)
were correctly predicted. The biggest drawback to this modeling approach is
that considerable spatial data (i.e., leaching fraction, soil permeability, and
groundwater quality) is needed that is seldom available.

These early landscape- and regional-scale approaches were either too
qualitative and unreliable as shown by SSURGO or too site-specific and
data intensive as shown by the phenomenological model of Corwin et al.
(1989). Subsequently, Harvey and Morgan (2009) and Corwin and Lesch
(2014) showed that a calibration of EC, to salinity over multiple fields, land-
scape scale (3-10km?), and larger spatial extents is possible using
ANOCOVA regression models. Corwin and Lesch (2014) observed that
abrupt changes in the magnitude of EC, occurred across field boundaries
in multi-field surveys. This presents a challenge to the conversion of EC,
to salinity when mapping across thousands to tens of thousands of hectares.
The ANOCOVA calibration models adjust out any abrupt change (Corwin
and Lesch, 2014). An extensive multi-field validation of the ANOCOVA
approach, consisting of 77 fields, has been conducted by Corwin and
Lesch (2017), which established the viability and reliability of this approach.
The ANOCOVA approach represents a compromise between calibrating a
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regression model for each field and calibrating a model across all fields in the
survey area (Corwin and Lesch, 2014). An alternative approach of calibrat-
ing EC, to salinity across multiple fields was taken by Amakor et al. (2013)
using quantile regression. However, their approach appears less accurate and
was not validated as extensively as the ANOCOVA approach. Nocco et al.
(2019) followed the approach of Amakor et al. (2013) on coarse non-saline
soil and found strong significant (P<0.05) correlative and predictive rela-
tionships between EC, and topsoil (0—0.3 m) particle size fraction, OM con-
tent, and field capacity within and across multiple fields. Additional multi-
field studies by Kelley et al. (2017), Robinet et al. (2018), and Brogi et al.
(2019) using EC, to characterize the spatial variability of soil water content
or texture show similar inadequacies that could be addressed by the use of
the ANOCOVA approach. A comparison between the approaches of
Harvey and Morgan (2009), Corwin and Lesch (2014), Amakor et al.
(2013), Kelley et al. (2017), Robinet et al. (2018), and Brogi et al. (2019)
would be of value to the scientific community; specifically, a comparison
between the quantile regression (Amakor et al., 2013) and ANOCOVA
(Corwin and Lesch, 2014) approaches is needed for salinity assessment.
For obvious reasons remote sensing has been a stalwart tool for mapping
attributes such as soil properties across multiple scales, particularly regional
scale, since the first Landsat satellites of the 1970s. As pointed out by Lobell
(2010), there is no other instrument platform that offers the spatially exhaus-
tive, objective, and repeated measurements at an effective cost comparable
to satellite remote sensing. Remote-sensor measurements of soil attributes
fall into two categories: direct and indirect measurements. Direct methods
are those that identify wavelengths or combinations of wavelengths that
directly reflect changes in soil properties. On the other hand, indirect
methods infer soil attributes from some aspect of the vegetation that influ-
ences combinations of wavelength formulations. Both methods have inher-
ent weaknesses. The direct method suffers from the difficulty of separating
out the “signal” of the desired target soil property from the “noise” created
by variations in other soil properties or factors influencing the sensor mea-
surement. Whereas, the indirect method can successfully measure the veg-
etation condition by means of a VI but translating attribute changes in
vegetation to specific soil properties is problematic, particularly when con-
sidering climatic variations and anthropogenic influences. Consequently,
three types of methodologies are used for estimating soil properties with
remote sensing: (i) physical models based on spectra relating remote sensing
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signals to soil parameters, (ii) empirical models based on satellite and ground
databases, and (ii1) semi-empirical models based on a mixture of physical
modeling and empirical data.

Numerous researchers have found that various soil constituents includ-
ing mineral composition, organic matter, soil texture, soil moisture, and sur-
face roughness, and several others influence soil reflectance (Goetz, 1992;
Jensen, 2000; Lillesand et al., 2004). For salt-affected soils the presence of
salt evaporates influences the soil spectral reflectance. Researchers have
found five spectral bands that appear to be significant for salinity assessment,
including visible (550—770nm), near-infrared (900-1030, 1270-1520 nm),
and middle infrared (1940-2150, 2150-2310, 2330-2400 nm) spectral bands
at spectral resolution varying from 3 to 80 nm (Csillag et al., 1993; Farifteh
et al., 2007a, 2008; Metternicht and Zinck, 1997; Nawar et al., 2014;
Shrestha et al., 2005; Sidike et al., 2014; Wang et al., 2012). However,
two of these ranges (i.e., 1270-1520 and 1940-2150nm) cannot be used
because of water vapor absorption in the atmosphere. Most of the spectral
features seen in saline minerals from 400 to 2500 nm are attributed to internal
vibrational modes of borate, carbonate, neutral water molecules, and
hydroxyl groups (Crowley, 1991; Hunt, 1980). Farifteh et al. (2006) point
out that there are surface features found in salt-affected soils that also cause
soil reflectance variation, which can be categorized as soil-related indicators
(e.g., white salt crusts on the soil surface, puffy soil surface, dark greasy sur-
face of pure alkali soils, dehydration carcks 1-2 cm wide, and coarse topsoil
texture) and performance oriented indicators (e.g., spotty growth of crops,
presence of dead trees, a blue-green tinge, and moisture stress condition).
Taylor et al. (1994) were the first to demonstrate the mapping of salinity
in soils using airborne imaging spectroscopy (now referred to as hyper-
spectral imagery).

A variety of techniques and statistical approaches have been used to
establish the relationship between surface soil salinity and diagnostic spectral
features. These include spectral derivative analysis (Wang et al., 2014),
continuum-removed methods (Wang et al., 2014), optimum index factor
(Dwivedi and Rao, 1992; Goossens and Van Ranst, 1998), multiple regres-
sion analysis (Ben-Dor et al., 2002; Dehaan and Taylor, 2002; Ekercin and
Ormeci, 2008; Shrestha, 2006), partial least square regression (Fan et al.,
2015; Farifteh et al., 2007a; Goldshleger et al., 2012; Nawar et al., 2014,
2015; Wang et al., 2014; Weng et al., 2008a), multivariate adaptive regres-
sion splines (Nawar et al., 2014, 2015), principal component regression
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(Moreira et al., 2015), and artificial neural networks (Farifteh et al., 2007a).
In addition, several interpretation strategies of hyperspectral imagery have
been utilized including linear unmixing (Adams et al., 1986; Gillespie
et al., 1990), matched filtering (Boardman, 1993), mixture-tuned matched
filtering (Better Solutions Consulting, 1997), and spectral feature fitting
(Clark et al., 1990). Wang et al. (2014) used first-order derivative analysis
and continuum-removed reflectance to detect subtle changes in spectral
adsorption features due to changes in soil salinity and then used partial least
square regression to model the relationship between soil spectra and soil
salinity. Continuum-removal analysis was first suggested by Clark and
Roush (1984) to isolate absorption features of interest. Partial least square
regression is particularly well suited for hyperspectral data because it is effec-
tive in dealing with strong collinearity between independent variables and
noisy predictor variables (Nawar et al., 2015; Wold et al., 2001). Optimun
index factor was used by Dwivedi and Rao (1992) to identify the most
appropriate three-band combination of Landsat thematic mapper reflectance
bands for delineating salt-affected soils for a 78km? area in the Indo-
Gangetic alluvial plain. Multivariate adaptive regression splines are a pow-
erful nonparametric modeling method for establishing complex nonlinear
relationships.

Direct and indirect remote sensing methods are applied to soil surface
and subsurface mapping of salinity, respectively. Both radar and optical
remote sensing have been used to map salinity. Radar, photographic,
multi-spectral, and hyper-spectral sensors have been used for mapping sur-
face soil salinity. The use of radar, specifically microwaves, is based on the
dielectric properties of soil, where the dielectric constant is a complex num-
ber consisting of a real part related to water content and an imaginary part
related to salinity (Sreenivas et al., 1995). The imaginary part is calculated
and calibrated with salinity using inverse modeling (Bell et al., 2001a;
Shao et al., 2003; Taylor et al., 1996). Lasne et al. (2008) studied the influ-
ence of polarized radar backscattering and found greater sensitivity of
backscattering to salinity for vertical polarization. Barbouchi et al. (2014)
used interferometric coherence of synthetic aperture radar for detecting soil
surface changes that were correlated with variation in soil salinity. High-
resolution aerial photographic sensors provide color information regarding
brightness, Munsel color, and pseudo-color infrared that can identify sali-
nized soil surfaces (Metternicht and Zinck, 2003). The spectral response pat-
terns from saline soils are a function of the mineralogy and quantity of salts
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present. For instance, saline soils have spectral features related to water in
hydrated evaporate minerals in the VINIR region of the spectrum. Hydrated
evaporate minerals show adsorption at 505, 920, 1415, 195, and 2205nm.
However, salt-aftected soils do not show all the adsorption features found
in pure minerals and highly saline soils show additional adsorption at 680,
1180, and 1780 nm. Additionally, Taylor and Dehaan (2000) found that
the overall slope of the reflection curve from 800 to 1300 nm decreased with
increased salinity. Hyper-spectral remote sensing has tremendous potential
to quantify soil salinity because the hydrogen bond with soil water and soil
salt results in subtle spectral changes detectable with hyper-spectral data
(Hirschfield, 1985). The ample spectral information from hyper-spectral
measurements provides the capability for the identification of target charac-
teristics based on their established absorption features (Goetz et al., 1985). As
examples, Ben-Dor et al. (2002) determined field soil moisture and salinity
separately with the DAIS-7915 hyper-spectral airborne sensor using visible
and near infrared analysis (VINIRA). Howari et al. (2002) found that under
certain conditions spectroscopy could identify the presence of primary diag-
nostic features of salt crusts. Weng et al. (2008b) found a strong correlation
(r=0.91) between a soil salinity index constructed using a continuum
removed reflectance at 2052 and 2203 nm bands of the ASD spectrometer
and soil salinity content. Other hyper-spectral research was conducted by
Dehaan and Taylor (2002, 2003), Howari (2003), Lu et al. (2005),
Shrestha et al. (2005), Naumann et al. (2008), Weng et al. (2008a), Qu
et al. (2009), Bilgili et al. (2011), Kobayashi et al. (2013), Wang et al.
(2014), and Xu et al. (2016).

A variety of spectral indices have been proposed for monitoring and
mapping surface and subsurface soil salinity from multi- and hyper-spectral
data (Table 3). These indices include simple ratio indices of reflectance,
intensity indices, soil indices, and vegetation indices. Simple ratio, intensity,
and soil indices are confined to the top 0.05—0.1m, while vegetation indices
reflect stresses on the plant root system throughout the root zone. Table 3
provides a list of the categories of spectral indices, the indices associated with
each category, their equation, and the original citation for the index and
where needed an associated reference on the use of the index to monitor
and/or map surface or subsurface soil salinity.

Salinity at or near the soil surface has been identified with remote imag-
ery over large spatial extents (Allbed and Kumar, 2013; Metternicht and
Zinck, 2003, 2009; Mougenot et al., 1993), but measuring and monitoring
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Table 3 Spectral indices used in studies to monitor and/or map surface and/or
subsurface soil salinity.

Index Equation References®
Simple ratio SR 430 =Rg00/Rgso Blackburn (1998) and
indices Zhang et al. (2011)
SR 705 =R750/R705 Gitelson and Merzlyak
(1994) and Zhang et al.
(2011)
RVI=NIR/R Major et al. (1990) and
Allbed and Kumar
(2013)
WSRR =Rg9p/Rosz3 Tilley et al. (2007)
Intensity indices Intl=(G+R)/2 Douaoui et al. (2006)
Int2=(G+R+ NIR) / 2 Douaoui et al. (2006)
BI=(R*+ NIR?)" Khan et al. (2001, 2005)
Soil indices NDRGI= (Band5 —Band7)/(Band 5 Nield et al. (2007) and
+Band 7) Yu et al. (2010)
NDRNI = (Band5 — Band4)/(Band5 Nield et al. (2007)
+Band4)
NDSI= (R — NIR)/(R+ NIR) Khan et al. (2001, 2005)

OLL_SI=(CB?+50)— (B+ G+R)  El Harti et al. (2016)

SI=(B*R)'"? Khan et al. (2001, 2005)
and Gorji et al. (2017)

SI1=(G*R)""? Douaoui et al. (2006)
and Gorji et al. (2017)

SI2=(G>+ R>+ NIR?'? Douaoui et al. (2006)
and Gorji et al. (2017)

SI3=(G*+R?)'? Douaoui et al. (2006),
Gorji et al. (2017)

SI4 = (R*+ NIR?'? Khan et al. (2005) and

Gorji et al. (2017)

ASTER-SI=(SWIR1 — SWIR2)/  Al-Khaier (2003) and

(SWIR1+ SWIR2) Bouaziz et al. (2010)
SI-1=ALI9/ALI10 Bannari et al. (2008)
SI-2=(ALI6 — ALI9)/(ALI6 + ALI9) Bannari et al. (2008)
SI-3=(ALI9 — ALI10)/(ALI9 Bannari et al. (2008)
+ALI10)

SI-T = (R/NIR)*100 Tripatthi et al. (1997)
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Table 3 Spectral indices used in studies to monitor and/or map surface and/or
subsurface soil salinity.—cont'd

Index Equation References®
Si=B/R Abbas and Khan (2007)
»=(B—R)/(B+R) Abbas and Khan (2007)
S3=(G*R)/B Abbas and Khan (2007)
4= (Be* R)l/2 Abbas and Khan (2007)
=(B*R)/G Abbas and Khan (2007)
=(R*NIR)/G Abbas and Khan (2007)
SSI=(B,—B4)/(B,+By) Weng et al. (2010) and
Oskoee (2017)
SSSI-1=ALI9 — ALI10 Bannari et al. (2008)
SSSI-2 = Bannari et al. (2008)
((ALI9* ALI10) — (ALI10+ ALI10))/
ALI9
ISK=((R— G)*(R+ G))""?)/ Noureddine et al. (2014)
(R*+GH'? and Nouri et al. (2018)
ECgo=04 +[(0z* TM; + a3 TM,+ Ekercin and Ormeci
oy TM3+ ase TMy)/ (0 ® TM, + (2008) and Nouri et al.
o TM)] (2018)
Vegetation CRSI=[((NIR*R) — (G*B))/ Scudiero et al. (2014a,
indices ((NIR*R)+ (GeB))]""* 2015)

GDVI*n= (NIR" — R")/(NIR" + R")

u (2014) and
Mhaimeed et al. (2013)

NDVI= (NIR — R)/(NIR + R)

Rouse et al. (1973,
1974) and Wiegand et al.
(1994)

NDVI no. 3= (NIR; — Y)/

Abood et al. (2011)

(NIR; +Y)

Modified NDVI] = (R774 - R681)/ Tucker (] 979) and
(R774+R63]) Tllley et al. (2007)
Modified NDVI, = (R750 —Rggo)/  Gitelson and Merzlyak
(R750+ Reso) (1994)

Modified NDVI; = (Rg30 —Rgg0)/  Wang et al. (2002)

(Rg30+ Re0)

AFRIlGOO - (NIR - 0.66R1600)/

(NIR +0.66R 1 600)

Karnieli et al. (2001) and
Nouri et al. (2018)

AFRIZlOO == (NIR - 0.5R2100)/

Karnieli et al. (2001) and
Nouri et al. (2018)

Continued
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Table 3 Spectral indices used in studies to monitor and/or map surface and/or
subsurface soil salinity.—cont'd

Index

Equation

References?®

DVI=NIR—-R

Clevers (1988) and
Douaoui et al. (2006)

EVI=2.5 (NIR — R)/
(NIR+6R —7.5B+ 1)

Liu and Huete (1995)
and Allbed and Kumar
(2013)

fWBI=Rgg0/ min(Rozo — Rogp)

Strachan et al. (2002)
and Tilley et al. (2007)

WDVI=NIR —a*R

Clevers (1989) and
Douaoui et al. (2006)

Chl NDI= (R750 — R0s)/
(R750+R05)

Thorhaug et al. (2006)

PRI=(Rs31 —Rs70)/(Rs31 + Rs70)

Gamon et al. (1997) and
Tilley et al. (2007)

PSRI= (R678 - R500)/R750

Merzlyak et al. (1999)
and Zhang et al. (2011)

PVI=(NIR — (a* R+ b))/(1+a*)""?

Richardson and
Wiegand (1977)

REP =X,

Horler et al. (1983) and
Zhang et al. (2011)

VOGl = R740/R720

Vogelmann et al. (1993)
and Hamzeh etal. (2013)

SARVI=((1+ L)*(NIR — prp))/
(NIR + prp+ L)

Kaufman and Tanré
(1992) and Mhaimeed
et al. (2013)

SASI=((1+ L)*(Ay — )/
M+ M +L)

Zhang et al. (2011)

SAVI=((NIR — R)/(NIR+ R+ L))*
(1+L)

Huete (1988) and Zhang
et al. (2011)

SAVI no. 2=1.5+((NIR, — Y)/
(NIR, + Y+0.5))

Abood et al. (2011)

SIPI= (RSOO - R445)/(R800 - RGSO)

Penuelas et al. (1995)
and Zhang et al. (2011)

SWSIl = (R803 - R()Sl)/
(Rogs +Ro72) "

Hamzeh et al. (2013)

SWSI2 = (Rg3 —1/I2<681)/
(Ri326 T Riy1507)

Hamzeh et al. (2013)
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Table 3 Spectral indices used in studies to monitor and/or map surface and/or
subsurface soil salinity.—cont'd

Index Equation References®
SWSI3 = (Rgoz — Resi)/ Hamzeh et al. (2013)
(Ro72+R574)"
TSAVI=(a*(NIR—(a*R+b)))/ Baret and Guyot (1991)
(R+ a*(NIR-b)+0.08 (1+a%)) and Douaoui et al.
(2006)
Combined soil COSRI=[(band; +band,)/ Fernandez-Buces et al.
and vegetation  (band;+ band,)]*NDVI (2006)
index

*Earliest known reference of the index and where needed an associated reference on the use of the index
to monitor and/or map surface or subsurface soil salinity.

Definitions: A and A, are band pair combinations (e.g., SASI;: A; =average (546-575nm), A, =average
(560-590 nm); A, =wavelength of the red edge defined as the wavelength of maximum change in reflec-
tance with change in wavelength (dR/d)); prg=R —y (B— R) where y is a weighting function dependent
on the aerosol type and defaults to 1; a, b=soil line coefficients; band; =430-525 nm; band, = 510-600 nm;
band; = 600-700 nm; band, =780—1100nm; B; and B, = the continuum-removed reflectance of available
pairs of spectral bands (e.g., 2052 and 2203 nm, respectively, in Weng et al. (2010) and 742-772 and 2-
335-2345nm, respectively, in Oskoee (2017); B, CB, G, R, NIR=reflectance in the blue, coastal blue,
green, red, and near-infrared spectral bands, respectively; L=soil adjustment factor ranging from 0 to 1;
NIR; =reflectance of the WorldView 2s first near-infrared band (770-895nm) and Y=reflectance of t-
he WorldView 2s yellow band (585-625nm); SWIR1 and SWIR2 =short wave infrared ASTER band
4 (1600-1700nm) and band 5 (2145-2185nm), respectively; AFRI400=acrosol free vegetation index
at the 1600nm band where R4 is the reflectance at 1600 nm; AFR I, =aerosol free vegetation index
at the 2100 nm band where Ry is the reflectance at 2100nm; ALI-6 =EO-1 advanced land imaging sen-
sor band 6 (775-805nm); ALI-9=EO-1 advanced land imaging sensor band 9 (1550-1750nm); ALI-
10=EO-1 advanced land imaging sensor band 10 (2080-2350nm); ASTER-SI=ASTER salinity index;
Band4, Band5, and Band7 =775-900, 1550-1750, and 2090-2350 nm, respectively; BI =brightness index;
Chl NDI = chlorophyll normalized difference index; CRSI= canopy response salinity index; DVI=dif-
ference vegetation index; ECgo = electrical conductivity in dSm™ for the Ekercin and Ormeci (2008)
salinity index where oy, 0, 063, 0y, s, 0, and a7 are the model coefficients and TMy, TM,, TM3;, T-
M,, and TM; represent the Landsat 5 Thematic Mapper spectral bands of 450-520, 520-600, 630—-690,
760-900, and 2080-2350nm, respectively; EVI=enhanced vegetation index; fWBI = floating-position
water band index; GDVI n = generalized difference vegetation index where # is a power; Int1 =intensity
within the visible spectral range; Int2 =intensity within the VIS-NIR spectral range; NDR Gl =norma-
lized difference ratio gypsic index; NDRI=normalized difference ratio natric index; NDVI=normalized
difference vegetation index; NDSI=normalized difference salinity index; OLI_SI=Operational Land
Imager salinity index; PRI= photochemical reflectance index; PSRI= plant senescence reflectance index;
PVI=perpendicular vegetation index; R 445, R g0, and R g =reflectance at 445, 680, and 800 nm, respec-
tively; Rs00, Rg7s, R70s, and Rosp=reflectance at 500, 678, 705, and 750 nm, respectively; Rggo and
Rgzp=reflectance at 660 and 830 nm, respectively; Rony, Rozo, and Rogy=reflectance at 900, 930, and
980 nm, respectively; Rs3; and Rs7o=reflectance at 531 nm (the waveband of the xanthophyll signal)
and reflectance at 570 nm (a reference wave band, respectively; REP =red edge position index; R VI=ratio
vegetation index; SAR VI=soil adjusted and atmospherically resistant vegetation index; SASI=soil adj-
usted salinity index; SAVI=soil adjusted vegetation index; SI1 =salinity index 1; SI2=salinity index 2;
SI3=salinity index 3; SI-1=salinity index 4; SI-2=salinity index 5; SI-3=salinity index 6;
SI-T =salinity index 7; Sy =salinity index 8; S, =salinity index 9; S; =salinity index 10; S, =salinity index
11; Ss=salinity index 12; S¢=salinity index 13; SIPI=structure-insensitive pigment index; SR =simple
ratio index; SSI=soil salinity spectral index; SSSI-1 = soil salinity and sodicity index 1; SSSI-2 = soil salinity
and sodicity index 2; ISK =soil salinity index Koulla; SWSI1 =salinity and water stress index 1, where
Resi, Rgosz, Roos, and Ry, are reflectances at 681, 803, 905, and 972 nm, respectively; SWSI2 = salinity
and water stress index 2, where Rggq, Rgos, Rz, and Ryqs07 are reflectances at 681, 803, 1326, and
11,507 nm, respectively; SWSI3 =salinity and water stress index 3, where Rgg1, Rgos, Ro72, and Ryq74
are reflectances at 681, 803, 972, and 1174 nm, respectively; TSAVI= transformed soil-adapted vegetation
index; VOG1=Vogelmann red edge index, where R75y and R4 are reflectance at 720 and 740nm,
respectively; WDVI=weighted difference vegetation index. WSRR = wetlands salinity reflectance ratio.
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salinity within the top 0.05-0.1m is of limited value from an agricultural
perspective, especially for irrigated agriculture. Aside from germination,
the top 0.1 m of soil has no significant impact on crop yield. Rather, crops
are influenced by soil properties throughout the root zone, which extends
generally to a depth of 0.5—1.5m depending on the crop. Even though sur-
face salts are readily detected by satellite data they are often obstructed by
overlying vegetation or are plowed into the ground in the off-season. Fur-
thermore, surface salts are not always associated with subsurface salts. Farifteh
et al. (2008) pointed out three major problems associated with the detection
of salt-affected soils using spectral analysis of remote sensing: (i) soil salinity
often goes undetected particularly when salts have not yet severely affected
the soil, (i1) the boundaries separating different levels of salt are vague and
often difficult to delineate, and (iii) the salinization process is not restricted
to the soil surface but extends through the soil profile, which is undetectable
by spectral analysis of the soil surface with optical sensors. Furthermore, most
relationships between soil salinity and reflectance are optimal for severely
salt-affected soils but become weaker for low and moderately salt-affected
soils (Wang et al., 2012), reflectance measurements are influenced by soil
texture Yao et al. (2010), and both salinity and moisture can result in similar
soil reflectance or albedo data, making salinity measurement difficult in wet
or waterlogged soils (Xu et al., 2016). For these reasons, using indirect
methods of remote sensing to determine soil salinity within the root zone
is implicit. Visible, near infrared, and thermal reflectance have been used
to indicate salt stress in plants. Subsequently, a variety of vegetation indices
(V1) have been used to estimate salinity in the root zone (Table 3): normal-
ized difference vegetation index or NDVI (Rouse et al., 1973), enhanced
vegetation index or EVI (Huete et al., 2002), soil adjusted salinity index
or SASI (Zhang et al., 2011), and canopy response salinity index or CRSI
(Scudiero et al., 2014a, 2015), to mention a few. However, other plant
stressors such as pests, disease, and water and nutrient deficiency can trigger
similar responses in canopy reflectance thereby confounding the relationship
between reflectance and salinity. Table 4 provides a comprehensive compi-
lation of papers that have used spectral analysis, soil indices, vegetation indi-
ces, and combinations of these as well as synthetic aperture radar to map soil
salinity.

Up until the beginning of the new millennium accurate ground-truth
measurements of soil properties at the pixel scale of remote imagery, which
were primarily of low resolution (e.g., MODIS with 250m x 250 m pixel
resolution), were non-existent and relied on qualitative judgments by field
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Table 4 Compilation of literature using spectral analysis, soil indices, vegetation indices,
and combinations of these to map soil salinity.

Spectral analysis

Hirschfield (1985), Toth et al. (1991), Dwivedi and Rao (1992), Csillag et al.
(1993), Metternicht and Zinck (1997), Dwivedi and Sreenivas (1998), Goossens
and Van Ranst (1998), Taylor and Dehaan (2000), Ben-Dor et al. (2002, 2009),
Dehaan and Taylor (2002, 2003), Howari et al. (2002), Howari (2003), Verma et al.
(1994), Huang et al. (2005a, b), Lu et al. (2005), Shrestha et al. (2005), Farifteh et al.
(2006, 2007a, b, 2008), Shrestha (2006), Ekercin and Ormeci (2008), Weng et al.
(2008a, b), Qu et al. (2009), Elnaggar and Noller (2010), Yu et al. (2010), Bilgili
et al. (2011), Goldshleger et al. (2012, 2013), Rekha et al. (2012), Kobayashi et al.
(2013), Moreira et al. (2014), Nawar et al. (2014, 2015), Wang et al. (2014), Fan
et al. (2015), and Xu et al. (2016)

Soil indices

Tripatthi et al. (1997), Khan et al. (2001, 2005), Al-Khaier (2003), Madani (2005),
Douaoui et al. (2006), Abbas and Khan (2007), Nield et al. (2007), Bannari et al.
(2008, 2017, 2018), Odeh and Onus (2008), Bouaziz et al. (2010, 2011), Elnaggar
and Noller (2010), Melendez-Pastor et al. (2010), Weng et al. (2010), Yu et al.
(2010), Dehni and Lounis (2012), Mashimbye et al. (2012), Teggi et al. (2012),
Abbas et al. (2013), Li et al. (2015), Shamsi et al. (2013), Allbed et al. (2014a, b,
2018™), Masoud (2014), Moreira et al. (2015), Azabdaftari and Sunar (2016),™
Elhag (2016), El Harti et al. (2016), Morshed et al. (2016), Gorji et al. (2017),
Oskoee (2017), Zewdu et al. (2017), Astaw et al. (2018), Babiker et al. (2018), and
Ennaji et al. (2018)

Vegetation indices

Wiegand et al. (1992, 1994, 1996), Gitelson and Merzlyak (1994), Metternicht
(2001, 2003™), Huete et al. (2002), Wang et al. (2002), Douaoui et al. (2006),
Malins and Metternicht (2006),™ Thorhaug et al. (2006), Lobell et al. (2007),™
Tilley et al. (2007), Odeh and Onus (2008), Eldeiry and Garcia (2010), Elnaggar and
Noller (2010), Naumann et al. (2008), Wu et al. (2008), Aldakheel (2011), Abood
et al. (2011), Bouaziz et al. (2011), Dehni and Lounis (2012), Platonov et al.
(2012),™ Allbed and Kumar (2013), Hamzeh et al. (2013), Ivits et al. (2013),* Li
et al. (2015), Mandal and Sharma (2011), Zhang et al., 2011, 2015%), Jin et al.
(2012), Sivanpillai et al. (2012), Guo et al. (2013b),™ Mhaimeed et al. (2013),
Shamsi et al. (2013), Allbed et al. (2014a, 2018™), Scudiero et al. (2014a),"™ Wu
(2014), Moreira et al. (2015), Azabdaftari and Sunar (2016),™ El Harti et al. (2016),
Mandal (2016), Morshed et al. (2016), Elhag and Bahrawi (2017), Ivushkin et al.
(2017), Alexakis et al. (2018), Asfaw et al. (2018), Babiker et al. (2018), Casterad
et al. (2018), Nouri et al. (2018), and Whitney et al. (2018)™™

Continued
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Table 4 Compilation of literature using spectral analysis, soil indices, vegetation indices,
and combinations of these to map soil salinity.—cont'd

Combination of spectral analysis, soil indices, and/or vegetation indices

Fernindez-Buces et al. (2006),” Brunner et al. (2007)," Eldeiry and Garcia (2008),”
Judkins and Myint (2012),* Ding and Yu (2014),” Chuangye et al. (2016),* and Peng
et al. 2019)°

Spectral analysis/indices and/or other co-variates (e.g., terrain attributes, geomorphology,
edaphic attributes, DEM)

Caccetta et al. (2010),”FM! Furby et al. (2010),”EM™ Lobell et al. (2010),™
Taghizadeh-Mehrjardi et al. (2014), Wu et al. (2014a, b™), Yahiaoui et al.
(2015),PEM2 Yang et al. (2015), Scudiero et al. (2015, 2016b, 2017),™ and Peng
et al. (2019)PEM2

Synthetic aperture radar

Sreenivas et al. (1995), Taylor et al. (1995, 1996), Metternicht (1997, 1998), Bell
etal. (2001a, b), Shao et al. (2003), Aly et al. (2004), Lasne et al. (2008), Grissa et al.
(2011), and Barbouchi et al. (2014)

*Combination of spectral analysis and vegetation index.

PCombination of soil and vegetation indices.

Definitions: DEM, digital elevation model. DEM1, spectral analysis and DEMs; DEM2, soil and vege-
tation indices, and DEMs; fin, fuzzy modeling; fs, time-series analysis; my, multi-year remote sensing.

experts. Accurate ground-truth data are essential to calibrate the remote imag-
ery derived VI to a soil property. Available regional-scale maps of salinity from
remote sensing were qualitative and unreliable (Lal et al., 2004, Lobell et al.,
2010). Furthermore, most if not all of the early remote sensing salinity assess-
ment studies covered ranges of salinity (e.g., 0-100dSm ") well outside the
range applicable for agricultural applications (i.e., 0-20dSm ™), serving more
as inventories of degraded soils than as management information for agri-
culture. Prior to 2010, available regional-scale soil salinity information was
unreliable and irrelevant to agricultural needs. It was unreliable because it
lacked rigorous and robust quantitative foundation in measured ground-truth
salinity and the inability to distinguish the influence of salinity from other stress
factors on remote imagery. It was irrelevant because nearly all previous
regional-scale salinity studies covered ranges well outside the salinity ranges
relevant to agriculture thereby serving more as an inventory of degraded soil
than as an agricultural management tool.

Three developments occurred over the past 2 decades with respect to
regional-scale salinity assessment within the root zone to overcome many
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of the inherent weaknesses of remote sensing: (i) the accurate ground-truth
measurement of soil salinity at pixel scales using EC,-directed soil sampling,
(1) expanded use and development of vegetation indices for assessing soil
salinity, and (ii1) multi-temporal remote sensing data to isolate the influence
of soil salinity on a VI from the influence of other soil properties (e.g., water
content) or factors (e.g., disease). The EC,-directed soil sampling protocols
and guidelines of Corwin and Lesch (2003, 2005b) provided the means for
establishing the ground-truth soil salinity at pixel scale whether the pixel size
was 30 X 30m” for Landsat 7 imagery or 250 x 250 m” for MODIS imagery.
Monitoring vegetative condition with VI provides a proxy for subsurface
salinity. Recent success in regional-scale salinity assessment has come from
the use of VI such as the EVI from MODIS imagery (Lobell et al., 2010),
canopy response salinity index (CRSI) from Landsat 7 imagery (Scudiero
et al., 2014a, 2015), and others. However, monitoring salinity at low to
moderate levels across a multitude of fields within large regions is a challenge
because variations in pests, disease, climate, edaphic properties, manage-
ment, and topography can have a significantly greater influence on vegeta-
tion than salinity. Lobell et al. (2007, 2010) observed that when average root
zone salinity remains stable over a period of 5—7 years then multi-temporal
analysis of canopy reflectance could reduce some of the error caused by
dynamic factors other than soil salinity because these factors tend to fluctuate
more over time than salinity. Multi-temporal analysis of canopy reflectance
isolates the effects of soil salinity from these other factors. Over the past
decade, several studies have used multi-temporal analysis of canopy reflect-
ance to detect soil salinity with considerable success in isolating the
influence of salinity (Gorji et al., 2017; Lobell et al., 2007, 2010; Platonov
et al.,, 2012; Scudiero et al., 2014a, 2015; Wu et al., 2014a, b; Zhang
et al., 2015).

A comparison by Corwin and Lesch (2017) of the ANOCOVA
approach to the remote imagery approach of Scudiero et al. (2015) showed
that the ANOCOVA approach provided greater accuracy and higher reso-
lution, but at the expense of higher cost and greater labor requirements.
Even though the ANOCOVA approach could be used at regional scale
(i.e., 10-10°km?), its greater demand on resources and greater accuracy
and resolution makes it more appropriate for landscape scale (3—10km?)
application, whereas the satellite imagery approach of Lobell et al. (2010),
Scudiero et al. (2015), and Zhang et al. (2015) is clearly best for regional-
scale application.
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4. Previous reviews of the measurement of soil salinity
with proximal and/or remote sensors

Several reviews have been written pertaining to the use of EC, to
characterize the spatial heterogeneity of soil properties relevant to agricul-
tural productivity, including soil salinity. The first was by Corwin and
Lesch (2005a), which provided a review of the development and use of
georeferenced EC, measurements for precision agriculture applications.
Details were presented to provide (1) an understanding of the basic theories
and principles of the EC, measurement, (i) an overview of EC, measure-
ment techniques, (iii) applications specific to site-specific crop management,
(iv) EC, survey guidelines for characterizing soil spatial variability, and
(v) current and future research trends. Doolittle and Brevik (2014) reviewed
the expanded use of EMI from its initial use for soil salinity assessment to
include mapping soil types; characterizing soil water content and flow pat-
terns; assessing variations in soil texture, compaction, organic matter con-
tent, and pH; and determining the depth to subsurface horizons,
stratigraphic layers or bedrock. Subsequently, Heil and Schmidhalter
(2017) provided an overview of soil sampling designs and a comprehensive
compilation of field-scale characterization studies of salinity, soil texture,
water content and soil water turnover, soil types and boundaries, nutrients
and N-turnover using EMI. The rationale for the literature compilation was
to provide users with an understanding of the soil parameters that are detect-
able with EMI to make realistic objectives when using EMI. Cursory over-
views specific to field-scale soil salinity assessment using EC, include
Rhoades et al. (1999a), Corwin and Lesch (2013), and Visconti and
Miguel de Paz (2016).

Several reviews of remote sensing of general soil properties (Anderson
and Croft, 2009; Ben-Dor, 2002; Ben-Dor et al., 2008, 2009; Ge et al.,
2011; Kuang et al., 2012; Mulder et al., 2011; Mulla, 2013; Shoshany
et al., 2013; Viscarra Rossel et al., 2011; Viscarra Rossel and Lobsey,
2016) and remote sensing specifically of soil salinity (Allbed and Kumar,
2013; Metternicht and Zinck, 2003, 2009; Mougenot et al., 1993; Singh
etal., 2010) are present in the literature. The earliest review of remote sens-
ing of salt-affected soils is by Mougenot et al. (1993), which focuses on
reflectance properties of sunlight and touches on thermal infrared informa-
tion to detect hygroscopic characteristics of salt and microwaves indirect
information on salts. Spectral properties of different salts and calcite and
direct detection of salt-affected soil from spectral responses of salts in visible
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to middle infrared are presented. The frequently cited review paper by
Metternicht and Zinck (2003) sums up all the remote sensing strategies tried
up to 2003 reporting limited success, especially on agricultural soils where sur-
face soil crust is not visible. The paper reviews various sensors including aerial
photography, satellite and airborne multi-spectral sensors, microwave sensors,
video imagery, airborne geophysics, hyper-spectral sensors, and EMI meters.
Constraints on the application of these sensors for mapping salt-affected areas
are discussed with respect to spectral confusions from terrain surface features,
vegetation interferences, changes in salinity with time, spectral behavior of
different types of salts, and spatial patterns of salts at the soil surface. The
review also briefly discusses image processing (i.e., selection of best band com-
binations, image transformations, intensity-hue-saturation transformations,
unmixing of surface features, fuzzy classifications, decision trees and neural
networks, and radar backscatter inversion techniques), assessing temporal
and spatial changes of salinity, and data fusion and data integration.

The reference book by Metternicht and Zinck (2009) covers three major
sections including an introduction, trends in mapping and monitoring soil
salinity with proximal and remote sensors, and the diversity of spatio-temporal
approaches to modeling soil salinity. The introduction includes the global
extent of the salinity problem and approaches for monitoring soil salinity,
spectral behavior of various salt types, and review of remote sensing based
methods for assessing soil salinity. The section on mapping trends with
proximal and remote sensors includes mapping salinity with ground-based
EMI, combined active and passive remote sensing methods, multi-sensor
radar, satellite and airborne hyper-spectral imagery, IKONOS-II multi-
spectral data, and Landsat multi-spectral imagery. The final section on salini-
zation modeling approaches covers the identification of salt hazard for
bare-soil areas from the combined use of evapotranspiration, geopedological,
and remote sensing models; a comparison of two interpolation methods, i.e.,
kriging and Bayesian maximum entropy, for space-time mapping of soil
salinity; use of a combined spectral response index that takes into account
the reflectance of bare soil and vegetation cover; model-based integration
of hyper-spectral remote sensing to quantify salinity of bare soils; and data
mining from machine-leaming algorithms using mixed remotely sensed and
GIS data to map secondary salinization. All of the studies in Metternicht
and Zinck (2009) fell outside the relevant range of soil salinity for agricul-
tural purposes and were based on qualitative rather than quantitative
ground-truth measurements of soil salnity in the root zone, which makes this
work more relevant to inventorying degraded soils than to agricultural
applications.
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Singh et al. (2010) review the use of remote sensing in India for mapping
salt-affected soils. Their review provides an overview of the development,
identification, characterization, and delineation of salt-affected soils from
conventional and remote sensing approaches and discusses issues of mapping
salt-affected soils. Detecting salt-affected soils with remote sensing by direct
methods from salt-encrusted surfaces of varying salt mineralogy and indi-
rectly from crop and vegetation condition are discussed with the preponder-
ance of work focused on measuring surface soil salinity directly. Even
though extensive work has been done in India to map salt-affected soils,
it focused on surface soil salinity, primarily measured salinities well outside
the range of tolerance by crops, lacked quantitative measurements of
ground-truth salinity with proximal sensors, and lacked the ability to map
salinity within the root zone; consequently, it does not serve agricultural
needs but rather serves only as an inventory of degraded soils.

Allbed and Kumar (2013) review the use of remote sensing technology
for mapping and monitoring soil salinity in arid and semi-arid regions.
A discussion is given of (1) direct (i.e., spectral measurement of salt features
visible at the soil surface) and indirect (i.e., presence of halophytic plants and
assessing the performance level of salt-tolerant plants) indicators, (2) satellite
sensors for detecting and mapping soil salinity, (3) spectral vegetation and
salinity indices, and (4) the issues limiting the use of remote sensing for salin-
ity mapping in arid and semi-arid regions. The salient contributions of the
review include a compilation of vegetation and salinity indices and list of
issues in mapping salinity with remote sensing, many of which are still per-
tinent. The most significant issues limiting the assessment of salinity in the
root zone from remote sensing include the spatio-temporal variability of
salinity and the difficulty of isolating the influence of salinity on plant reflec-
tance from other stressors (e.g., matric stress, pests, disease, microclimate).

5. Milestones of salinity assessment research with
proximal and remote sensors

Eight milestones of salinity assessment research from proximal and
remote sensors have been identified by the authors: (i) an understanding of
the soil properties influencing EC,, (i1) development of mobile electro-
magnetic induction and electrical resistivity equipment for field-scale use,
(iii) statistical sampling approaches fromgeospatial sensor data, (iv) multi-scale
salinity assessment approaches, (v)inverse modeling of geospatial EC, measure-
ments, (vi) spectral indices of soil salirity from remote sensing, (vii) data fusion
of multiple sensors, and (viii) applicationsof multi-scale soil salinity assessment.
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5.1 Understanding the soil properties influencing apparent soil
electrical conductivity (EC,)
Numerous studies have examined the relationships between EC, and soil
properties, including Archie (1942), Gupta and Hanks (1972), Rhoades
et al. (1976), Kalinski and Kelly (1993), Abu-Hassanein et al. (1996),
McCarter and Desmazes (1997), Revil et al. (1998), Seladji et al. (2010),
Beck etal. (2011), and Kibria and Hossain (2012), just to mention a few. Mea-
surements of EC, properties of soil began at the end of the 19th century with
work by Briggs (1899), Wenner (1915), and Smith-Rose (1933). The rela-
tionship between EC, and electrical conductivity of the soil water (EC,,)
has been investigated since the 1940s with the development of Archie’s empir-
ical law for sand soils and saturated rock (Archie, 1942), which is still used to
evaluate porosity or solution conductivity of water-saturated soils and rocks:

EC,=aEC,¢" “4)

where a is an empirical constant, ¢ is the porosity, and m is the material-
dependent cementation exponent (m=1.3 for unconsolidated sands and
m=1.8-2.0 for consolidated sandstones). Archie’s law was found to hold
for various porous media and ranged in value from 1.2 to 4.0.

It was observed by Klein and Sill (1982), De Lima and Sharma (1990),
and Keller (1994) that the linear relationship of Eq. (4) was not applicable to
soils containing clay minerals due to the large number of ions adsorbed to the
surfaces of clay minerals. As a soil wets up, these adsorbed ions become avail-
able for ion conductivity. The large CEC of clay results in a considerable
increase in electrical conductivity of the soil solution for clayey soils.
Rhoades et al. (1976) developed a theoretical model that accounted for
the contribution of clay minerals to EC,. The model of Rhoades et al.
(1976) was formulated on the concept of two parallel conductance path-
ways: (i) conductance through the soil liquid phase (EC,,, dSm™"), which
depends on solute concentration and soil water content and (ii) surface con-
ductance (EC,, dSm™ "), which occurs through or along the surfaces of the
soil solid phase. The surface conductance is regarded as constant and is inde-
pendent of the soil solution (Rhoades et al., 1976; Shainberg et al., 1980);
consequently, the model becomes:

EC, = kr(6,)EC, + EC, 5)

where k4(0,) is the transmission coefficient (<1), which accounts for the
tortuosity of the electrical current flow path as a linear function of soil water
content (0), i.e., k(6,) =ab,, +b, with a and b constant for a given soil.
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Pathways of Electrical Conductance
Soil Cross Section

Fig. 6 Schematic illustrating the three conductance pathways of the DPPC model of
apparent soil electrical conductivity or EC,. The three conductance pathways are: (i)
solid-liquid conductance pathway (Pathway #1), (ii) liquid conductance pathway
(Pathway #2), and (iii) solid conductance pathway (Pathway #3). Modified from
Rhoades, J.D., Manteghi, N.A., Shouse, P.J.,, Alves, W.J., 1989b. Soil electrical conductivity
and soil salinity: new formulations and calibrations. Soil Sci. Soc. Am. J. 53 (2), 433—439.

However, the pivotal research came fromRhoades et al. (1989b) with the
development of a complete physical model explaining the relationship
between EC,, EC,,, and 0,, under all soil conditions that eliminated the need
for an empirical transmission coefficient, k{6,). This model was based on
multi-pathway parallel dectrical conductance Fig. 6). The model is often
referred to as the dual-pathway parallel conductance (DPPC) model. The
DPPC model has been shown to be applicile to a wide range of typical agri-
cultural situations (Corwin and Lesch, 2003). The three conductance pathways
in soil of the DPPC model are: (i) solid-liquid, (ii) liquid, and (iii) solid con-
ductance pathways. Because ofthese conductance pathways, EC, is influenced
by a complex interaction of edaphic properties, including salinity, water con-
tent, texture, bulk density, cation exchage capacity, clay mineralogy, organic
matter, and temperature. These interactions make EC a complex measure-
ment that can be interpreted only by keeping these influencing factors in mind.

The DPPC model demonstrates that EC, can be reduced to a nonlinear
function of five soil properties: salinity as measured by EC,, SP, soil water
content, pyp, and soil temperature. The DPPC model of Rhoades et al.
(1989b) 1s shown in Eq. (6):

(0. +6,)° - EC,s - EC,
(93‘3 : Ecws) + (gws : EC:)

ECa = + (aw - st) : ECWE (6)
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where 0,=0,,.+0,, is the total volumetric water content (cm3 cm_B); 0,
and 6, are the volumetric soil water content in the soil-water pathway

3 -3 .
cm ), respectively;

(cm” cm ™) and in the continuous liquid pathway (cm
0., is the volumetric water content of the surface-conductance (cm”> cm™°);
EC,, and EC,, are the specific electrical conductivities of the soil-water
pathway (dSm™') and continuous liquid pathway (dSm™"), respectively;
and EC, is the electrical conductivity of the surface conductance (dSm™").

Eq. (6) is not easily parameterized. To overcome this difficulty, R hoades
etal. (1989b, 1990a) established empirical relationships. Using the following
empirical relationships, Egs. (7)—(11), Rhoades et al. (1989b, 1990a) showed
that the five parameters from Eq. (6) (i.e., 0,,, 8,,, 0, EC,, and EC,) are
related to easily measured soil properties:

_Pw-p,

0, = 7)
100

0., =0.6390,,+0.011 8)
P

0, =11 9

- 2.65 ( )

ECS:0.019(SP) —0.434 (10)

EC,-p,-SP SP
EC, = |—=< P2 201 _ pe, (11)
1006, 100 - 6,

where PI¥is the percent water on a gravimetric basis, p, is the bulk density
(Mgm ), SPis the saturation percentage, EC,, is the average electrical con-
ductivity of the soil water assuming equilibrium (i.e., EC,=EC,,,=EC,,),
0, is the gravimetric water content (kgkg™"), and EC, is the electrical
conductivity of the saturation extract (dSm ™). The DPPC model is a mod-
ule in the ESAP software by Lesch et al. (2000), which can be downloaded
from http:/www.ars.usda.gov/Services/docs.htm?docid=15992. Lesch
and Corwin (2003) evaluated the reliability of Eqs. (6)—(11) and found that
the equations are reliable except under extremely dry soil conditions. Lesch
and Corwin (2003) developed a means of extending these equations for
extremely dry conditions by dynamically adjusting the assumed water con-
tent function.

Egs. (2) and (6)—(11) indicate that EC, is directly influenced by EC,, SP,
, Pu, and temperature. Several of these properties are also influenced by

0

4
other properties. For instance, SP and p, are influenced by clay content
and organic matter (OM). The exchange surfaces on clays and OM provide

a solid-liquid phase pathway primarily through exchangeable cations; as a


http://www.ars.usda.gov/Services/docs.htm?docid=15992
http://www.ars.usda.gov/Services/docs.htm?docid=15992
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result, CEC, OM, clay content, and clay mineralogy are additional proper-
ties influencing the EC, measurement.

The liquid pathway is the only conductance pathway needed to measure
soil salinity. The fact that two other conductance pathways are measured
with EC, complicates the ability to determine what soil property or prop-
erties are measured. Numerous studies conducted since 1980 reveal the site
specificity and complexity of the EC, measurement. Table 2 provides an
up-to-date compilation of EC, studies and the associated dominant soil
property or properties measured by EC, for that study.

The EC, measurement is a consequence of the complex interaction of a
variety of soil properties that vary from one location to the next and some
vary over time; consequently, the EC, measurement is time and site specific,
making interpretation difficult. Interpretation of an EC, measurement
requires an associated soil sample to establish the ground truth and to establish
those soil properties that are influencing the EC, measurement at that time
and location. The basic research thatled to an understanding of the properties
influencing the EC, measurement provided the knowledge necessary to
enable the interpretation of the meaning of an EC, measurement and to guide
the development of protocols and guidelines that would enable the mapping
and monitoring of a target soil property influencing the EC, measurement.
For an EC, measurement to have meaning it must be interpreted through
an understanding of the properties influencing EC, and the extent of the
influence of those properties at a given location and time. Eqs. (6)—(11) pro-
vide a quantitative understanding of the interaction of soil properties on EC,.

5.2 Development of mobile electromagnetic induction and
electrical resistivity equipment for field-scale use

The EC, measurement is a quick, reliable, easy-to-take measurement for
establishing within-field spatial variability of soil properties that either
directly or indirectly influence the reading. Geo-referenced EC, measure-
ments serve to define spatial patterns of variation in EC, that reflect the var-
iation in soil properties influencing the EC, measurement. Geo-referenced
EC, measurements from ER and EMI are well suited for mobilization since
they can be taken in a steady data stream, unlike TDR where the EC, mea-
surement is taken at a discreet point since a TDR probe must be inserted into
the ground to the desired depth. During the 1980s, maps of EC, were labo-
riously created using tape measures, distance wheels, or surveying equip-
ment (e.g., Theodolite) to establish position. It was not until the early
1990s with the commercial availabilty of meter to sub-meter accuracy GPS



Copyright Elsevier 2019 This book belongs to Dennis Corwin

Review of multi-scale soil salinity assessment 47

data that mobilization of EMI and ER equipment came to fruition. The devel-
opment of mobile EC, equipment by a variety of researchers Cannon et al.,

1994; Carter et al., 1993; Freeland et al., 2002 Jaynes et al., 1993; Kitchen

et al., 1996; McNeill, 1992; Rhoades, 1993) made it possible to produce

EC, maps with measurements taken every few meters. Maps of EG could

be obtained with tens of thousands of EC, measurements covering 35ha in
20h or less.

As pointed out by Corwin and Scudiero (2016), there are four basic
components to a mobilized EC, measurement system: (1) EC, measurement
sensor, (i) global positioning system (GPS), (iii) hardware interfacing, and
(iv) transport platform.

Mobile EC, measurement equipment has been developed for both ER.
and EMI sensors. In the case of ER, considerable time for a measurement is
saved by mounting the electrodes to “fix” their spacing. A tractor-mounted
version of the “fixed-electrode array” has been developed that geo-references
the EC, measurement with a GPS (see Fig. 7A; Carter et al., 1993; Rhoades,
1992, 1993). Veris Technologies” has developed a commercial mobile system

Fig. 7 Non-commercial and commercial mobile electrical resistivity (ER) equipment,
respectively: (A) mobile ER rig by Rhoades (1992, 1993) and Carter et al. (1993) and
(B) Veris 3100°.

® Veris Technologies, Salinas, Kansas, USA (www.veristech.com). All references to commercial equip-
ment and instrumentation are provided solely for the benefit of the reader and do not imply the
endorsement of the USDA.
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Fig. 8 Mobile electromagnetic induction (EMI) equipment varying in cost: (A) Imperial
Irrigation District EMI rig, (B) U.S. Salinity Laboratory EMI rig (Carter et al., 1993; Rhoades,
1992, 1993), and (c) NRCS EMI rig.

for measuring EC, using the principles of ER (Fig. 7B). In the case of EMI, a
Geonics® EM-38 unit and other EMI units such as EM-31, DUALEM-2,
DUALEM-21, DUALEM-421, and GF CMD-1 soil conductivity meters
(Geonics Ltd., Dualem, GF Instruments) have been mounted behind herbi-
cide spray rigs or ATVs (Fig. 8). The first mobile EMI salinity assessment rig
was developed by the U.S. Salinity Laboratory (Carter et al., 1993; Rhoades,
1992, 1993). It consisted of an EM-38 mounted inside a cylindrical non-
metallic housing in the front of a mobile spray rig that has adequate clearance
to traverse fields with a crop cover. The housing could be raised and lowered
to take measurements at the soil surface or at various heights above the soil, or
to lock into a travel position to go from one measurement site to the next. The
housing could also be rotated 90° to take EM}, and EM,, readings at each mea-
surement site. Subsequently, the mobile EMI equipment developed at the
Salinity Laboratory was modified by the addition of a dual-dipole EM-38 unit
(Fig. 8B) in place of the single EM-38 unit and the EMI conductivity meter
was housed in a PVC tube pulled behind the spray rig. The dual-dipole EM-38
unit permits continuous, simultaneous EG measurements in both the horizon-
tal (EMy,) and vertical (EM,) dipole configurations at time intervals of just a few
seconds between readings. Other less costly mobile EMI equipment Fig. 8C)
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has been developed that carry the EM-38 unit on a non-metallic cart or sled
pulled by an ATV or tractor (Cannon et al., 1994; Freeland et al., 2002; Jaynes
et al., 1993; Kitchen et al., 1996). These sleds or carts allow continuous EC,
measurements, but in only one dipole position. No commercial mobile system
has been developed with EMI. The mobile EMI and “fixed-electrode array”
equipment are well suited for collecting detailed maps of the spatial variability
of average root zone soil electrical condudivity at field scales and larger spatial
extents (<10km?). Comparisons between commercial EMI and ER equip-
ment (Gebbers et al., 2009; Serrano et al., 2014; Sudduth et al., 2003) and
between various commercial EMI sensors (Heil and Schmidhalter, 2015;
Saey et al., 2009b; Urdanoz and Aragliés, 2012) are available in the literature.

Two GPS systems commonly used with mobile EC,-measurement
equipment are: (i) self-contained systems and (ii) stand-alone GPS receivers
with external data logging. They differ in their interfacing. Self-contained
GPS systems consist of data loggers and software that record, modity, and/or
store GPS data independent of the attached proximal sensor or hardware
interfacing. Whereas, stand-alone GPS receivers must be connected to a
microprocessor to store and/or process GPS data.

Hardware interfacing links the EC,-measurement sensor to the GPS and
controls the timing of the acquisition of the GPS coordinates and EC, mea-
surement. The sophistication of the hardware interface, and therefore its
cost, depends on the number of proximal sensors and the extent of the
real-time processing. In the simplest mobile EC,-measurement system, such
as a single EM-38 conductivity meter, the hardware interface is eliminated
by direct output of the real-time sensor data through an RS-232 serial con-
nection with the internal data capture of the GPS.

The transport platform can be as simple as hand-carried by an individual
to a range of transportation vehicles, such as pickups, all-terrain vehicles
(ATVs), tractors, or modified herbicide-insecticide spray rigs (Fig. 8).
The fixed-array four electrode (Rhoades, 1992, 1993) and Veris 3100
(Lund etal., 1999; Sudduth et al., 1999) are examples of ER sensor platforms
that are towed. Simple non-metallic platforms to tow EMI instrumentation
have been developed by Jaynes et al. (1993), Cannon et al. (1994), Kitchen
et al. (1996), and Freeland et al. (2002).

The mobilization of ER and EMI was one of the most impactful mile-
stones in field-scale salinity assessment because it made mapping salinity and
other soil properties a practical task. Even though the cost of all the GPS, ER.
or EMI, and computer equipment was substantial, ranging from $20K to
over $100K USD, the ability to create detailed maps of EC, measurements
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every 3—5m was no longer a technical barrier. The outcome was the rapid
increase in field-scale research related to EC, mapping.

5.3 Statistical sampling approaches from geospatial
sensor data

Once EC, maps became available to researchers, the next challenge was how
to use the georeferenced EC, data to characterize the spatial variability of soil
salinity (or any other target soil property that was significantly correlated
with EC, at the site of interest). The spatial variation in georeferenced
EC, data is used to direct a soil-sampling scheme that provides the necessary
ground-truth information to characterize the spatial distribution of any soil
property correlated with EC, within a field, which is referred to as EC,-
directed soil sampling (Corwin and Scudiero, 2016).

Two distinct sampling strategies have been used to identify the location
of soil sample sites that reflected the range and variation of spatial EC, data
within a field: (i) designed-based (or probability-based) and (i) model-based
(prediction-based) sampling strategies. Designed-based sampling strategies
include simple random sampling, stratified random sampling, unsupervised
classification, and cluster sampling, to mention a few. Designed-based sam-
pling is useful whenever there is not a need for spatial modeling, such as
when comparing salinity content between two different fields. Designed-
based sampling is not ideal when the goal is to build a spatial model, such
as maps, pedotransfer functions, and plant-soil models. In contrast,
model-based sampling strategies support the use of parametric modeling
by focusing on the requirements of a particular model, such as minimizing
kriging variance (Van Groenigen et al., 1999) and avoiding the autocorre-
lation of residuals in linear regression modeling (Hengl et al., 2003; Lesch,
2005). A comparison of design-based and model-based sampling strategies
by Corwin et al. (2010) highlighted some of the strengths of model-based
sampling, including better model discrimination, more precise parameter
estimates, and smaller prediction variances. Corwin et al. (2010) concluded
that the model-based sampling strategy of the response surface sampling
design provided an increased level of assurance of spatial characterization
of soil sampling with EC,-directed soil sampling over the design-based sam-
pling strategy of a stratified random sampling design.

Numerous sampling strategies have been presented in the literature,
including, but not limited to: (i) Lesch et al.’s (2000) response surface sampling
design (Fitzgerald et al., 2006; Guo et al., 2016; Lesch, 2005), (ii) Van
Groenigen et al.’s (2000) minimization of a weighted means of the shortest
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distance (Barca et al., 2015; Brus and Heuvelink, 2007; Debba et al., 2005;
Scudiero etal., 2011, 2016a), (iif) Minasny et al.’s (2007) variance Quad-Tree
algorithm (Yan et al., 2007; Yao et al., 2012), (iv) stratified random sampling
(Corwin etal., 2010), balanced sampling (Brus, 2015), and (v) a special case of
the latter known as Minasny and McBratney’s (2006) conditioned Latin
hypercube (Clifford et al., 2014; Kidd et al., 2015; Liel3, 2015). Currently,
the most widely used sampling strategy for the characterization of soil spatial
variability with EC_-directed soil sampling is the response surface sampling
design in the ESAP software developed by Lesch et al. (2000). The reason
for ESAP’s widespread use is that there is a substantial reduction in the number
of samples required to characterize the variation in the target soil property as
compared to other approaches and ESAP is public-domain software that is
easily obtained online with support documentation for its use and operation.

5.4 Multi-scale salinity assessment approaches

Since 1980 the USDA-ARS U.S. Salinity Laboratory (USSL) has been the
center of research related to mapping and monitoring soil salinity at field
scale and larger spatial extents using electromagnetic induction (EMI) and
electrical resistivity (ER) (Corwin, 2008). Over that time, USDA-ARS sci-
entists and scientists visiting USSL have developed three approaches for
mapping soil salinity at three distinct spatial scales: field (<3 km?), landscape
(3-10km?), and regional (10~10°km?) scales. Each approach is based on the
measurement of apparent soil electrical conductivity (EC,), which is the
bulk conductivity of the soil and is a complex measurement influenced
by a variety of soil properties, including salinity, texture, water content, bulk
density, clay minerology, and organic matter. The three approaches are:
(1) EC,-directed soil sampling (field scale), (i) ANOCOVA approach (land-
scape scale), and (iil) remote-sensor imagery combined with EC,-directed
soil sampling (regional scale). A detailed discussion of the protocols for map-

ping soil salinity at field, landscape, and regional is in Corwin and Scudiero
(2016).

5.4.1 Field-scale approach: EC,-directed soil sampling

Scientists at the U.S. Salinity Laboratory developed an integrated system for
the measurement of field-scale spatial variability, particularly salinity, con-
sisting of (i) guidelines and protocols for the characterization of soil spatial
variability using EC,-directed soil sampling presented by Corwin and
Lesch (2003, 2005b) and Corwin and Scudiero (2016) and protocols specific
to soil salinity assessment presented by Corwin and Lesch (2013), (ii) mobile
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Mobile EMI Equipment &
EC,-Directed Sampling
Protocols

Geostatistical interpolation
of *hard’ data from soi
sample cores

Soii Sa;'ﬁpki-ing

Map derived from *hard’ Lab Analysisy & GIS

and ‘soft’ (EC,) data Bosicotints
- - « Basic
alinity = bo+b,(EM,)+b,(EMy) |, Spatial stat analysis
5 o +b3(x)+bs(y) « Calibration models

Maps of Soil Salinity
Fig. 9 Schematic illustrating the integrated system and procedure for assessing soil
salinity at field scale using apparent soil electrical conductivity (EC,) directed soil sam-
pling protocols, a mobile electromagnetic induction (EMI) rig, ESAP software, and geo-
graphic information system (GIS). EM, refers to the measurement of EC, by EMI in the
vertical coil configuration and EM,, refers to the measurement of EC, by EMI in the hor-
izontal coil configuration. Taken from Corwin, D.L., 2015. Use of advanced information
technologies for water conservation on salt-affected soils. In: Mueller, T.G. and
Sassenrath, G.F., (Eds.), GIS Applications in Agriculture, vol. 4: Conservation Planning.
Taylor and Francis Group, Boca Raton, FL, Chapter 8, 119—150 with permission.

EC, measurement equipment (Rhoades, 1993), and (ii1) sample design soft-
ware (Lesch et al., 2000; Lesch, 2005). The integrated system and procedure
for mapping soil salinity at field scale is schematically illustrated in Fig. 9.

The protocols for an EC,-directed soil sampling survey to measure soil
salinity at field scale include eight steps (Corwin and Scudiero, 2016): (i) EC,
survey design, (ii) geo-referenced EC, data collection, (iii) soil sample design
based on geo-referenced EC, data, (iv) soil sample collection, (v) physical
and chemical analysis of pertinent soil properties, (vi) spatial statistical anal-
ysis, (vii) determination of the dominant soil properties influencing the EC,
measurements at the study site, and (viil) GIS development.

As indicated in Fig. 8, maps of soil salinity can be created by interpolating
the salinity from soil samples (i.e., “hard” salinity data alone) or from a
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calibration equation, such as Eq. (12). Eq. (12) relates soil salinity to EMI
measurements of EC, in the vertical (EM,) and horizontal coil configura-
tions (EMy) and x—y location (i.e., easting and northing) in the field to
account for any spatial trend across the field due to anthropogenic or ped-
ogenic influences (i.e., using “hard” salinity and “soft” EC, data in
combination):

In(EC,) =By + i In(EM,) + f, In(EM,) + B3(x) + Bs(y) +& (12

where EC, is the soil salinity or electrical conductivity of the saturation
extract (dSm™"); Bo, P1, P>, P53, and B, represent the empirical regression
model coefficients; x and y are the easting and northing UTM coordinates
(m), and € is the error term. Fig. 10 shows a typical map of an EC, survey
(i.e., geospatial EM}, and EM,, EC, measurements) for a 32.4-ha saline-sodic
field with sample site locations (circle symbol) directed by geospatial EC,
measurements and a map of the soil salinity (EC,) estimated from a calibra-
tion equation, 1.e., Eq. (12).

Westlake Farms, Stratford, CA
(August 2012)

. EC.
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Fig. 10 Maps of an apparent soil electrical conductivity (EC,) survey for a 32.4-ha saline-
sodic field near Stratford, CA, consisting of maps of EC, in the vertical (EM,) and hori-
zontal (EM;)) coil configurations using electromagnetic induction, and a map of soil
salinity (i.e, EC. or electrical conductivity of the saturation extract in dSm~") based
on a calibration equation of the form shown in Eq. (12).
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5.4.2 Landscape-scale approach: Analysis of co-variance (ANOCOVA)
Multiple-field EC, survey data often exhibit an abrupt change in magnitude
across field boundaries, generally a consequence of anthropogenic influ-
ences, such as crop and irrigation management, and often times pedogenic
influences. This presents a challenge to the conversion of EC, to EC, at spa-
tial extents of thousands to tens of thousands of hectares (i.e., landscape
scale). The abrupt change is caused by various reasons: (i) between-field var-
iation in field average water content due to irrigation method, frequency,
and timing; (i) between-field variation in soil texture; (iii) condition of
the soil surface (e.g., till vs no-till) due to management practices that effect
soil compaction; (iv) surface geometry (i.e., presence or absence of beds and
furrows); (v) temperature differences (i.e., EC, surveys conducted at differ-
ent times of the year); and (vi) between-field spatial variation in salinity
(Corwin and Lesch, 2014).

Calibration models are often used to adjust out an abrupt change. Consider
the case of surface geometry, i.e., presence and absence of beds and furrows in
afield, where an EC, survey has been conducted. In the absence of any surface
geometry, a simple power model describes the deterministic component of
the EC. — EC, calibration relationship, i.e., EC,; ~f - EC;; where f is a
coeflicient and i=1, 2, 3, ..., n. To account for the surface geometry effect
an additional dummy variable (x) and associated scaling parameter (@) are
used, i.e., EC,;~ 8%-f - EC;; where x;= 1 if there is a surface geometry effect
and x;=0 otherwise. Under a log transformation, this multiplicative param-
eter becomes additive as shown in Eq. (13):

In(EC, )~ x; In(0) + In(B) +a In(EC, ;)
= Por + Poa(xi) + a In(EC, ) (13)

On a log—log scale, a simple linear regression model with an additional
blocking (shift) parameter can adjust an abrupt change in any multiplicative
EC, effect within a field. Eq. (13) is a type of analysis of co-variance
(ANOCOVA) model. In principle, this type of ANOCOVA modeling
approach could be used to calibrate multiple-field EC, surveys to EC. pro-
vided the assumptions in Eq. (13) are reasonable.

If geo-referenced EC, survey data are acquired across multiple fields and
the number of soil sampling locations collected in any given field is minimal
(i.e., n<10), then in the absence of any useful spatial or geostatistical model-
ing approach under these conditions, basic regression modeling techniques
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are used, such as ANOCOVA. An ANOCOVA model for EC, — EC,
calibration is defined by Eq. (14):

In(EC, 1) = Boju * Pr; In(EM, i) + 5 ; In(EM, i) + € (14)

where i refers to the soil sample site within a field (i=1, 2, 3, ..., n), jis the
sample depth (j=1, 2, 3, ..., p), kis the field (k=1, 2, 3, ..., M), EM, is the
EC, measured with EMI in the vertical coil configuration (dSm™"), and
EM,, is the EC, measured with EMI in the horizontal coil configuration
(dSm™"). In the ANOCOVA model, the intercept parameter is uniquely
estimated for each sampling depth and field, but the slope coefficients are
only assumed to change across sampling depths (not across fields).

The ANOCOVA approach for EC, — EC, calibration has been validated
at regional-scale (Corwin and Lesch, 2017). However, the practical applica-
tion of the ANOCOVA approach is best used at landscape scale, i.e.,
3-10km” (Corwin and Lesch, 2017; Scudiero et al., 2016b).

5.4.3 Regional-scale approach: Remote imagery

At the regional-scale, spatial patterns of soil salinity are influenced by several
factors, including: pedogenic, meteorological, hydrological, topographical,
agronomic, anthropogenic and edaphic factors. In general, agronomic man-
agement influences local-scale salinity, whereas anthropogenic and pedo-
genic factors influence landscape-scale salinity. To model such multi-scale
variations, covariates offering continuous spatial coverage, such as remote
sensing data, are ideal. In the past 3 decades, two remote sensing approaches
have been developed for mapping soil salinity. The most popular approach
includes a variety of spatial analyses of surface (bare-) soil reflectance. The
other consists of the indirect assessment of root-zone soil salinity through
the study of plant canopy reflectance.

Salt accumulation at the soil surface often results in the formation of
white salt crusts. Such crusts are easily identifiable with remote sensing as
their reflectance properties are different from those of soils not affected
by soil salinity (Mougenot et al., 1993). One way to identify crusts is through
image classification (e.g., Metternicht, 1998). Often, salt efflorescence is
partial, making the identification of salt-affected bare-land more problem-
atic. This is because of confounding effects from different soil types (e.g.,
texture, color), soil roughness, presence of vegetation, and surface soil water
content. However, most of these confounding eftects can be accounted for
(e.g., Xu etal., 2016). Unfortunately, this approach has limited relevance in
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agricultural applications because crop growth and yield are influenced by the
salinity in the root-zone. In agriculture, information of surface soil salinity is
often only relevant for evaluation of plant germination. Indeed, several stud-
ies show that there is no direct correlation between root-zone and surface
soil salinity (e.g., Zare et al., 2015).

Spectral reflectance properties of salt-affected vegetation are different
from those of non-stressed plants. Difterences can be seen in the spectral sig-
nature of crops, especially in the visible (e.g., 450-700 nm) and near-infrared
(e.g., 770900 nm) spectra. Plants stressed by soil salinity are characterized by
higher visible and lower near-infrared range reflectance than non-stressed
plants. Unfortunately, the use of surface reflectance (i.e., multi- and
hyper-spectral) from a single airborne or satellite scene to model soil salinity
is site-specific, for reasons including: (i) the spectral signature of a crop
changes with phenological stages; (ii) different crops are characterized by dif-
ferent spectral signatures; (iil) other stress sources, such as nutrient deficiency
or water stress, trigger similar responses in plants reflectance properties; and
(iv) surface reflectance is influenced by different soil backgrounds. Due to
these confounding effects, regional-scale mapping of soil salinity with
remote sensing has often yielded unsatisfactory and inconsistent results in
the past.

Salinity stress can be isolated from other types of within-season and
season-wide transient stressors by analyzing multi-year canopy reflectance
data (e.g., Lobell et al., 2007, 2010; Scudiero et al., 2015). Lobell et al.
(2010) used 7 years of MODIS (NASA) reflectance data (250 x 250 m” spa-
tial resolution) to map salinity in the agriculturally relevant 0-20dSm ™"
range in Minnesota’s Red River Valley. Zhang et al. (2015) used the same
satellite sensor to map salinity in the 0-30dSm ™' range for the Yellow
River Delta, China. Unfortunately, the resolution of MODIS imagery is
generally insufficient to map the spatial variability of salinity that usually exists
within agricultural landscapes (Eldeiry and Garcia, 2008; Scudiero et al.,
2014a). Subsequently, Scudiero et al. (2015) used Landsat 7 ETM + canopy
reflectance imagery (i.e., Canopy Response Salinity Index or CRSI) and
EC,-directed soil sampling to map soil salinity in 2013 for the entire west
side of California’s San Joaquin Valley. Scudiero et al. (2015) considered
annual average values of Landsat 7 (USGS and NASA, USA) vegetation indi-
ces from 7 years, and used the year with highest VI value (i.e., year with
maximum average plant performance) to build a regression model from
ground-truth fields located in California’s western San Joaquin Valley
(WSJV). The regional-scale salinity model included co-variate information
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Fig. 11 Map of soil salinity within the root zone (0—1.2m) for the west side of the San
Joaquin Valley for 2013. Taken from Scudiero, E., Corwin, D.L., Anderson, R.G., Yemoto, K.,
Clafry, W.,, Wang, Z.L., Skaggs, T.H., 2017. Remote sensing is a valuable tool for mapping soil
salinity in agricultural lands. Calif. Agric. 71 (2), 1-8. doi: 10.3733/ca.2017a0009 with
permission.

on land use (i.e., cropping system) and meteorology. Fig. 11 shows the map
of soil salinity for WSJV using the regional-scale salinity model. The
regional-scale salinity models of Lobell et al. (2010) and Scudiero et al.
(2015) related salinity to a VI determined from multi-year data and other
co-variates, including rainfall and texture in the case of Scudiero et al.
(2015) and whether or not the location was classified as environmentally sen-
sitive, high erodible land qualified for the Conservation Reserve Program in
the case of Lobell et al. (2010).

Zhang et al. (2015) made an additional advancement by proposing the
use of the one-year integral of temporally interpolated MODIS EVI time
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series data as an explanatory variable for agricultural soil salinity modeling.
Whitney et al. (2018) combined the Zhang et al. (2015) methodology with
the multi-year maximum approach of Scudiero et al. (2015) rendering an
even more robust regional-scale salinity model for the WSJV.

5.5 Inverse modeling

Through the 1980s and early 1990s, the focus of EMI work in agriculture
was on vertical profiling (Corwin and Rhoades, 1982, 1984, 1990; Cook
and Walker, 1992; Rhoades and Corwin, 1981; Slavich, 1990;
Wollenhaupt et al., 1986). Prior to the development of multi-coil offset
EMI equipment vertical profiling of soil salinity with EMI involved raising
the EMI conductivity meter to various heights at or above the soil surface
(e.g., 0, 30, 60, 90, 120, and 150 cm) to measure the EC, corresponding to
incremental depths below the soil surface (i.e., 0-150, 0-120, 0-90, 0-60,
and 0-30, respectively). Rhoades and Corwin (1981) and Slavich (1990)
used multiple linear regression to correlate aboveground EMI measurements
to measured EC, soil profiles. These site-specific empirical relationships
were not widely used because they could not be applied to other sites with-
out calibration. McNeill (1980) developed a linear model of the response of
the EM-38 conductivity meter with depth. Using this response function,
Corwin and Rhoades (1982, 1984) and Cook and Walker (1992) selected
linear combinations of measurements that maximized the response to con-
ductivity for the depth range of interest.

It was not until the work of Borchers and colleagues that inverse proce-
dures for linear (Borchers et al., 1997) and nonlinear models (Hendrickx
et al., 2002a) were developed to profile soil salinity with aboveground
EMI measurements. Vertical profiling of EC, with EMI is mathematically
complex and a difficult quantitative undertaking (Borchers et al., 1997).
The pivotal papers of vertical EC, profiling are those by Borchers et al.
(1997), McBratney et al. (2000), and Hendrickx et al. (2002a) introducing
the use of second order Tikhonov regularization, which is an inverse pro-
cedure. Further strides have been made in vertical EC profiling and three-
dimensional EC imaging with EMI, not only for soil salinity but other soil
properties (e.g., water content, clay content, and bulk density), as a result of
the inverse modeling research of Gebbers et al. (2007), Saey et al. (2008,
2009b, 2015), Monteiro Santos et al. (2010), Triantafilis and Monteiro
Santos (2010a, 2013), Sudduth et al. (2010, 2013), Mester et al. (2011),
and von Hebel et al. (2014). These strides are largely the consequence of
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developments in multi-coil offset EMI equipment, such as the DUALEM-
421 and CMD Mini-Explorer, and improvements in inversion algorithms,
e.g., DUALEM-2D algorithm (Monteiro Santos, 2004; Monteiro Santos
et al., 2010), IX2D (Interpex, Golden, CO, USA) and EM4Soil software
(EMTOMO, 2014). Table 5 provides a comprehensive compilation of liter-
ature using inversion techniques to profile vertically apparent soil electrical
conductivity (EC,) or other properties with EMI and electrical resistivity
tomography (ERT).

Numerous inversion approaches have been developed to profile varia-
tions of electrical conductivity using electromagnetic induction, including
Borchers et al. (1997), Monteiro Santos (2004), Jardani et al. (2007),
Mester et al. (2011), Saey et al. (2015), and Jadoon et al. (2017), to mention
a few. As pointed out by Sudduth et al. (2013), three approaches for vertical
EC profiling have been used. The oldest approach used EC, sensor data
taken at multiple heights above the ground and at two different coil config-
urations (i.e., EMy, and EM,, horizontal and vertical coil configurations,
respectively) at each sampling point (Borchers et al., 1997; Corwin and
Rhoades, 1982; Hendrickx et al., 2002a; Rhoades and Corwin, 1981). This
approach is impractical for mobilized mapping purposes. The next two
approaches are the consequence of developments in EMI instrumentation.
The second approach is the use of multiple EMI frequencies. However, the-
oretical issues (McNeill, 1996) and the reported high collinearity of readings
at different frequencies (Tromp-van Meerveld and McDonnell, 2009) make
this approach infeasible. The third approach, which is currently receiving
the greatest interest, is the use of different coil configurations and/or coil
spacings to obtain multiple readings of EC, (Monteiro Santos et al.,
2010). A combination of the second and third approaches using a two-layer
inversion of calibrated data from two coil orientations, offsets, and frequen-
cies has been reported by Mester et al. (2011).

Of particular interest is recent work by Jadoon et al. (2017), which uses an
adaptive Bayesian Markov chain Monte Carlo algorithm (Oh and Kwon, 2001)
to assess multi-orientation and multi-offset EMI measurements to infer soil
salinity in drip irrigation. As water scarcity becomes a critical problem in irri-
gated agricultural areas, such as California’s San Joaquin Valley, the expanded
use of drip irrigation and greater need for site-specific management of irrigation
water to control salinity will create greater need for the mapping of salinity and
water within drip-irrigated systems. The research of Jadoon etal. (2017)is a step
in the right direction to make this possible. However, predicted salinity and
water content profiles from EC, inversion methods needs rigorous validation
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Table 5 Compilation of literature using inversion techniques to profile vertically
apparent soil electrical conductivity (EC,) or other soil properties with electromagnetic
induction (EMI) and electrical resistivity tomography (ERT).

Soil properties

Apparent soil electrical conductivity

Borchers et al. (1997), McBratney et al. (2000), Hendrickx et al. (2002a), Gebbers
et al. (2007), Monteiro Santos et al. (2010), Mester et al. (2011), Saey et al. (2015),
Lueck and Ruehlmann (2013), Sudduth et al. (2013), Triantafilis and Monteiro
Santos (2013), Huang et al. (2014a, 2015a), von Hebel et al. (2014), and Dragonetti
et al. (2018)

Salinity (including exchangeable sodium percentage)

McBratney et al. (2000), Cresswell et al. (2004), Koestel et al. (2008), Triantafilis
and Monteiro Santos (2013), Huang et al. (2014a, b, ¢, 2015b, ¢, e, 2017a, b),
Jadoon et al. (2015, 2017), Zare et al. (2015), Moghadas et al. (2016), and Walter
et al. (2018)

Water content (including water infiltration)

al Hagrey (2007), Schwartz et al. (2008), Brasso et al. (2010), Brunet et al. (2010),
Nijland et al. (2010), Celano et al. (2011), Kelly et al. (2011), Travelletti et al.

(2012), Chrétien et al. (2014), Huang et al. (2015d, 2016, 2017¢, d), Ain-Lhout
etal. (2016), Alamry et al. (2017), Moghadas et al. (2017), and Martinez et al. (2018)

Texture (including clay content, topsoil thickness, and soil type)

Amato et al. (2009), Saey et al. (2012a, b), Grellier et al. (2013), Rossi et al. (2013),
Sudduth et al. (2013), Buvat et al. (2014a, b"), Huang et al. (2014d), Pan et al.
(2014), Rudolph et al. (2015), and Moghadas et al. (2016)

Bulk density (including tillage layers, compaction, archeological /pedological prospecting, rock
content)

Besson et al. (2004), Séger et al. (2009), Brasso et al. (2010), Thiessen et al. (2011),
and Rossi et al. (2013)

Organic matter related (including soil organic carbon)

Altdorft et al. (2016) and Huang et al. (2017¢)

Hydraulic conductivity (including percolation)

Brosten et al. (2011) and Greve et al. (2011)

Leachate plume (including groundwater contamination)

Triantafilis et al. (2011) and Rao et al. (2014)

Electrical anisotropy

Greve et al. (2010)

"Use of electrical resistivity EC, for composite depths of 0-0.5, 0-1.0, and 0—1.7m with no inversion
necessary, obtained with an automated resistivity-profiling device (ARP®, GEOCARTA, Paris, France).
Definitions: EC,, apparent soil electrical conductivity; ER T, electrical resistivity tomography; EMI, elec-
tromagnetic induction.
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with separate data sets to gain the credibility and knowledge of uncertainty
needed for future site-specific management of drip irrigation. Validation with
separate data sets has been limited. Only von Hebel et al. (2014) has validated
using a separate data set, which compared predicted EC, from inverted EMI
measurements of EC, to EC, profile measurements from electrical resistivity
tomography (ERT). Even though considerable research has been conducted
over the past decade involving the inversion of EMI measurements to profile
soil properties such as salinity, water content, texture, and organic matter, very
little significant knowledge has been gained beyond that provided from the
early works of Borchers et al. (1997), McBratney et al. (2000), and
Hendrickx et al. (2002a) and what was already understood in the papers by
Corwin and Lesch (2003, 2005a, b). However, the recent work by von
Hebel etal. (2014) and Jadoon et al. (2017) indicate a potential shift away from
the numerous repetitive observational inversion studies found in the literature
over the past decade to research of greater practical relevance and impact.

Direct-current resistivity imaging or ER T to profile soil properties has been
studied more thoroughly than EMI inversion. Mobile electrical resistivity sys-
tems have been developed and tested, including cylindrical steel electrodes with
an in-line array geometry (Serenson, 1996) and spiked wheels for continuous
galvanic soil contact (Dabas, 2009; Panissod et al., 1998). Electrical resistivity
imaging (ERI) has been successfully applied to characterize soil moisture pro-
files (Ain-Lhout et al., 2016; Alamry et al., 2017; Brunet et al., 2010; Celano
et al., 2011; Nijland et al., 2010 Schwartz et al., 2008), plant water uptake
(Ain-Lhout et al., 2016; Celano et al., 2011; Nijland et al., 2010), the tillage
layer (Basso etal.,2010; Besson etal., 2004; Séger etal., 2009), to map and quan-
tify root biomass (al Hagrey, 2007; Amato et al., 2009; Rossi et al., 2010), to
monitor water percolation and optimize irrigation patterns (Greve et al.,
2011; Kelly et al., 2011), to investigate soil weathering profiles (Beauvais
et al., 2004), to characterize soil contamination and monitor remediation
(West et al., 1999), to define site-specific management units (Morari et al.,
2009), and to develop 3D soil-geology models (Tye et al., 2011). Revil
et al. (2012) and Loke et al. (2013) provide reviews of direct-current geo-
electrical imaging methods for 2D, 3D, and 4D surveys.

5.6 Spectral indices of soil salinity from remote sensing

As indicated in Table 3 spectral indices of soil salinity are categorized into
simple ratio, intensity, soil, and vegetation indices. Simple ratio, intensity,
and soil indices reflect salinity that is present in the top 0.1m or less, which
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is not relevant for agriculture since the root zone of crops is generally asso-
ciated with the top 1.5m of soil. For this reason, simple ratio, intensity, and
soil indices are best used to inventory degraded soils due to salt accumula-
tion; consequently, vegetation indices are of most relevance and impact to
agriculture since they can reflect the influence of a soil property for the entire
root zone, such as soil salinity, upon plant condition.

Aside from advances in remote sensing equipment development, which
will not be discussed in this paper, vege tation indices are arguably the most
significant development in remote sensing for agricultural uses. This is par-
ticularly true for its application in mapping soil salinity at regional scale and
will potentially hold true for field an d landscape scales once affordable
high-resolution (<5m) multi- and hyper-spectral images are available at
regular and frequent time intervals. Xue and Su (2017) provide a succinct
review of the development and application of remote sensing vegetation
indices.

The advantage of vegetation indices is that they reflect the influence of a
soil property, such as salinity, upon plant condition for the entire root zone,
but a major disadvantage is the inability to distinguish between other soil
properties also influencing plant condition. Plant condition is influenced
by a number of stressors (e.g., osmotic, matric, nutrient, pests, and disease
stresses) causing near-infrared reflectance to drop and visible reflectance
(red, blue, green) to increase. Vegetation indices, such as NDVI and CRSI,
do not distinguish between stressors; subsequently, a decrease in NDVI or
CRSI, which indicates plant stress, does not indicate whether the stress is
due to salinity, water deficiency, nutrient deficiency, pests, and/or disease.
The current means of overcoming this problem and isolating the target
property of soil salinity is to combine the yearly integral of temporally inter-
polated VI time series data over multi-years to reduce the influence of
stressors aside from salinity (Whitney et al., 2018). The yearly integral of
temporally interpolated VI time series data diminishes seasonal influences,
while the multi-year analysis isolates the effects of soil salinity from other
confounding factors (e.g., water deficiency, nutrient deficiency, pests,
and/or disease) that tend to be more transient and vary intra-annually
(Lobell et al., 2007, 2010; Scudiero et al., 2014b). Therefore, a single-year
perturbation to plant condition, such as disease, which in turn influences the
visible and near-infrared reflectance, is smoothed out over multiple years as
long as the average root zone salinity remains stable over those years.
Another means of isolating salinity from other stressors is data fusion and
the combined use of multiple sensors.
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No single VI has worked best at every agricultural location for salinity
assessment. Vegetation index application is region specific (Whitney
etal., 2018; Zhang et al., 2015); consequently, preliminary testing to identify
the VI that performs best at each region of interest is necessary (Whitney
et al., 2018).

5.7 Data fusion of multiple sensors

Table 6 shows five categories of proximal sensors commonly used in agri-
culture and the associated soil properties influencing their measurement as
developed by Adamchuk et al. (2004). More than one agronomic property
affects each sensor. For this reason, multiple proximal sensors are used in
combination to better separate out the multiple properties influencing the
different proximal sensors. The intent of the fusion of sensor data is to render
novel soil property models characterizing soil spatial variability to produce
maps of soil properties of greater accuracy and reliability. Most of the need to
characterize and map field-scale spatial variation in soil properties accurately
stems from site-specific management. The ease with which multiple sensors
can be mounted on vehicles (e.g., ATV, tractor, modified pesticide spray rig)
adds further impetus for their use. Grunwald et al. (2015) provides a com-
prehensive review of the fusion of'soil and remote sensing data to model and
map soil properties. The detailed review provides an overview of the inte-
gration pathways utilizing proximal and satellite sensors to model soil prop-
erties based on classic disciplinary (e.g., soil measurement techniques and
proximal and remote sensing) and inter- and transdisciplinary approaches
(e.g., digital soil mapping and pedometrics).

As categorized by Grunwald et al. (2015) the fusion of sensor data falls
into three groups: (i) proximal sensor fusion, (ii) proximal and remote sensor
fusion, and (iii) remote sensor fusion. Further sub-classification of sensor
data fusion studies reviewed by Grunwald et al. (2015) met the following
criteria or purposes: (1) sensor data was used as covariates to predict or classify
a soil property, (i1) sensor data was used as the target variable, (iii) multi-
temporal and/or multi-location sensing, (iv) spectral indices derived from
proximal and remote sensing data, (v) sensor comparison, and (vi) sensor
fusion where data from multiple sensors are integrated. Grunwald et al.
(2015) identified three studies related to sensor data fusion for soil salinity,
each falling within a different category, including work by Metternicht and
Zinck (2003), Nield et al. (2007), and Melendez-Pastor et al. (2010).
Metternicht and Zinck (2003) reviewed the integration of proximal and
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Table 6 Soil properties influencing proximal sensors.
Agronomic soil property

Category of Texture (sand, silt, OM 6 ECor Cpor Depth of topsoil or pH Residual NO; or Other macro- CEC
proximal sensor clay content) Na Pb hard pan total N nutrients

Electrical and EMI X X X X X X X X
Optical and X X X X X X
radiometric

Mechanical X X

Acoustic and X X X

pneumatic

Electrochemical X X X X

EMLI, electromagnetic induction, OM, soil organic matter, 0, water content, EC, electrical conductivity (salinity), Na, sodium content, Cp, compaction, py,, bulk density,
CEC, cation exchange capacity.

Modified from Adamchuk, V.I., Hummel, J.W., Morgan, M.T., Upadhyaya, S.K., 2004. On-the-go soil sensors for precision agriculture. Comput. Electron. Agric. 44,
71-91.
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remote sensors, including aerial photographs, satellite and airborne multi-
spectral sensors, microwave sensors, video imagery, airborne geophysics,
hyper-spectral sensors, and electromagnetic induction sensors using various
techniques such as spectral unmixing, maximum likelithood classification,
fuzzy classification, band ratioing, principal components analysis, and corre-
lation equations. Limited success was found especially on agricultural soils
where surface soil crust was not visible. The work by Nield et al. (2007) fell
into the category of remote sensing (i.e., Landsat ETM +) used as a covariate
resulting in the correct prediction of 87% of the field-observed gypsic soil
areas. Melendez-Pastor et al. (2010) was a multi-temporal remote sensing
study using imaging spectroscopy techniques (i.e., matched filtering and
mixture tuned matched filtering) to map saline soils with ASTER images
from two approaches: (i) using image based spectra of saline and non-saline
training areas and (ii) using the spectrum of the halite mineral as a proxy to
the spectra of saline soils. The image-based mapping approaches were dis-
covered to be more robust with respect to mapping performance and accu-
racy compared to the halite spectrum-based approaches.

Aside from the studies presented in Metternicht and Zinck (2003) several
additional proximal-remote sensor fusion studies have improved the estimation
of soil salinity, including Farifteh et al. (2006), Brunner et al. (2007),
Goldshleger et al. (2012), Mahmood et al. (2012), Guo et al. (2013a),
Scudiero et al. (2013, 2014a, 2015), Ding and Yu (2014), and Aldabaa et al.
(2015). Farifteh et al. (2006) outlined a conceptual framework that integrated
remote sensing, solute modeling, and geophysical EC, surveys to assess salt-
aftected soils. Goldshleger et al. (2012) evaluated the combined use of active
and passive proximal and remote sensors to assess soil salinity, which consisted
of (i) in situ and airborne sensor spectral measurements, (ii) frequency domain
electromagnetic measurements, and (ii) ground penetration radar measure-
ments. They concluded that merging the passive and active sensors yielded
a better understanding of the underlying processes than any single sensor alone.
Brunner et al. (2007) combined geospatial EC, measurements with spectral
correlation mapping and NDVI to produce a regional-scale salinity map for
the Yangi Basin, China. Mahmood et al. (2012) used vis-NIR spectrometry
and EMI EC, for multiple soil properties asidefrom soil salinity, including tex-
ture, pH, total organic carbon, total ntrogen, and carbon-to-nitrogen ratio.
Mahmood et al. (2012) concluded that soil property models based on data
fusion significantly improved the prediction accuracy for salinity, texture
(i.e., clay, silt, and sand), and pH from those based on either of the individual
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sensors. Guo et al. (2013a) fused ALOS/PALSAR (Advanced Land Observing
Satellite/Phased Array type L-band Synthetic Aperture Radar) radar remote
sensing imagery and EMI EC, sensor data to map soil moisture and salinity var-
iability in reclaimed coastal areas of Zhejiang Province in China, concluding
that integrating active remote sensing and proximal sensors are eftective for rap-
idly and accurately detecting these soil properties. Scudiero et al. (2013) com-
bined the use of intensive geospatial EC, measurements and bare-soil NDVI
data to characterize the spatial variability of salinity, texture, organic carbon
content, and bulk density to divide a field cropped in maize into five site-
specific management units (SSMUs) using fuzzy cmeans clustering.
Scudiero et al. (2014a, 2015) used ground-truth measurements of soil salinity
obtained from ECa-directed soil sampling following the protocols of Corwin
and Lesch (2005b, 2013) and canopy response salinity index (CRSI) from
Landsat 7 reflectance data to facilitate alinity mapping. Their results indicated
that a fusion of multi~year Landsat 7 reflectance data with meteorological infor-
mation, crop type, and soil texture would improve salinity assessment of the
western San Joaquin Valley. Ding and Yu (2014) integrated spectral informa-
tion from Landsat TM images from the dry and wet seasons of 2011 and then
applied universal kriging, spectral index regression, and regression-kriging
approaches to define salinity patterns. Their results indicated that regression-
kriging with a nest spherical model produced the closest fit to observed EC,
data. Aldabaa et al. (2015) evaluated the use of visible near infrared diffuse
reflectance spectroscopy, portable X-ray fluorescence spectrometry, and
remote sensing to quantify soil salinity rapidly, concluding that the fusion of
all three techniques produced the highest predictability.

5.8 Applications of multi-scale soil salinity assessment

The applications of multi-scale salinity assessment obtained from proximal
and remote sensors are diverse, including field-scale mapping of soil quality,
landscape-scale modeling of salt loads to tile drain systems, delineation of
SSMUs for irrigation and salinity control, spatio-temporal monitoring of
degraded water reuse, plant salt tolerance determination, assessing biofuel
production feasibility on salt-aftfected soils, and monitoring the impact of cli-
mate change on soil salinization. Scientists at the USDA-ARS U.S. Salinity
Laboratory spearheaded applied research in this area and contributed the
greatest concentration of research to demonstrate the application of
multi-scale salinity assessment derived from proximal and satellite sensors.
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5.8.1 Mapping soil salinity and soil quality

An inventory of salinity is an obvious product of maps generated from salin-
ity assessments using proximal and satellite sensors irrespective of the scale.
Corwin et al. (2003a) went beyond mapping the spatial variability of only
soil salinity and extended the use of EC,-directed soil sampling to mapping
soil quality, comprised of 31 soil chemical and physical properties. Corwin
et al. (2003a) mapped the soil quality of a 32.4-ha saline-sodic field in Cali-
fornia’s San Joaquin Valley following the EC,-directed soil sampling guide-
lines of Corwin and Lesch (2003). A range of soil quality properties were
mapped pertaining to the intended use of the soil, which was to grow
Bermuda grass (C. dactylon (L.) Pers.) as forage for livestock.

Soil quality was established both by soil sample analyses at sites deter-
mined from EC,-directed soil sampling and by yield and chemical analyses
of the forage crop at the same site locations. The soil quality properties of
interest were those that potentially influenced the yield and quality of the
livestock forage crop, including EC,; pH,, anions (HCO; ™, CI~, NO; ™,
SO4_2) and cations (Na+, K", Ca+2, Mg+2) in the saturation extract, trace
elements (B, Se, As, Mo) in the saturation extract; CaCQOj3; gypsum, cation
exchange capacity (CEC); exchangeable Na*, K*, Mg*? and Ca™>
exchangeable sodium percentage (ESP); sodium adsorption ratio (SAR);
inorganic and organic C; total N; saturation percentage (SP); volumetric
water content (8,); bulk density (py); clay content; and saturated hydraulic
conductivity (Kj).

The study demonstrated the field-scale application of EC,-directed soil
sampling to characterize the spatial variability of soil quality properties. As
long as the properties are significantly correlated to EC,, whether by direct
influence on the EC, measurement or indirectly by correlation with a prop-
erty that directly influences the EC, measurement, they can be accurately
mapped. The soil quality maps provide producers with information regard-
ing where and how to reclaim the soil to increase crop yield or crop quality.

5.8.2 Modeling landscape-scale salt loads to tile drains

Corwin et al. (1999) modeled salt loading to tile drains in a unique
landscape-scale solute transport study. The uniqueness of this study was
the use of a proximal sensor (i.e., geospatial measurements of EC, with
EMI) to define and delineate stream tubes (i.e., spatial domains of soil where
the variability of properties influencing solute transport is minimized) that
characterize the spatial variability of edaphic properties influencing solute
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transport. The study used EC,-directed soil sampling to identify stream
tubes for a 2396-ha study area in the former Broadview Water District
of California’s San Joaquin Valley. Corwin et al. (1999) linked the
functional-deterministic solute transport model TETrans (Corwin et al.,
1991) to a GIS where the map units were the stream tubes delineated from
the EC, survey. Physical, chemical, and biological properties influencing salt
transport associated with each stream tube served as inputs and parameters
for the TETrans model. TETrans is a one-dimensional, functional, deter-
ministic model often referred to as a “tipping bucket” layer-equilibrium sol-
ute transport model. TETrans was specifically developed for field-scale
application using capacity parameters (e.g., field capacity) that are less spa-
tially variable than the rate parameters (e.g., hydraulic conductivity) used
in mechanistic-deterministic solute transport models. In addition, the inputs
and parameters for TETrans are more readily available and more commonly
measured by irrigation and drainage districts in the southwestern USA than
other deterministic models of solute transport.

A map of salt loading across the 2396-ha study area was obtained by
applying TETrans to each stream tube. Model simulations were performed
from May 1991 to May 1996. Simulations of salt loads were compared to
measured salt loads in tile drain sumps connected to tile drains that drained
various combinations of quarter sections of land in the Broadview Water
District. Table 7 compares the measured and simulated salt load amounts.
In all but one instance, the simulated salt loads were within 29% of the mea-
sured salt load and in the majority of instances <20%. These simulation
results exceed the prediction capabilities of other more complex solute trans-
port models under landscape-scale applications (Oster et al., 2012) and serve
as a landscape-scale validation of TETrans when used with stream tubes.

The intended goal of the study was to demonstrate the practicality, util-
ity, and reliability of a functional solute transport model coupled to a GIS to
predict landscape-scale salt loads to tile drains and groundwater, thereby pro-
viding a useful salinity management tool for irrigation and drainage district
managers. Corwin et al. (1999) concluded that “aside from serving as a par-
tial [model] validation, the results indicate the practicality and utility of
applying a one-dimensional GIS-linked solute transport model of the vadose
zone to predict and visually display salt loading to groundwater over hun-
dreds or thousands of hectares.” The implication of this work is that the level
of sophistication of a solute transport model is of no greater importance than
the spatial characterization of the model inputs and parameters. Further-
more, scale dictates the general type of model in accordance with the orga-
nizational hierarchy of spatial scales (Corwin et al., 2006a).



Copyright Elsevier 2019 This book belongs to Dennis Corwin

Review of multi-scale soil salinity assessment 69

Table 7 Comparison of measured and predicted salt load amounts for Broadview Water
District from May 1991 to May 1996.

Measured? Predicted®
Quarter sections draining into a drainage sump (kg x 10°/ha) (kg x 10%/ha)
3-1, 3-2, 3-3, and 34 14.33 16.97
4-1 and 4-3 39.22 31.84
4-2 and 44 46.23 33.00
9-1 and 9-2 11.48 13.22
9-3 and 94 21 10.45
10—1 and 10-2 16.53 16.56
10-3 and 104 16.05 15.91

*Measured at drainage sump.

P Area-weighted average of between 8 and 16 stream tubes within each quarter section.

Source from Corwin, D.L., Carrillo, M.L.K., Vaughan, PJ., Rhoades, J.D., Cone, D.G., 1999.
Evaluation of GIS-linked model of salt loading to groundwater. J. Environ. Qual. 28, 471-480.

5.8.3 Delineating site-specific management units (SSMUs) for irrigation
and salinity management

Conventional farming manages resource inputs (i.e., fertilizer, irrigation
water, amendments, pesticides) uniformly, ignoring the naturally inherent
spatial heterogeneity of soil and crop conditions between and within fields.
The uniform application of inputs results in over and under applications of
resources. In most instances producers over apply inputs in an effort to max-
imize crop yield across the entire field. The over application of inputs results
in reduced profitability and detrimental environmental impacts to soil, sur-
face water, and groundwater resources, and to drainage water. Site-specific
crop management applies inputs when, where, and in the amounts needed.
Site-specific crop management accounts for local variability by managing at
a spatial scale smaller than the whole field with the aim of cost effectively
optimizing crop production and profitability while making efficient use
of finite resource inputs to minimize detrimental environmental impacts.
Mulla (2013) reviewed the key advances in remote sensing for precision
agriculture and Corwin and Plant (2005) reviewed the application of EC, in
precision agriculture. Multispectral imagery has been used in precision agri-
culture for mapping crop growth and yield variability (Inman et al., 2008;
Varvel et al., 1999; Yang and Everitt, 2002), characterizing soil spatial var-
iability (Barnes et al., 2003), mapping water status (Cohen et al., 2017), and
identifying crop pest infestations (Backoulou et al., 2015) and disease (Yang
et al., 2016). Hyperspectral imagery has also mapped crop yield variability
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(Goel et al., 2003; Yang et al., 2007; Zarco-Tejada et al., 2005) and crop
pests (Fitzgerald et al., 2004; Kumar et al.,, 2012; Li et al, 2014;
MacDonald et al., 2016) as well as soil fertility (Bajwa and Tian, 2005). Many
of the earliest applications of proximal sensors were for site-specific crop
management (Corwin, 2008; Corwin and Lesch, 20052). Most of these
applications related maps of productivity zones to maps of EC , or y-ray
measurements without any associated site-specific management recom-
mendations. Corwin et al. (2003b) departed from this early approach.
Corwin et al. (2003b) hypothesized that in instances where EC , correlates
with crop yield, then EC , must be measuring some edaphic property or
properties influencing yield. Spatial EC , information was used to direct
a soil and crop-yield sampling plan that identified sites reflecting the range
and variability of soil properties influencing crop yield. Subsequently, a
crop-yield response model relating ¢ rop yield to various edaphic proper-
ties influencing the crop yield was formulated. From the crop-yield
response model, site-specific managem ent units (SSMUs) were delineated
and site-specific management recommendations were developed for
the SSMUE.

Corwin et al. (2003b) used a 32.4-ha field of Panoche silty clay soil (ther-
mic Xerorthents) growing cotton located in the former Broadview Water
District in California’s San Joaquin Valley. Exploratory statistical analysis
consisting of simple correlation coefficients and scatter plots identified six
edaphic properties that potentially influenced cotton yield: EC,, leaching
fraction (LF), clay content (%), pH., gravimentric water content (0,), and
bulk density (pp,). From scatter plots of the soil properties and cotton yield,
there was found to be a quadratic relationship between EC, and yield, cur-
vilinear relationship between LF and yield, and linear relationships between
yield and the remaining four properties (clay %, pH,, 6, and py,). Using ordi-
nary least squares and adjusting for spatial autocorrelation with a restricted
maximum likelihood approach the most robust and parsimonious cotton
yield response model was Eq. (15):

Y =19.28+0.22(EC.) — 0.02(EC,)* — 4.42 (LF)?
—1.99 (pH,) +6.93(0,) +¢& (15)

where Yis the cotton yield (Mgha™ '), EC, (dS m™ "), and 0, (kgkg™"). LF
and pH, are unitless. Details regarding the delineation of the SSMUs and
development of the recommendations are found in the paper by Corwin
and Lesch (2010).
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Scudiero et al. (2013) advanced this an additional step by combining soil
reflectance and EC,-directed soil sampling. Approximately 53% of the spa-
tial variation in maize yield was attributable to the variation of four soil prop-
erties: EC,, texture, organic carbon content, and p,,. The spatial variability of
these properties was characterized by combining EC,-directed soil sampling
based on a simulated spatial annealing sampling strategy and bare-soil ND VI,
which resulted in five SSMUs using fuzzy c-means clustering. This research
pointed out the utility of the combined use of proximal and satellite sensors
to delineate SSMUs.

Though not pertaining specifically to soil salinity, Miao etal. (2018) used
a combination of soil and yield information as done by Corwin and Lesch
(2010) and Scudiero et al. (2013) to develop an integrated approach. Miao
et al. (2018) developed an integrated approach for delineating SSMUSs using
relative elevation, organic matter, slope, electrical conductivity, yield spatial
trend map, and yield temporal stability map (ROSE-YSTTS). Their
ROSE-YSTTS approach was able to account reasonably effectively for
three sources of variability for soil and landscape, nutrient level, and pH.

5.8.4 Monitoring degraded water reuse

Water resources are finite and yet demand for water continues to increase to
meet domestic agricultural, industrial, and recreational needs. The increase
in water demands comes at a time in history when erratic weather patterns
from climate change have caused a greater occurrence of extended droughts.
Globally, projections for the 2090s show a net overall global drying trend
with the proportion of land surface in extreme drought predicted to increase
by a factor of 10 to 30, increasing from 1-3% currently to 30% by the 2090s
(World Meteorological Organization, 1997). Global water consumption
rose sixfold from 1900 to 1995, which was double the population growth
rate (World Meteorological Organization, 1997). Today degraded water
is increasingly viewed as an alternative water resource rather than as waste-
water to be disposed. Corwin and Bradford (2008) point out that the
“increased reuse of degraded water is an inevitable consequence of current
trends in demand for and supply of water resources, and of the need to dis-
pose of increased volumes of degraded water” and “to prepare for the
expected shift to degraded water reuse an understanding and assessment
of the potential detrimental environmental impacts and short- and long-
term sustainability is needed.” Corwin et al. (2006b, 2008b) and Corwin
(2012) addressed the concern of Corwin and Bradford (2008) by investigat-
ing the spatio-temporal impacts on soil of reusing drainage water using
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EC,-directed soil sampling to monitor at field scale the changes in soil
quality impacted by degraded water reuse.

Corwin et al. (2008b) and Corwin (2012) used EC,-directed soil sam-
pling to look at the short- (5 years) and long-term (10 years) sustainability,
respectively, of applying 1.8-16.3dSm™ ' drainage water to a 32.4-ha
saline-sodic soil field of marginal crop productivity located in the San
Joaquin Valley. The objective of the drainage water reuse studies was to
evaluate the sustainability of drainage water reuse on saline-sodic soil in
the WSJV from the perspective of the impact on soil chemical properties
in the root zone (i.e., top 1.2m of the soil profile) crucial to the soil’s
intended use of producing Bermuda grass for forage by livestock. Spatio-
temporal changes in four soil properties were identified as having the greatest
impact on the intended use of growing a forage crop (i.e., Bermuda grass):
EC,, SAR, B, and Mo. The soil properties of EC., SAR, and B influenced
the yield of Bermuda grass while Mo influenced the quality. Plants absorb
amounts of Mo harmful to ruminant animals from soils containing as little
as 1.5-5.0mgkg " of total Mo (Barshad, 1948). After 5 years (ie.,
1999-2004) salinity decreased by 11% on a mass basis, SAR decreased
11%, B decreased 21%, and Mo decreased 56%. By 2009 salinity had
decreased 21%, SAR decreased 19%, B decreased 32%, and Mo decreased
67%. Even though general soil quality improved, the extent of the improve-
ment was spatially dependent both by depth and by position in the field.
Fig. 12 shows the complex spatio-temporal patterns of soil salinity for
1999, 2002, and 2004. Considerable leaching of salts occurred at the north
end of the field, while salts accumulated in the south particularly below 0.6 m
(Fig. 12D). This continued through 2009 and was attributed to the accumu-
lation of Na at the southern end of the field below 0.6 m, which caused the
soil to disperse making the soil below 0.6 m less permeable (Corwin, 2012).

Corwin et al. (2008b) and Corwin (2012) concluded that (i) EC,-
directed sampling was a viable and reliable means of spatio-temporally mon-
itoring degrade water reuse impacts on soil, (ii) applying drainage water to
saline-sodic soils in the WSJV was a means of reducing drainage volumes,
improving soil quality, and and using an alternative water resource
(i.e., drainage water) to bring marginally productive soils back into produc-
tion, and (iil) the reuse of drainage water in the WSJV was sustainable at least
for 10 years with steady improvements in soil quality.

Since the closure of the Kesterson reservoir in the mid 1980s, drainage
water in the WSJV has been a disposal problem. Evaporation ponds were
largely used to deal with the problem. For every 10 ha of artificially drained
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Fig. 12 Maps of a 32.4-ha saline-sodic field near Stratford, CA, showing the spatio-
temporal change in spatial patterns of salinity (electrical conductivity of the saturation
extractin dSm™', EC,) due to the application of drainage water with maps are arranged
by depth increment (0—-0.3, 0.3-0.6, 0.6—0.9, and 0.9—1.2m) for the sampling times of
(A) 1999, (B) 2002, and (C) 2004. (D) Maps showing the spatial patterns of net change
in EC, from 1999 to 2004 by depth. Taken from Corwin, D.L, Lesch, S.M., Oster, J.D.,
Kaffka, S.R., 2008b. Short-term sustainability of drainage water reuse: spatio-temporal
impacts on soil chemical properties. J. Environ. Qual. 37, S-8—5-24 with permission.

land, 1 ha of evaporation pond was needed, which took 34,000 ha of land out
of production to serve as land used for evaporation ponds. Furthermore,
Scudiero etal. (2017) estimated that strongly and extremely salt-affected soils
(i.e., 8-16 and >16dSm™ ', respectively) in the WSJV covered over
210,000 ha. The research of Corwin et al. (2008b) and Corwin (2012) pro-
vides WSJV producers with a tool to reclaim strongly and extremely salt-
affected soils, bringing non-productive land back into production, while
reducing drainage water volumes, thereby reducing the land taken out of
production for use as evaporation ponds.

5.8.5 Assessing the feasibility of biofuel production on marginally
productive salt-affected soil

Biofuel is more costly than petroleum-based fuels and is a minor component
of overall military fuel sources. Even so, biofuel serves a strategically valuable
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role to the U.S. military because of the intentional reliance on multiple, reli-
able, secure fuel sources. Significant reduction in oilseed biofuel cost occurs
when salt-tolerant Ida Gold mustard oilseed (Sinapis alba L.) 1s grown on
marginally productive saline-sodic soils plentiful in California’s San Joaquin
Valley (SJV) where degraded water can be applied without negatively affect-
ing soil quality. Recent research by Corwin et al. (2017) uses proximal and
remote sensors in a variety of integrated roles to evaluate oilseed biofuel pro-
duction feasibility in SJV. These roles included establishing salt and
B tolerance of mustard oilseed, mapping root-zone soil for the entire
SJV, and developing a mustard oilseed yield response model. The objective
of the study was to evaluate the feasibility of mustard oilseed production on
marginal soils in the SJV to support a 115 ML per year biofuel conversion
facility. In other words, can Ida Gold mustard oilseed grow with sufficient
yields on marginally productive salt-affected soils (i.e., EC.>4dSm™") in
the SJV to support a 115 ML per year conversion facility?

The feasibility study involved (i) development of an Ida Gold mustard
oilseed yield model from marginal soils following the EC,-directed sampling
approach of Corwin et al. (2003b), (ii) identification of marginally produc-
tive salt-affected soils as outlined in the combined proximal and remote sen-
sor work of Scudiero etal. (2014a, 2015, 2017), (iii) development of a spatial
database of probability density functions for edaphic factors influencing oil-
seed yield, which served as input into the crop yield model, and
(iv) performance of Monte Carlo simulations showing potential biofuel pro-
duction on salt-affeected SJV soils.

Eq. (16) represents the most parsimonious and robust Ida Gold oilseed
yield model, indicating that oilseed yield is related to boron, salinity,
leaching fraction, and water content at field capacity:

Y = 146.4(B) — 18.3(B)” + 83.0(EC,)
—6.1(EC,)* +1301.0(LF) +319.8(6,) +30.1 (16)

where Yis the Ida Gold mustard oilseed yield (kgha™'), Bis boron concen-
tration (mgL™"), EC, is electrical conductivity of the saturation extract
(dSm™"), LF is leaching fraction; and 0, is the gravimentric water content
(kgkg™"). Monte Carlo simulations for the entire SJV fit the shifted gamma
probability density function shown in Eq. (17):

Q=68.986 + gamma (6.134, 5.285) (17)
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where Q is the biofuel production in ML per year. Eq. (17) indicates a
0.15-0.17 probability of meeting the target oilseed production level of
115 ML per year, which of course is infeasible.

This study exemplifies the combined use of proximal and satellite sensors
to address a salinity-related issue of national strategic significance for aviation
fuel needs of the U.S. military. Even though the conclusion was not positive,
it clearly revealed the low probability of meeting the minimum production
level, eliminating any further need for the consideration of growing mustard
oilseed as a biofuel in the SJV.

5.8.6 Establishing plant salt tolerance with EC,-directed soil sampling
Traditional plant salt tolerance studies are conducted under highly con-
trolled conditions, where only soil salinity is allowed to vary in order to
establish the salinity threshold and yield decrement slope for the two-piece
salt tolerance model of Maas and Hoffman (1977) presented in Eq. (18):

Y, =100 — b (EC, — a) (18)

where Y, is the relative crop yield, a is the salinity threshold (dSm™"), b is the
slope expressed in yield decrement percentage per dSm ™', and EC, is the
mean electrical conductivity of the saturation extract for the root zone
(dSm™"). A compilation of plant salt tolerance work with the salinity thresh-
olds and yield decrement slope for various crops and plants has been presented
by Maas and Hoffiman (1977), Maas (1996), and Grieve et al. (2012).

In traditional plant salt tolerance studies the influences on plant yield of
all other soil properties aside from salinity (e.g., matric stress, soil permeabil-
ity, infiltration, pH) are removed by making them optimal for the soil used
in the study. The salinity threshold and yield decrement slope are highly
optimized in traditional salt tolerance studies; consequently, they are often
not found to be what actually occurs in the field where a difterent soil than
that used in the salt tolerance study is present (Corwin et al., 2003b, 2017),
making their relevance questionable. Even though the properties are con-
trolled to be optimal, their optimal state will still differ from one soil to
the next. Even so, traditional plant salt tolerance studies appear to have been
the best means of establishing salinity effects on crop yield and certainly the
most widely used until an approach is found that provides better information
for real-world application.

Recently, an alternative to traditional plant salt tolerance studies has been
presented by Corwin et al. (2017), which uses EC,-directed soil sampling
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and boundary line analysis to develop a salt tolerance curve from which a
salinity threshold and yield decrement slope are determined. The extent
to which these salt tolerance parameters (i.e., salinity threshold and yield dec-
rement slope) can be generalized is unknown pending future research, butitis
reasonable to assume the parameters are scale dependent and valid within a
localized area of similar soil type. The advantage of this alternative approach
is that the salt tolerance parameters are tailored for the site of interest and are
thereby more relevant and are established under real-world conditions. Fur-
thermore, the cost is less compared to traditional salt tolerance experiments.

Corwin et al. (2017) conducted salt tolerance studies using EC,-directed
soil sampling and boundary line analysis. The salt tolerance data were col-
lected from 40 soil cores taken within a 16.2-ha field west of Los Banos
in California’s Merced County and from 10 supplemental sites. The 40 soil
cores were identified from EC,-directed soil sampling. The 10 supplemental
sites were from a transect covering a range of mustard oilseed yields. Salt tol-
erance data were only from those sites varying in oilseed yield where all soil
properties were optimal except salinity, which were identified from bound-
ary line analysis. Boundary line analysis places the focus on the upper edge of
a scatter-plot data cloud. The upper edge boundary represents the maximum
yield response to the independent variable (i.e., salinity or EC,), so the upper
edge boundary line is where all conditions are optimal except for the inde-
pendent variable. Any points below the upper edge boundary line represent
conditions where some other influencing property or properties have lim-
ited the yield. Corwin et al. (2017) determined the salinity threshold, i.e., a
in Eq. (18), and the yield decrement slope, i.e., b in Eq. (18), to be
8.3dSm ™' and 17%, respectively, for Ida Gold mustard oilseed. However,
the two-piece linear salt tolerance model (i.e., Eq. 18) of Maas and Hoffman
(1977) was not the best model to fit the data, but rather a quadratic fit proved
best:

Y =74.0+254.6EC, — 18.8EC.” (R* =0.87) (19)

where Yis the Ida Gold mustard oilseed yield (kgha™'). Greater discussion
of boundary line analysis can be found in Webb (1972), Kitchen et al. (1999,
2003), and Shatar and McBratney (2004).

5.8.7 Monitoring the impact of climate change on soil salinity
As climate change alters weather patterns drought cycles are predicted to
become longer and more intense, particularly in already water-scarce
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regions of the world; consequently, an ability to monitor climate change
impacts on soil salinity over multiple scales is essential for management of
soil salinity. Corwin and Scudiero (2017) assessed at multiple scales the
impact of a recent 6-year drought (i.e., 2011-15) on soil salinity for the west
side of California’s San Joaquin Valley. At field scale, a 32.4-ha reclaimed
field returned to its original saline-sodic condition within 18 months of
the onset of the drought. At landscape scale, 2400ha of the former
Broadview Water District increased in field-average soil salinity of the
root zone by 43%. At regional scale, the estimate of salt-affected soil
(i.e., EC.>4dSm™ ") increased from 4.5 x 10°ha in 1984 to 5.5 x 10 ha
in 2013. Corwin and Scudiero (2017) concluded that “As a consequence
of changes in climate patterns, salt accumulation will most likely occur in
irrigated agricultural areas around the world subjected to extended drought
conditions where shallow water tables and fine textured soils exist ...”

Corwin and Scudiero (2017) also assessed the impact on soil salinity due
to a change in weather patterns for Minnesota’s Red River Valley (RRV)
resulting in rainfall exceeding the average rainfall in 17 of the last years prior
to 2007. The increased rainfall and a shift from deeper-rooted higher-ET
crops to more shallow-rooted lower ET crops resulted in rising water tables.
Because of the high clay content of soil in areas of the RRV (e.g., Kittson
County), capillary rise from shallow water tables resulted in the accumula-
tion of salts in the root zone. For roughly 150,000ha of western Kittson
County there was a 30% increase in agricultural land with soil salinity
>2dSm ™. Corwin and Scudiero (2017) concluded that agricultural areas
around the world subjected to extensive rainfall on fine-textured soils where
shallow water tables result will likely accumulate salt like the RRV’s Kittson
County.

6. Knowledge gaps and trends in salinity assessment
research

As previously mentioned, Table 2 indicates that extensive field-scale
research has been conducted in the use of geospatial measurements of EC, to
characterize soil spatial variability, especially for soil salinity. However,
much of this research is redundant and in the majority of cases does not fol-
low the protocols for EC,-directeded soil sampling that first occurred in
Corwin and Lesch (2003). A certain level of redundancy in research is
needed, but not to the extend it has been conducted for EC,. Conducting
EC, research at different geographical locations does not constitute original
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reseach and it is not sufficient for research to be just technically correct to be
worthy of publication. Research should add to the current base of scientific
knowledge and understanding. The failure of most researchers to adhere to
EC,-directed soil sampling protocols of Corwin and Lesch (2003, 2005b,
2013) and Corwin and Scudiero (2016) casts a shadow of doubt on much
of the past research. Researchers need to strive to follow accepted proce-
dures and to build upon past research rather than repeat it. For example,
field-scale EC,-directed soil sampling protocols are designed to minimize
soil sampling by using the spatial variation in EC, measurements to select
soil sample sites that will reflect the variation and range in EC, without clus-
tering the sample sites. This approach works well under conventional sprin-
kler and flood irrigation systems, but breaks down under micro-irrigation
systems due to the high level of local-scale variation in salinity and water
content that is found within distances of 1-2m and less; consequently,
the EC, — EC, calibration is seldom reliable. Additional research is needed
to develop reliable protocols for fields under drip and micro-sprinkler irri-
gation systems.

The current trend in the use of inverse modeling to profile soil salinity in
two and three dimensions will continue. The impetus for continued
research in inverse modeling comes from micro-irrigation. The application
of this area of research is needed for characterizing the complex 2D and 3D
distributions of salinity within the root zone associated with well-established
micro-irrigation systems. The increase in the use of micro-irrigation systems
on high cash crops (e.g., pistachios, almonds, grapes) in arid zone agricultural
areas such as the SJV where water scarcity is a recurring problem will sub-
stantially increase the need for detailed meter and sub-meter knowledge of
salinity distributions to provide producers with the level of information
needed to manage water application for each tree or vine. In the past, water
has been applied in copious amounts even with micro-irrigation systems.
With longer and harsher droughts forecasted for arid agricultural areas
due to altered climate patterns, water management for salinity control will
be the key to sustainability in these water-scarce agricultural areas since salin-
ity and water go hand-in-hand in irrigated agriculture. Before this can hap-
pen the validation of salinity distributions generated from inverse modeling
with separate data sets is needed and the validation needs to be comprehen-
sive, like the validation of the ANOCOVA approach by Corwin and Lesch
(2017). Cross validation methods have been used in the past (Huang et al.,
2017a, b), but no validation has been presented using a separate data set that
is sufficiently comprehensive to provide confidence in the reliability of



Copyright Elsevier 2019 This book belongs to Dennis Corwin

Review of multi-scale soil salinity assessment 79

profile salinity predictions from inverse modeling and to establish inverse
modeling as reliable for practical application.

Not many multi-field or landscape-scale salinity assessment studies with
proximal and satellite sensors have occurred in the past. However, increased
awareness of the ANOCOVA EC,-directed soil sampling approach and
increased availability of higher resolution satellite imagery should create
greater opportunity and provide greater incentive for researchers to conduct
multi-field salinity assessment studies. The spatial extent of the application of
the ANOCOVA approach is largely set by economic and human resource
constraints. Currently, the ANOCOVA approach is most efficiently used
from 3 to 10km?. It has been shown by Scudiero et al. (2016b) that the
ANOCOVA EC,-directed soil sampling approach is more accurate for
regional-scale salinity assessment than the use of remote imagery, but this
could change with higher resolution (i.e., 1 m X 1 m pixels) remote imagery
and advanced data analysis (e.g., machine learning).

R egional-scale salinity assessment research needs greater focus and atten-
tion given to seasonal and yearly influences on remote imagery to dampen
the non-target property influences on the measurement of soil salinity with
remote imagery. Multi-year spectral data helps to smooth out the short-term
influences of non-target property influences, but there are many unan-
swered questions: How many years of spectral data are needed to develop
a regional-scale salinity model? Do the number of years vary from crop
to crop or from one geographic location to another? Are the regional-scale
models developed by researchers temporally stable or are they only pertinent
within the range of multi-year data from which they were developed? Do
the models have a shelf life and what is that shelf life?

In addition, guidelines and protocols for regional-scale salinity assess-
ment similar to those developed for EC,-directed soil sampling are needed.
There is a fundamental similarity between regional-scale salinity assessment
with remote sensing and field-scale EC,-directed soil sampling. Similar to
the EC, measurement, VIs determined from multi- and hyper-spectral
imagery are influenced by a variety of factors. These factors include salinity,
water deficiency, nutrient deficiency, disease, and pests, which affect the
plant reflectance and in turn affect the VI. For this reason the influence
of non-target properties (e.g., water deficiency, nutrient deficiency, disease,
and pests), which influence the plant reflectance and thereby influence the
VI, must be minimized, while the conditions that influence the target prop-
erty (e.g., salinity) must be optimized. This conceptual approach, which is
the basis of EC,-directed soil sampling, will minimize the influence of
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non-target properties on the VI. A primary consideration in the develop-
ment of these protocols is the measurement of ground-truth for the target
property (i.e., salinity) at the pixel scale to calibrate the VI; therefore, pro-
tocols must also be developed for measuring the target property at pixel
scale, presumably with a proximal sensor or sensors. Once regional-scale
salinity assessment protocols are developed, then other target property
(e.g., disease, pests, soil texture) protocols should be developed.

The application of EC,-directed soil sampling as a replacement for tra-
ditional plant salt tolerance methodology needs more extensive study. The
preliminary work of Corwin et al. (2017) suggests that EC,-directed soil
sampling has great potential for providing salt tolerance data that is specific
and more relevant to an agricultural region. Another application that would
benefit agriculture tremendously is the use of regional-scale salinity assess-
ment to estimate lost crop revenues due to salinity within an agricultural
region, an entire state, as well as at national and global levels. The recent
work by Lobell et al. (2007, 2010), Scudiero et al. (2014a, 2015), Zhang
et al. (2015), and Whitney et al. (2018) showed that accurate inventories
of root-zone soil salinity can be obtained at regional scale. Prior to this
research the inventories of soil salinity within the root zone were qualitative
and any estimates of revenue lost due to yield decrements from salinity were
educated guesses (e.g., Qadir et al., 2014; University of California-Davis,
2009). The paper by Welle and Mauter (2017), which used the San Joaquin
Valley salinity map of Scudiero et al. (2015) to help determine the lost rev-
enue due to salinity for California, is a good example of the use of current
regional-scale salinity assessment technology to establish credible financial
loss estimates. Knowing the financial loss due to salinity at regional, state,
national, and global levels not only provides researchers with justification
for addressing salinity-related research issues, but also makes the general pub-
lic aware of the monetary impact of salinity and provides decision makers
with the information needed to justify the allocation of future research funds
for salinity.

Greater research is needed to establish more robust VIs of root-zone soil
salinity. Currently, the CRSI has great potential as a VI to identify soil salin-
ity in the root zone. Continued investigation of the application of the CRSI
to various geographical locations is needed as well as the use of hyperspectral
data to identify other VIs that may be of boarder geographical use. Perfor-
mance evaluations between newly developed VIs and the previously devel-
oped VlIs in Table 3 are needed to establish a single or group of VIs that can
be used at state, national, and global levels. Continued basic research into the
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impact of salinity on plant reflectance from a mechanistic perspective is
needed. What 1s biologically and biochemically taking place within plants
to manifest itself in an altered reflectance? Is there a particular wavelength
or VI from hyperspectral data that can distinguish different plant stressors
from each other?

Data fusion from the combined use of multiple proximal and remote sen-
sors is a research trend that will continue. This stems from the fact that prox-
imal and remote sensors do not measure one property, but are influenced by
multiple properties as shown in Table 6; consequently, multiple sensors help
to separate out individual properties. A means of distinguishing between
various stressors (i.e., salinity, pests, disease, nutrient deficiency, soil water
content) influencing remote imagery is needed. Separating out individual
stressors that influence vegetation indices is crucial to mapping salinity, water
deficiency, nutrient deficiency, disease, and pests from remote imagery.
Arguably, the greatest need from an agricultural perspective in arid and
semi-arid regions is to differentiate osmotic and matric stresses spatially,
which will provide site-specific irrigation management information for
salinity control. The ability to distinguish between matric stress (i.e., soil
water content) and osmotic stress is important to determine leaching
requirements, i.e., the water in excess of consumptive water use that is
needed to leach salts. The combined use of geospatial EC, and y-ray data
with multi- or hyper-spectral imagery to better delineate matric and osmotic
stress patterns at field scale is a potential means of accomplishing this. The
combined use of soil, landscape, and yield information obtained most easily
from proximal and remote sensors to delineate SSMUs is a research trend
that will undoubtedly also continue with the integration of more ground-
based, aerial (i.e., sensors on drones or airplanes), and satellite sensors to
measure the meteorological, topographic, anthropogenic, edaphic, and bio-
logical properties that influence crop yield.

Even though significant advances have been made in the past few years,
regional-scale salinity assessment is still in its infancy. A comprehensive val-
idation of current regional-scale salinity assessment models using separate
data sets rather than cross validation is needed to support the credibility
and reliability of the methodology. Additional fine-tuning of regional-scale
salinity models through the inclusion of co-variates, higher resolution spatial
data for the co-variates, and special considerations such as micro-irrigation
systems is needed.

Even though the multi-scale use of proximal and remote sensors for
mapping salinity has been shown to be robust for a variety of applications,
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there are still specific knowledge gaps to be filled. These specific knowledge
gaps include: (1) combining geospatial EC, and y-ray data with multi- or
hyper-spectral imagery to better delineate matric and osmotic stress patterns
at field scale; (2) comparing the quantile regression (Amakor etal., 2013) and
ANOCOVA (Corwin and Lesch, 2014) approaches for landscape-scale EC,
to soil property calibration, (3) enhancing the robustness and reliability of
regional-scale salinity assessment modeling through (a) incorporation of
co-variates (e.g., texture, temperature, rainfall), (b) development and eval-
uation of hybrid regional-scale salinity models such as combining the
approaches of Zhang et al. (2015) with the multi-year imagery approach
of Lobell et al. (2010), (c) validation of regional-scale salinity models with
independent data sets, (d) establishing the temporal stability and site speci-
ficity of current regional-scale salinity models, and (e) developing more
robust VIs with broader geographic relevance; (4) developing regional-scale
salinity assessment guidelines and protocols; (5) refining field-scale EC,-
directed soil sampling protocols under conditions of drip and micro-
sprinkler irrigation; (6) applying inverse modeling to obtain 2D soil salinity
profiles and 3D salinity maps for micro-irrigation systems; (7) applying EC,-
directed soil sampling to field-scale salt tolerance studies; and (8) applying
salinity assessment from proximal and satellite sensors to accurately, and sub-
sequently more compellingly, determine the economic impact of salinity on
agriculture from field to farm to community to state to national to global
levels as a means of focusing attention on the severity of the salinity issue.
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