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Introduction

The accumulation of excess soluble salts in the root zone of arid
and semiarid irrigated soils is a widespread problem that seriously
affects crop productivity throughout the world. Squires and Glenn
(2009) estimated the global extent of saline soils to be 412 Mha.
The estimate of Szabolcs (1989) is more conservative at 352 Mha.
Of the estimated 230 Mha of irrigated land worldwide, 20 to 50%
may be salt affected (Szabolcs 1992; Ghassemi et al. 1995; Flowers
1999). Ghassemi et al. (1995) estimated that salinization of irri-
gated soils causes an annual global income loss of $12 billion.
Recent estimates of income loss due to salinity within California
alone are $3.7 billion for 2014 (Welle and Mauter 2017).

All irrigation waters contain salts and, except for nutrients and
some specific elements, crop roots take up nearly pure water for
transpiration, causing most of the remaining salts to concentrate
in the root zone. Therefore, the predominant mechanism causing
the accumulation of salt in irrigated agricultural soils is evapotran-
spiration. Periodic leaching by water to move excessive salts down-
ward below the root zone is required to avoid reduced crop yields.
Thus, a combination of irrigation and rainfall is required to meet
surface evaporation, crop transpiration, and salt leaching needs. Ap-
plication of water greater than the amount required for leaching salts
and meeting evapotranspiration needs is not desirable because water
is used inefficiently and nutrients and pesticides are also being
leached. The fraction of the amount of applied irrigation and pre-
cipitation that drains beyond the root zone is defined as the leaching
fraction (LF). Under steady-state conditions the leaching fraction is
approximated by ECiw=ECdw, where ECiw is the electrical conduc-
tivity of the irrigation water (dS m−1) and ECdw is the electrical
conductivity of the drainage water (dS m−1); consequently, the

LF is an indication of the degree to which salts are leached from
the root zone (US Salinity Laboratory Staff 1954). A leaching frac-
tion equal to 1 indicates a uniform soil salinity profile through the
root zonewhere sufficient leaching has occurred so that the drainage
water has the same salinity level as the irrigation water. Leaching
requirement (LR) is defined as the minimum LF that is required
over a growing season for a particular quality of water to maintain
crop yield at or near maximum. However, often a yield decrement of
no greater than 10% frommaximum yield is regarded as permissible
due to the spatial variation that crop yield exhibits. Leaching re-
quirement is a specific quantitative value that can be determined
and is not simply an abbreviated way of stating that leaching is
required.

Clearly, an accurate and reliable method of calculating the LR is
important for the efficient utilization of irrigation water. An under-
estimate would result in salt accumulation in the root zone and yield
reduction. An overestimate would result in excessive water utiliza-
tion and nutrient removal producing detrimental environmental im-
pacts on groundwater or degraded drainage waters. For instance,
the importance of having correct information on the LR is critical
in California where salinity (and Se or other harmful solutes) in
agricultural drainage waters in the western San Joaquin Valley re-
sults in drainage water disposal problems. The amount of drainage
water produced relates directly to the LF: as the LF increases,
the drainage volume increases. Irrigation practices using a low
LF would be a positive approach to mitigate partially the impact of
salinity on drainage waters. At a very low LF, the precipitation
of salts occurs below the root zone, which lowers the total amount
of salts in the drainage water. A low LF also lowers total drainage
volumes. However, this approach could salinize soils to levels that
would reduce crop yields if the proposed LF was too low.

Water scarcity and increased frequency of drought, resulting
from erratic weather attributable to climatic change or alterations
in historical weather patterns, have caused greater scrutiny of irri-
gated agriculture’s demand on water resources. The traditional
methods or guidelines for the calculation of the crop-specific leach-
ing requirement of irrigated soils have fallen under the microscope
of scrutiny and criticism because they are believed to erroneously
estimate LR due to the assumption of steady-state conditions and
disregard for processes such as transient conditions, precipitation-
dissolution reactions, preferential flow, and rainfall. The goal of this
paper is to stimulate discussion and rethink the current approach
for determining LR. To achieve this goal, there are two objectives:
(1) to evaluate the appropriateness of the traditional steady-state
method for estimating LR in comparison to the transient method;
and (2) to discuss the implications that these findings could have on
irrigation guidelines and recommendations.

Determination of the Leaching Requirement

Crops have different degrees of tolerance to salinity that lead to
different values of LR. Extensive research conducted in the past
assessed crop salt tolerance. Much of the work summarized by
Maas and Hoffman (1977) was expanded and updated to a list
of over 100 crops compiled by Grieve et al. (2012). Maas and

© ASCE 02518001-1 J. Irrig. Drain. Eng.

 J. Irrig. Drain Eng., 2018, 144(8): 02518001 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

19
9.

13
3.

52
.2

35
 o

n 
07

/2
6/

18
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

mailto:Dennis.Corwin@ars.usda.gov
mailto:srgrattan@ucdavis.edu
https://doi.org/10.1061/(ASCE)IR.1943-4774.0001319
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
kailey.harahan
Typewritten Text
2602



Hoffman (1977) reported salt tolerance information using a two-
piece linear salt tolerance model

Yr ¼ 100 − bðECe − aÞ ð1Þ

where Yr = relative crop yield; a = salinity threshold (dS m−1);
b = slope expressed in yield decrement percentage per decisiemens
per meter; and ECe = mean electrical conductivity of the saturation
extract for the root zone (dS m−1). This response function is char-
acterized by two linear lines, one a tolerance plateau with a slope of
zero and the other a concentration-dependent line whose slope is
the yield reduction per unit increase in salinity above the threshold.
Consequently, Maas and Hoffman salt tolerance information is rep-
resented by two coefficients: (1) the salt tolerance threshold value;
and (2) the percent yield decline per unit increase in salinity beyond
the threshold value. The point where both lines intersect is the
salinity threshold value (EC�

e), which represents the maximum soil
salinity that does not reduce yield. The Maas and Hoffman coef-
ficients continue to provide the scientific basis for irrigation man-
agement guidelines throughout the world.

The Maas and Hoffman coefficients relate to the seasonal aver-
age root zone electrical conductivity of the saturated soil extract
(ECe). Maximum yield is expected if the average root zone ECe
is equal to or less than the Maas and Hoffman threshold value a
or EC�

e. However, plants respond to the salinity of the water sur-
rounding the root (ECs). Since soils are typically at field capacity
(i.e., water content of the soil when free drainage has stopped,
which is approximately at −1=3 bar of soil tension) or have a lower
water content during the growing season, it has been commonly
assumed that ECs is approximately equal to 2ECe.

There is a direct connection between crop salt tolerance, irriga-
tion water salinity, and leaching requirement. Guidelines developed
by Ayers and Westcot (1985) have been used internationally as an
estimate of LR (these guidelines are referred to herein as A&W).
Ayers and Westcot (1985) also presented the following equation
developed by Rhoades (1974) as a means for calculating LR based
on irrigation water salinity and crop salt tolerance:

LR ¼ ECiw=ð5EC�
e − ECiwÞ ð2Þ

where ECiw = electrical conductivity of the irrigation water
(dS m−1).

Rhoades (1999) presented two graphs showing the linear relation-
ship between average root zoneECe andECiw for LF values between
0.05 and 0.50. These two graphs were reproduced by Hanson et al.
(2006) in their handbook Agricultural Salinity and Drainage. One
graph was for conventional surface and sprinkler irrigation (UC1)
and the other for high frequency irrigation (UC2) such as drip.

These four methods or guidelines [A&W, Eq. (2), UC1, and
UC2], established several decades ago, were based on steady-state
conditions. Mathematically a steady-state flow analysis does not in-
clude a time variable, whereas a more complex transient-flow analy-
sis does. Considering flow analysis of water and solute, the water
content and solute concentration at a given point remain constant
with time in a steady-state system but can vary in a transient system.
The assumption used to justify steady-state conditions was that,
over time periods of several years or more, under the same irrigation
management, crop, weather patterns, and irrigation water quality, the
salinity profile distributions reach a pseudo-steady-state condition. In
reality, the compelling reason for assuming steady-state conditions
was the lack of sufficient accessible computer processing power to
solve the complex solute transport equations under transient condi-
tions using numerical analysis techniques. The assumption of steady-
state conditions resulted in significantly simpler analytical solutions

to mechanistic solute transport models or functional models that did
not require any computer processing power.

In fact, true steady-state conditions never exist in the field.
Steady state specifies that applied irrigation water is continuously
flowing downward at a constant rate, irrespective of irrigation fre-
quency. In addition, steady state specifies that evapotranspiration is
constant over the growing season. Steady-state solutions assume
that the salt concentration of the soil solution at any point in the
soil profile is constant at all times. None of these general assump-
tions are real. Steady-state conditions are an idealized assumption
for agricultural systems. Nevertheless, steady-state analyses often
provide acceptable approximations of more complex transient-state
analyses. Indeed, until modern computers were developed that
could rapidly perform the time-step calculations required in a tran-
sient analysis, only steady-state analysis was feasible.

Evaluation of the Steady-State Leaching
Requirement Guidelines

Two pivotal research papers published almost concurrently by differ-
ent groups of authors (Corwin et al. 2007; Letey and Feng 2007) have
created considerable doubt in the application of the traditional steady-
state approach for estimating LR. Both papers pointed out that the
failure to account for transient conditions in the determination of LR
results in an erroneous estimation of the LR that can have significant
environmental implications and impacts on water demands. Present
guidelines based on these steady-state assumptions overestimate the
LR and underestimate the level of salinity in the irrigation water that
can be effectively utilized (Letey et al. 2011). In other words, present
guidelines indicate that more irrigation water is needed to control
salinity and that lower levels of salinity in irrigation water are re-
quired than necessary to achieve a 100% yield potential.

There are several significant implications to the findings of
Corwin et al. (2007), Letey and Feng (2007), and Letey et al.
(2011). First and most obvious, overestimating the LR requires
more irrigation water, which places a greater demand on limited
freshwater resources. Second, overestimating the LR will result
in a greater volume of drainage water and therefore more salts and
other potentially harmful constituents (e.g., Se, Mo, B, and NO−

3 )
passing below the root zone. Drainage water with potentially harm-
ful constituents poses a disposal problem. Evaporation ponds are
the current means of disposal of drainage water, which takes
1 ha of land out of production for the evaporation pond for every
10–20 ha of irrigated land. In instances where no tile drains are
present to collect the water leaving the root zone, then groundwater
is impacted by this degraded water, which contains salts and other
harmful constituents leached from the root zone. Third, underesti-
mating the level of salinity permissible in the irrigation water to
obtain maximum yield creates a need for the use of high-quality
irrigation water, which is in limited supply, and curtails the use
of degraded water, which is in growing supply.

Based on this research, do the current recommended guidelines
on leaching requirements (based on steady-state analyses) need to
be revised? This information is important to producers but is of the
greatest need for regulatory agencies that apply or establish water
quality salinity recommendations for irrigation water designed to
protect irrigated agriculture production (NAS 1973). A summary
of the analysis of the weaknesses that create skepticism concerning
traditional LR determination follows.

Analysis of Ayers and Westcot

Ayers and Westcot (1985) assumed that the depth distribution
of plant root water uptake is 40, 30, 20, and 10% of total
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transpiration, corresponding with the first- through the fourth- quar-
ter sections of the root zone, respectively. Plant water uptake can
range from an exponential to a uniform uptake depending on the
crop and irrigation management practices, but the 40-30-20-10 up-
take is customarily regarded as representative. Using mass-balance
considerations, the salt concentration in the soil solution (ECs) at
the four quarter positions in the root zone were computed for LF
values of 0.05–0.80 for a 1 dS m−1 irrigation water. These numbers
were divided by 2 as an estimate of ECe at each point (this assumes
ECs at field capacity equals 2 × ECe) (US Salinity Laboratory Staff
1954), and a linear average of ECe through the root zone was cal-
culated. The calculated salinity distribution for each value of LF
is illustrated in Fig. 1. Because the Maas and Hoffman threshold
tolerance coefficients are reported in terms of average root zone
ECe, Ayers and Westcot (1985) calculated a linear average of
ECe and determined the value of LF that would produce a value
equal to or less than EC�

e for a particular crop and irrigation water
salinity (ECiw). The salt concentration increases with decreasing
values of LF and with depth. The greatest increase in concentration
with decreasing LF occurs at the lower part of the root zone, with
only moderate increase in the upper part of the root zone where
most of the roots exist. Therefore, one might expect that a linear
average would result in an overestimate of the negative effects of
reducing the LF.

Comparison of Four Steady-State Approaches to
Calculate LR

A comparison of the four methods for calculating LR using
a steady-state approach is presented in Table 1. The numbers re-
present the ratio of the average root zone ECe to ECiw, thus

quantifying the salt concentrating factor associated with each listed
value of LF. These ratio values can be used to assess maximum
allowable irrigation water salinity values such that the soil salinity
concentration will not exceed the EC�

e value for the specific crop
(i.e., highest salinity that still achieves maximum crop yield). For
example, consider a salt-sensitive crop with an EC�

e value of
1 dS m−1 that is irrigated with an LF of 0.15. The Ayers and
Westcot concentrating factor of 1.6 would indicate that the
salinity of the applied water cannot exceed 0.62 dS m−1 to achieve
maximum yield. By comparison, the irrigation water salinity must
be 0.31 dS m−1 or less to achieve maximum yield if the LF is 0.05.
The A&W, UC1, and UC2 models predict that maximum yield will
be achieved using an LF of 0.3 when the irrigation water salinity is
equal to EC�

e (Table 1).
These guidelines have previously served the agricultural indus-

try well when irrigation practices frequently resulted in high LF
values. However, advanced irrigation technology provides the
farmer the opportunity to irrigate with very low LF values. Based
on the numbers in Table 1, water of very low salinity is required to
irrigate a field if a LF of 0.05 is applied.

Transient Considerations

Soil water salinity in a field continually changes with time. The soil
salinity at two depths (i.e., 40 and 80 cm) and soil-water potential at
one depth (i.e., 60 cm) as measured by Rhoades (1972) in an alfalfa
field is illustrated in Fig. 2. After an irrigation, the soil becomes
drier (more negative soil-water potential) and the salinity increases.
Irrigation rewets the soil and reduces the soil salinity. The cycle is
repeated for all irrigations. Transient behavior is clearly illustrated.

Computers facilitate the development of models based on tran-
sient analyses. These models allow simulations that include tem-
poral changes in crop maturity, in crop salt tolerance through
the growing season, in water salinity, including precipitation and
dissolution reactions, and in the amount of irrigation and rainfall
that are consistent with actual conditions. Several steady-state
and transient models have been published in the literature.
Steady-state models include the original LR model (US Salinity
Laboratory 1954), WATSUIT (Rhoades et al. 1974), and water-pro-
duction-function model (Letey et al. 1985), while transient models
include UNSATCHEM (Šimůnek and Suarez 1994; Šimůnek et al.
1996; Suarez and Šimůnek 1997), TETrans (Corwin et al. 1991;
Corwin and Waggoner 1990a, b), ENVIRO-GRO (Pang and
Letey 1998; Feng et al. 2003), HYDRUS (Šimůnek et al. 2008;

Fig. 1. Distributions of electrical conductivity of the saturation extract
(ECe) with depth through the root zone for various leaching fractions
for an irrigation water of 1.0 dS m−1. (Adapted from Ayers and
Westcot 1985.)

Table 1. Average root zone ECe=ECiw as a function of the leaching
fraction for four steady-state models used in determining the leaching
requirement

LF

Steady-state models

A&W UC1 UC2 Eq. (2)

0.05 3.2 2.9 1.9 4.2
0.10 2.1 2.0 1.4 2.2
0.15 1.6 — — 1.6
0.20 1.3 1.5 1.1 1.2
0.25 1.2 — — 1.0
0.30 1.0 1.0 1.0 0.85
0.40 0.9 0.85 0.9 0.70
0.50 0.8 0.75 0.75 0.60

Fig. 2. Change in electrical conductivity of soil water (ECsw) and soil
water potential between irrigations of alfalfa due to evapotranspiration
of stored water. (Adapted from Rhoades 1972.)
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Ramos et al. 2011), and SALTMED (Ragab 2002; Ragab et al.
2005; Montenegro et al. 2010). Corwin et al. (2007) and Oster et al.
(2012) provide a comparison of these transient models used in
modeling salt transport that can be used to establish the LR. Some
models have several features that are the same, but each has at least
one component that differs from the others. Neither comparison
identified which of the models most closely represented field con-
ditions. Both comparisons concluded that the transient models pro-
vide a valuable resource to assess the utility of saline irrigation
waters for a broad range of transient conditions. Steady-state mod-
els cannot adequately address transient conditions (Corwin et al.
2007). In both comparisons, UNSATCHEMwas singled out as tak-
ing into account the effects of ionic composition and ion concen-
tration on osmotic potential and the dependence of soil hydraulic
properties on salinity and sodicity, which are important capabilities
in the assessment of osmotic effects on crop yields.

Comparison of Transient Model to Experimental
Results

Models are only useful to the extent that they accurately simulate
observed behavior in the field. Comparison between model simula-
tions and experimental data from field experiments is essential for
model validation. Unfortunately, because of the complexity and cost
associated with field experiments that include salinity and other var-
iables, not many extensive field experiments have been conducted.
Among the few, one was conducted on corn at the Gilat Agricultural
Experimental Station in the northern Negev of Israel (Shalhevet et al.
1986). Five irrigation water salinities of 1.7−10.2 dS=m were used
along with four irrigation intervals of 3.5–21 days. Feng et al. (2003)
compared the experimentally measured yield to the simulated yields
using the ENVIRO-GRO model (Pang and Letey 1998). A compari-
son of the measured and simulated relative yields is shown in Fig. 3.
The mean simulated relative yield was 0.70, and the measured mean
relative yield was 0.68. The Willmott’s index of agreement between
simulated and measured yield was 0.96, where a value of 1.0 rep-
resents perfect agreement. Based on these results, the authors con-
cluded that the ENVIRO-GRO model can be used with confidence
in simulating the consequences of irrigation management options
under saline conditions.

Another frequently used transient model is HYDRUS-2D. This
model was used by Hanson et al. (2009) to compare results with
field experiments on processing tomatoes under shallow water
table conditions for drip irrigation for a range of irrigation water

salinities. Replicated experiments were conducted to investigate re-
lationships among yield, irrigation water salinity, and applied
water. Both field and model results showed that seasonal fieldwide
water applications should be about equal to potential crop evapo-
transpiration for tomatoes, thereby providing adequate localized
leaching at the crop root zone scale and preventing the shallow
saline water table from rising.

The transient model TETrans has been validated at field scale but
with respect to salt loads draining into tile drains over a 2,396-ha
area of California’s Broadview Water District rather than to yield
(Corwin et al. 1999). TETrans is a “tipping bucket” functional
model explicitly developed for field-scale application, which uses
less spatially variable capacity input parameters rather than the
highly spatially variable rate parameters that are required for mecha-
nistic models. Table 2 compares measured and simulated salt loads
at various drainage sumps. The authors concluded that TETrans re-
liably predicted salt loads when used in combination with stream
tubes (i.e., noninteracting spatial domains of similar solute transport
properties) defined from apparent soil electrical conductivity (ECa)
directed soil sampling (Corwin et al. 1999). The stream tubes served
as a means of delineating the spatial structure of the variability of
properties influencing the leaching of salt into tile drains.

Comparison of Steady-State and Transient Analyses

Corwin et al. (2007) compared three steady-state LR models, in-
cluding the traditional LR model of the US Salinity Laboratory
Staff (1954), WATSUIT (Rhoades et al. 1974), and water-produc-
tion-function model (Letey et al. 1985), and two transient models,
including TETrans (Corwin et al. 1991) and UNSATCHEM
(Šimůnek and Suarez 1994). Corwin et al. (2007) reported that
the calculated LR was lower when determined using a transient
approach than when using a steady-state approach. They calculated
that the reduced LR using the transient analyses as compared to the
commonly used traditional method for the Imperial Valley of
California would result in an annual diminished drainage volume
of approximately 3.9 × 103 m3 (100,000 acre ft).

Letey and Feng (2007) compared results of transient-state analy-
sis using ENVIRO-GRO with steady-state analyses for irrigating
corn. The results presented in that paper are expanded here to
include all of the steady-state models that are reported in Table 1.
The results are presented in Table 3 for irrigating corn with water
salinity values of 1 or 2 dS=m. The EC�

e for corn grain was as-
sumed to equal 1.7 dS m−1 (Maas and Hoffman 1977). All
steady-state methods predicted the application of more water to
achieve maximum yield as compared to ENVIRO-GRO. The differ-
ences were greater at the higher water salinity.

Fig. 3. Comparison of measured and simulated relative corn yield.
(Adapted from Feng et al. 2003.)

Table 2. Comparison of measured and simulated salt loading amounts in
the Broadview Water District (May 1991–May 1996)

Quarter sections
Measureda

(Mg=ha)
Simulatedb

(Mg=ha)

3-1, 3-2, 3-3, and 3-4 14.33 16.97
4-1 and 4-3 39.22 31.84
4-2 and 4-4 466.23 33.00
9-1 and 9-2 11.48 13.22
9-3 and 9-4 2.1 10.45
10-1 and 10-2 16.53 16.56
10-3 and 10-4 16.05 15.91

Source: Adapted from Corwin et al. (1999).
aMeasured at drainage sump.
bArea-weighted average of between 8 and 16 simulated Thiessen polygons
within each quarter section.
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Rainfall Effects

Rainfall was ignored in all of the analyses presented. Rainfall at any
time of the year, including fallow periods, would partially mitigate
the impacts of irrigating with saline waters. Simulations using
transient-state models for actual field conditions require input of all
waters, including rain. Thus, the impact of rain cannot be ignored
using these models.

The information presented in Table 1 determines LR without
considering rain. The effect of rain can be estimated assuming us-
ing the weighted-average salinity of combined rain and irrigation
water. However, the other deficiencies of the steady-state analyses
are not corrected by this procedure. For example in a model devel-
oped by Isidoro and Grattan (2010), simulations indicate that rain-
fall occurring mostly in the winter produced lower ECe values in
the root zone than did rainfall evenly distributed throughout the
year. This result suggests that temporal distributions of rain may
have an important influence on seasonal root zone salinity.

Conclusion

The present guidelines based on steady-state analyses overestimate
the LR and exaggerate the negative consequences of irrigating with
saline waters. An overestimation of the LR results in the application
of excessive amounts of irrigation water and increased salt loads in
drainage systems or underlying aquifers, which can detrimentally
impact the environment and reduce water supplies. This error is
particularly large at low leaching fractions. This is a fortuitous find-
ing because irrigating to achieve low leaching fractions is desirable
for reducing the transport of chemicals that degrade groundwater
quality and provides for a more efficient use of limited water sup-
plies. The feasibility of using saline waters for irrigation is also
enhanced. Thus, these positive goals can be pursued without an
erroneous overestimate of developing soil salination. However, soil
salination is still a potentially negative consequence of irrigation
and should not be ignored.

The lower estimates of LR by transient models suggest the
need for a reevaluation of the traditional means of estimating
LR. Even so, Corwin et al. (2007) point out that “caution must
be taken in regarding the transient model approach as the new para-
digm until experimental data can provide direct evidence of its en-
hanced accuracy for determining LR. : : :However, this cautionary
note should not preclude the use of transient models in place of
steady-state models as a tool to help develop irrigation management
guidelines and recommendations as long as the transient models are
not misused, which is an essential caveat.”

Steady-state methods for determining LR are overly conser-
vative, but are they necessarily obsolete? Obsolescence is based
on whether or not there is a model consistently better with which
to replace steady-state LR methods. Because steady-state models
are more conservative than transient models, they can be used
as a first, quick approximation to determine the suitability of water
for irrigation. If the water is suitable for irrigation for a particular

crop in a particular location, a more rigorous assessment may not be
necessary. However, transient models provide improved estimates
of LR but not without considerable difficulty. First, transient
models do not directly calculate LR. Instead, model simulations
are conducted for a series of seasonal water applications, from
which the lowest application is selected that maintains maximum
crop yield. Consequently, transient models must be reprogrammed
to calculate LR directly. Second, most transient models are not
user-friendly nor are the input parameters readily available and easy
to establish. TETrans is the most user-friendly transient model, but
it lacks the solution chemistry and combined matric and osmotic
effects that make UNSATCHEM such an appealing transient model
for arriving at a more accurate estimate of the LR. For any transient
model to become a replacement for the traditional steady-state
approaches, it must have the user-friendliness of TETrans and the
sophistication of UNSATCHEM built into it. Unfortunately, no
transient model currently meets these requirements.

Traditional means of determining LR are overly conservative,
but their obsolescence depends on whether a practical approach
for their replacement exists. The replacement of traditional LR ap-
proaches depends on simplifying complex transient solute transport
models sufficiently for cooperative extension specialists and advi-
sors, irrigation specialists, agricultural consultants, and producers
to utilize proficiently.
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Notation

The following symbols are used in this paper:
ECa = apparent soil electrical conductivity (dSm−1);
ECe = electrical conductivity of saturation extract (dSm−1);
EC�

e = average root zone ECe (dSm−1) for given crop
appropriate to tolerable degree of yield depression
usually 10% or less and equivalent to threshold EC
values as defined by Maas and Hoffman (1977);

ECiw = electrical conductivity of irrigation water (dSm−1);
ECs = electrical conductivity of soil water surrounding root

(dSm−1); and
Yr = relative crop yield.
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