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CROP YIELD AND WATER USE UNDER IRRIGATION WITH SALINE WATER

ABSTRACT

The experiments in Israel were conducted in the southern Coastal Plain
of the Negev. 1In order to determine the production function for the three
crops studied - forage corn (Zea mays L., cv. Halameesh), sweet corn (Zea

mays L., cv. Jubilee) and wheat (Triticum aestivuim L., cv. H-945) - as

affected by water and salinity, a modification of the line-source sprinkler
system was developed. The double line-source system which we used
consisted of two parallel lines, each supplying a uniform quantity of water
of water but of different salinity (low salinity - 1.35 dS/m, and high
salnity - 8,52 dS/m). This technique produces a wide range of water
application amounts in combination with a large gradient in water salinity.
Data on «crop yield as a function of amount of irrigation,
evapotranspiration, and salinity are presented.

In using semi-empirical simulation models for the prediction of crop
response to irrigation with ‘salin water the average irrigation water
salinity must ‘be corrected to account for rainfall or non-saline water
given for crop establishment. Allowance must also be made for salts
initially present in the soil profile. When local parameters are used, a
steady-state model over-predicts yield losses when irrigation with saline
waﬁer is under transient-state conditions. The latter situation is most
common under séni—arid conditions where salinity is built up during the
sumer and partially leached by rainfall during the winter. Under these
conditions when salinity changes with time and depth, the predicted yield
under conditions of deficit irrigation is nearly indeéendent of irrigation
water salinity. The importance of the use of a transient-state
modification will decline when irrigation continues over many seasons,

especially if winter rainfall is low.
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CROP_YTIELD AND WATER USE UNDER IRRIGATION WITH SALINE WATER

Introduction

Soil 'salinity is an important factor of the environment in which
plants grow. In agriculture, soil salinity may became a problem
because of accumulation of salts in the root zone to an extent that
may cause crop yield reduction. The accumulation of soluble salts in
the soil is the major problem in irrigated arid regions. Salts are
concentrated in the soil as water is removed fram the soil by evapo-
transpiration. Continual accumulation will occur unless excess
irrigation is applied to leach the salts ocut of the root zone. With
increased demands on our water supplies, water available for excess
irrigation is becaming nore limited. Moreover, the water leached out
of irrigated lands is usually used as a source of irrigation water
further downstream by other users. Thus, as our irrigation acreage
increases, evapotra_mspiration also increases, which autamatically
causes more saline irrigation water and associated problems.

Thus, future irrigation practices will cause the irrigated soil
to be affected by excess soluble salts and to be subjected to the
delcterious effect of adsorbed sodium on the physical properties_. of
the soil more than has been the situation in the pést. Moreover, the
continuing deterioration of the quality of both surface and ground
water, ocoupled with the increased use of brackish, industrial and
municipal w!aste water for irrigation underscores the need for sound
irrigation management. Sound future irrigation management will
require not only dependable information on water consumptive use and

crop yield relations, but also the long-term consequences of



increa;iﬁg salinity. Such information is scarce and difficult to
obtain experimentally at a specific location. Previous information
has been primarily derived fram small "pot" type experiments where
water of differing salinity characteristics hasAkbeen used for
irrigétion in a near steady state mode. These methods.have éimulated
past irrigation préctices lbut do not give enough information on
results to be expected from future, more closely maﬁaged, irrigation
practices. A method which will permit estimation of crop yield based
on known climatic, soil and crop parameters where salinity buildup is

expected, is therefore highly desirable.

Objectives of the research

1. To study crop production functions under a wide range of water
salinity and amounts.

2. To evaluate érop production under different water management
practices and different root zone salinitiesf

3. fo test (and possibly modify) semi-empirical éimulation models for
prediction of response functions of crops irrigated with saline

water.



Physical and chemical properties of the soil st;udied .

The experiment in Israel was conducted at Kibbutz Reim in the Southern
Coastal Plain. The soil at the experimental field is a loess (Calcic
mollic haploxeralf) of loamy texture.

The layout of the experimental plots is shown in Fig. 1. The field
was 150 m long and 108 m wide, and divided into 3 blocks. Each block
included 5 irrigation treatments, A-E. (A description of these treatments
will be given later). Soil samples, marked a; - ey3; were taken in a grid,
before sowing, in 30-cam increments to a depth of 210 an. The samples were
ahalyzed for chemical and physical properties as shown in Table 1. A
detailed analysis of the uniformity of the field is given in Table 2 which
shovwis the mearis, SD (standard deviation), and CV (coefficient of variation)
of the clay, silt and sand contents for the various depths measured by
the sedimentation method (Black, 1965).

From this data it can be seen that the coefficient of variation is
relatively large for the clay and sand contents, whereas it is small for
the silt content. When the mean values of clay, silt and sand contents,
for all depths, are placed in the textural triangle (Fig. 2), we see that
the soil texture according to the Soil Survey Staff (1975) is defined as a
loam for all samples. Field soils display a variation in their properties.
Depending on the property, these variations may be large or small.

According to Warrick and Nielsen (1980), it is possible to divide the
soil properties according to their variability in a fiel_d into three groups

as shown in Table 2.
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Table. 1b: Statistical analysis of the soil texture.

8

- So{1 depth (cm)

0-30 J0-60 6090 90-120 120-150 150180 |
Mean 13,6 154 164 16,4 12,2 <207
g. gg?gggn e 0.7 - 3.2 5.4 1.; 8,1 .
g 'f,?fmfl:?:n 11,9 4,8 ._19.6 ;3.1 : 8.? ) 38,9
e | 7 8 8 8 87
| Mean 30,9 40,1 45,0 7 45,8 40,70 43,1
W |Sundend |y a0 28 1 42 38
-'-b.: hf,‘ﬂl"l?_;;?:,,' G110 63 67 103 ;87
g‘fms}:;p\es 7 8,8 8 6 7
' " | Mean 47,8 44,5 39,9 37,9 42,6 36
Q| Smedrd o6l 40 34 AT S B
§ ggemglg?gn 2,4 9{.6- B4 10,9 18 4T
'z‘:mts':x;ples 7, 0 o -.8 6 .7

-t
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Table 2: Classification of the variability of soil properties.

Variability Soil Physical Coefficient
Parameter of Variation

(%)
Small Bulk density, Water content (%) at zero tension. . 7-10
Medium Sand, Silt, Clay (%), 0.1/15 Bar (% water content). 10-100

Large Saturated hydraulic conductivity (HC), Unsaturated HC, 100~1000

Electrical conductivity for 1:1 and saturated extract.

In the group of soil physical properties with low variability, we can
find SP (amount of water in saturated paste). In the present experiment we
took a large number of soil samples from Blocks I, II and III for salinity
measurements.

The SP values were analyzed statistically and t'he distribution of SP
values in the experimental field is 'shown in Fig. 3. No significant
differences were found to a depth of 60 cm aver the entire field, whereas
significant differences were found between Blocks I and II, and Block III
at the deeper depths. In Blocks I and II no horizontal differences were
found, while‘ in Block III SP values for the same depth increased fram
treatment E to B. In the vertical direction, the largest differences were
found in Block III, where the SP values almost doubled from 0-30 cm to
180-210 cm. ' |

It has been shown (Banin and Amiel, 1967) that for Israeli soils a
high correlation exists between SP vélues and certain other physical

properties, e.g. surface area, CEC, hygrbscopic moisture, 1/3 atm moisture
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" Mean Values

. 0-180 ¢cm
o 0= 30
e 30~ 60
‘@ 60- 90
. ® 90-120
a 120-150
&150-180

a2l 100

100 20

SAND (50 um - 2mm), %
SI - si1t, S~ sand, T = clay, L = Toam

Fig. 2: Soil texture of REiM Soil for various depths.
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content, 15 atm moisture oontent, and clay ocontent. The .relationship
between clay percentage, sand pércentagé and SP for the Reim field is shown
in Figure 4 and Table 3. From the data in Table 3 it is evident that a
strong linear correlation exists betwéen SP and clay and sand pércentages,
and no correlation with silt. Using of the well-established relationshiop
between SP, Field Capacity (FC), and Permanent Wilting Point (USSL,1954),
SP:FC:PWP = 4:2:1, we found for the Reim soil that:

SP = 1.69 FC + 18.7 r

0.834

"

PWP = 0.58 FC - 20.6 r = 0,951

H
H

Therefore Fig. 3, which describes the horizontal and vertical
variability for SP, describes also the distribution of FC and PWP over the
entire field. The same is true for the water characteristic curves {as

will be discussed later).

Soil Hydraulic Properties

Salt transport is affected by a combination of several
soil-water-plant factors. To estimate the magnitude of the hazard possed by
salinity, it is important to understand and identify the processes
invovlved in salt movement through the root zone. For one~dimensional
vertical solution flow in the z' direction, the condition for conservation

of matter is

o Tanlil ~aan : (1)
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Table 3. Regression analysis between SP and clay, sand

and silt contents..

L

Significant at 0.1% level.

1 2 3 4 5 6
Sand -0.917 90.37 -0.7 4.45% 44
Silt 2.694 -101.62 0.159 1.04 44
Clay 0.601 -15.53 0,797 8.54* 44

1 - Soil fraction
2 - Linear regression coefficient
3 - Intercept
4 - Correlation coefficient
5 - 3
t=p D2
1l- rz
6 - Number of samples
*

-nt
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where p is the density of the solution (generally assumed constant).
Elimination of g by substituting the Darcy equation q = Ve = -K(8) dH/dz
into the conservation equation (1) gives the ge_neral non-steady
one-dimensional (vertical) water flow equation:

B8, B . B
A B [K(®) A * K(®)] (2)

where K(6) is the unsaturated hydraulic conductivity function; h = h(e) is

the soil water preﬁsure head function; and H is the hydraulic head (sum of
‘pressure head and gravitation head, z). Since h and @ are interrelated by
the soil water' retentivity function; h(e), Eq. (2) can be written in
terms of either h or e.

Reliable estimates of the unsaturated hydraulic conductivity are
especially difficult to obtain, partly because of its extensive variability
in the field, and partially becéuse measuring this parameter is
time-épnsuiming. For these reasons, several investigators have used models
for calculating the unsaturated hydraulic conductivity fram the more easily
measured soil-water retention curve. |

Brooks and Corey (1964) used the Burdine theory (1953) to predict the
relative hydraulic oonductivity and the soil water diffusivity. They

derived the following expressions:
Y E ‘ '
e = (h/hb) (e s1) (3)

K(e)= 6>*2/ | ' (4)



'|5

Kh) = (@A (5)

Ks A , :

E T Y — o (6)
da(@s - ér)

The dimensionless water content is given by Eq (7)

-8
r
0 = e ‘ . ) (7)
e -8
S r

where s and r indicate saturated and residual values of the soil water
content (8), respectively,K  is the relative 'hydraulié conductivity, h is
the pressure head and hb is the bubbling préssure, P is a characteristic
| soil parameter, and K  is the saturated hydraulic conductivity |

Brooks and Corey (1964, 1966) obtained fairly accurat:e predictions
Awith their equatiohs, even though a disoonﬁinuity was present in the slope

of both the soil water retention curve and the unsaturated hydraulic
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conductivity curve at some negative values of pressure head. Such a
discontinuity occasionally prevents a rapid. convergence in numerical
saturated - unsaturate flow problems.

Another relatively simple equation for the soil water content pressure
head curve h(6) was suggested recently by van Genuchten (1980). This
simple equation .form enables ane to derive a closed-form analytical
expression for the relative hydraulic conductivity K - when substituted into
the predictive conductivity models of Burdine (1953) or Mualem (1976a).

The soil-water content as a function of the pressure head is given by

Eq. (8) and (9)

(8)

or & = Gr'+ ____________ < : | )

[14(ah)™)"



18

where h is positive and m = 1-1/n

This equation cbntains four independent parameters @ ot 8, @ and n,
which have to be estimated from the observed soil water retention data.

In this study, we used both the methods described above., A schematiq

presentation of the water retention curve by both methods is given in Fig.

5.

The parameters . hb' a and m were determined by using the foliowing
equations:

log & = (log h - log h) (10)

log (6 +1) =m(log a+ log h) (11)

A camputer program (in BASIC) for making all of these calculations is

given in Appendix 1.

Determination of the soil water retention curve in the laboratory

The soil water retention curve was obtained with the procedure
suggested by Richards (1965). The pressures 'used were 0.33, 0.66, 1, 3
10 and 15 Bars. Soil samples (10-20 g each) fram depths of 0-30, 30-60,
60-90, 90-120 and 4120-150 am frqm, Plots AI, DI, BI, BIII, CIII, and EIII
(see Fig. 1) were run in three replicates.

The data are shown in Table 4, and the statistical analysis of the
data is shown in Table 5.

The soil water retention curve was also determined by packing the
soil in pressure cells which allowed ®&-metric potential measurements to be
made in the range of 0-0.5 bar. An acrylic cylinder was fitted into

pressure cell (see Fig. 6). The soils were first saturated with NaCl-CaCl2
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Fig. 5: Schematic presentation of soil water pressure
head (h) as a function of water content (o)
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Table 4.  Soil water content as a function of pressure applied

to soil samples from various depths (Richards, 1965)

goilh ' ;;g:t- Pressure head (cm H,0
ep
(cm) )

330 660 1000 3000 10000 - 5000

WRNWOANN
WAHhANONO O -

111 25,55 18,27 = 15,55 1"m,n 10,14 9,
1111 26,57 .- 15,04 9,39 8,
21 27,46 15,73 . . 10,03 9,
0- 30 2111 25,68 17,86 13,99 11,43 .8,93 8,
31 23,23 17,46 15,04 - 11,18 -~ 9,77 8,
3111 26,75 19,05 10,08 11,98 9,84 9,
11 25,14 18,68 16,06 . 12,07 10,82 o,
1111 27,84 ' 16,52 10,17 9,20
21 28,72 16,80 10,71 10,43
30 - 60} 2III 27,10 19,51 15,36 12,01 9,41 - 8,53
31 25,08 18,58 15,99 . 11,89 10,44 9,04
3111 26,25 19,59 17,92 - 13,19 10,83 9,90
11 27,45 22,07 19,49 13,96 12,61 11,28
1111 28,57 17,68 12,31 10,30
2l - 28,23 18,22 - 11,73 11,70
60 - 90 21II 27,85 21,77 17,64 14,31 11,35 10,66
31 27,55 21,40 18,35 14,25 12,06 10,75
3111 33,26 27,96 26,96* 20,14 15,86 14,26
11 27,55 13,21 19,43 15,05 13,14 12,20
1111 28,57 17,82 . -7 11,64 10,70
21 30,65 19,93 ' 12,49 11,74
90 - 120 | 2IIl | 29,63 25,22 21,01 18,55 14,07 13,61
K} 28,63 - 23,10 19,62 15,83 13,59 11,29

3111 38,44 32,47 31,00 25,23 20,90 19,71
11 27,54 22,55 19,63 14,75 13,08 12,24

1111 28,13 20,49 14,21 12,50
21 31,19 - 20,90 13,80 13,02
120 - 150 ( 2111 31,08 27,55 24,22 20,06 17,32 16,08
K} 29,59 24,45 20,65 16,61 14,90 12,72

3111 42,19 35,46 33,57 27,32 23,02 21,07
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Table 5. Statistical analysis of data shown in Table 4.

Suction

suction | stavistical | © Sof1 depth (cm)
((bars) [Parameters | o 35 30-60 60.-90 90 - 120 120 - 150
X 2587 26,69 27,93 29,01 29,51
0,33 s 148 1,47 0,47 1,18 1,66
ey 571 © 5.51 1,68 4,06 5,64
N 6 6 5 5 5
% ' 18,16 19,09 20,99 23,84 24,85
0.66 s 068 0,53 1,32 1,19 2.52
06 1 gy 374 2,80 6,32 5,01 10,16
. N i 4 3 3. 3
X 15,34 16,44 18,28 19,56 21,18
1 s 074 - 0.88 0,75 1,15 1,77
cv 4.83 5,33 , 4,10 5,88 8,34
N 6 6 = 5 5 5
X 11,43 . 12,29 ° 14,17 - 16,48 - 17,14
Y s 022  0.60  0,19. 1,84 2,69
cv 1,90  4.92 ° 1,32 11,15 15,72
N 4 4 3 3 3
X 9,68 10,40 12,01 - 12,99 14,00
0 s 0.45 . 0.55 , 0,49 0,95 0,76
cv 4.65 5,25 4,09 7,33 5,44
N 6 6 5 5 a
| X 8,98 9,5 10,94 11,91, 12,63
s s 054 0,73 0,55 1,10 0,35
| cv 565 7,61 5,04 9,25 2,78
N 6 - 6 -} 5 4
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of various. concentrations having an SAR = 5. After the soils were
saturated, cell weight (to campute water content) was deténnined; Then a
constant pressure was applied for 72V hr. 'The amount of water released vas
claculated fram i) the change in the we:.ght of the soil column, and ii) the
amount of water released (collected in bottles).

Statistical analysis of the data is given in Table 6. For predicting
thé h(e) function, the saturation water content is needed. However, 8 of
the disturbed samples was not detenﬁined, SO we assumed es = 50%., In the
Broocke and Corey method this value j.s only of a limited importance.
Howeyer, it has a s:ignificant effect on the bubbling pressure (hb); which

- tends to decrease as e's increases. In contrast, the Gs value has a

significant effect on the soil water retehtion curve shape calculated by
the simplified van Genuchten method, ':especially in the range of high water
contents.

Table 4 presents the data obtained with the different soil samples and.
Table 5 gives the statistical analysis of the data. It is evident that
samples from plots 3III and ZIiI differ significantly from the rest of the
samples., This is in.agreement with the SP data shown in Fig. 3. The
coefficient of determination (r2) (Table 7) for the regression with the
Brooks and Corey method shows good correlation between the measured values
and the exponential function r2 = 0:9917-0.9951. With the Vén Genuchten
method r® = 0.9873-0.9922.

Figures 7 and 7a give the soil' water retention curves for all soil

depths as calculated by the two methods (A = Brooks and Corey, and B = van

Genuchten). For the same pressure head there is a shift in the curves to a
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Table 6. Statistical analysis of water content as a function of
pressure applied (in pressure cells).

h Statistical
: parameters

0,05 0,10 0,15 0,20 0,30 0,50

44,60 42,71 38,11 29,00 22,64 18,67 %

‘ 1 2,51 2,36 2,48 2,39 1,67 1,77 s

. 561 5,47 6,51 8,25 7,37 9,50 cv
' 8 8 ~ 8 8- 8 8 N
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higher water content as soil depth increases. Again, these data are in
canplete agreement with the data presented in Fig. 3.' Therefore, we can
conclude that the spatial distribution of SP in the field describes also
the spatial distribution of the soil water retnetion curve. :I‘his is also
in agreement with Warick and Nielsen (1980), who showed that the soil water
retention curve is in the soil properties class of medium variability (see

Table 2).

In-situ measurement of soil water retention curve

These measurements weré made in the field in treatmetns CI and DI with
the use of tensiometers and a neutron probe, during the first year
e;{periment before irrigation. (The soil before irrigation was relatively
dry). However, in order to obtain a reliable estimate of drainage, the
part of the soil water retention curve at high water content is needed.
Therefore, we used the parameters hb' er and es of Russo and Bresler (1980)
for Gilat soil which is very similar in texture to Reim soil. Table 7
gives the linear regression of the pa'lrameters A hb, m and a by the Brooks
and Corey and simplified van Genuchten methods.

Saturated water content was calculated from € = [1-—(pb/2.65)/b
(McBride and Mackintosh, 1984). es values calculated by this method are
similar to those found in the laboratory experiments [measurements of
saturated hydraulic conductivity (Table 9) and. infiltration Table (10)].
Residual water oontent, er was estimated by extrapolating available soil
water retention date with the highest regression coefficient. We also used
Or fraom Russo and Bresler (1980) for Gilat soil, The pérameters (>, hb’ m,

a) estimated from the in situ measurements are given in Table 8.
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The coefficient of determination of these parameters was in the range
r2=0.78-0.83. The differences between the water retention curves estimated
with the value of er calculated by the best fit and those calculated using
o. of Gilat soil was less than 1.5%.

o_ of Gilat soil which is significantly smaller than the one found for
Reim soil,(Table 7) had a large effect on , a and m and therefore on the
curveture of the water retention curves (Table 8 and Fig. 8). The small'
effect that e - has on the coefficient of dete.rminatioﬁ and its relatively
large effect on the curveture of the curves indicates that there is a large.
variability of the measurements and also that the range of water content in
thé field when the tensiancters reading were taken' was too small,
Gbnsidering these two facts, it is clear that the this range of water
content was not enough to predict the water retention curve for the full
range of water content (fram er - Gs). Furthermore, er‘ must be a parameter
which adjusts to the function and is not a measured one (see also Van
Genuchten, 1980). Russo and Bresler. (1980a) determined experimentally the
parameters Os, Sr, » and h.D by the Brooks and Corey method and then
described the h(®) function for Gilat soil. 8, for the Gilat soil was 3%
(cm3/cn3). Therefore, we chose to use the Russo and 'Bresl.er value for © -
rather than the one we obtained by tﬁe best estimate procedure.

In order to evaluate the variability of the "predicted" portion of the
soil-water retention ‘curve, the 95‘%; confidence intervals were calculated
for | the effective saturation data. (Figure 8) and superimposed on the
semi-logarithmic plot of h-& for the tensianeter readings from all depths.

The soil water retention curves were calculated by the Brooks and Corey
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method for the soil depths of 30, 60 and 90 cm and for the 0-90-am layer
(Table 8). Large deviations from the 95% confidence intervals were in the
range of high and low water content. However, the major part of the water
retention curve with the various 6, is in the 95% confidence interval.

A camparison between the soil w‘ater}retention curve determined in the
labortory with those measured in the field shows large deviations
espeéially | in the range of low pressure head. However, there is good
agreement at high pressure head (Fig. 9). The deviations of those curves
is a result of several factors: 1) In the laboratory measurements ‘-‘de
destroy and rearrange thé mac;o-’ and medium-size pores. Therefore, the
largest deviation occurs at 10;: pressure head. 2) The differences betwen
drying and wetting (hysteresis). 3) All ‘pa.rameters which were measured in
the laboratory such as weight and pressure head, were measured with high
accuracy (e.g. weight +0.01 gr, whereas in the field the neutron probe
measurement is + 0.13; tenmsiometer 0.05 bars, and the soil volume which
the tensiometer measures is much smaller than that n\easure;i with the
neutron proble. This explains also the scattering of the data.

The same results were ‘obtained in other investigations. For exaxnple;
Shaykewich (1970) found large differences in water content at 1/3 and 15
bars, between disturbed and undisturbed soil samples. Hanks and Ashcroft
(1980) showed that water content at 1/3 bar in the laboratory is equivalent
to 1/10 bar in the field. In Fig. 10 field capacity as measured in the
laboratory is equivalent to 0. 4 bar measured in the field. Ivbl;eover, all
the values measured in the laboratory for all soil samples and depths fall
within the confidence interval predicted from in situ measurements. When

+
l
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we used the mean value of ®. fram Gilat soil for the 0-90-cm depth the soil
water retention curve was in close agreement with the laboratory curve. In
Fié. 10 we also present the water retention curve as calculated after
McBride and MacKintosh (1984), which assumes a linear relationship between
preessure head and water cohcenﬁ (fram the inflection ‘poir;t to

saturation). If we assume that h at saturation equals 1 an H.,0, then for

2
6>40% (cm3/cm3) .

-h = +2.9386 -  141.197 ' - (12)

Soil hydraulic conductivity - laboratory and field measurements

Soils were packed by the Yaron et al. (1966) method to a bulk density
of 1.39 g/cn3, into soil columns 10 om long and 5 am in diameter. 'The
soils were first flushed with (I)2 (Frenkel, et al., 1983) for 45 minutes,

ard the column was then saturated from the bottom with 0.01 M NaCl-CaC12

solution having SAR = 5, After saturation, the soil was leached with the _
same solution fram the top under a constant head. Leachate volumes were
collected and saturated hyd.ra_ulic conductivity was calculated. Saturated
hydraulic conductivity was measured on soil samples from different depths
in field pljots 1lIII, 3III and 2I. Statistical analysis of the saturated
hydraulic conductivity of soil samples’ and saturation &'vater content is
given in Tables 9 and 10.

It is important to note the large coefficient of variation of 45.2%
for the 0-30-am layer and 53.8% for 0-150 an (combined soil samples).
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M Hydraulic conductivity values for different soil depths as

measured by the Young (1964) method.

=

Os

cm/h m/s

3 (em*/em]

a,22- 10"’
1,26 - 10~ 8

Mean 0,152

Standard . :
. deviation 0,008 .

30,52
- 0,87

Coefficient 311
of variation ’

2,85 1%

Number of : < a
samples

Sampling . ; .
depth 0 30 ¢cm

4,19+ 10"/
3,89+ 10" 8

Mean 0,13
‘Standard
deviation 0.014

b = - - - e

30,98
0,94

Coefficient
of variation - 901

3,02 %

Number of 5
samples

Sampling ]
|_depth 30 - 60 cm

Mé'an 0,166 !
“Standard '
deviation 0,002 '

34,83
1,94

Coefficient *
of varfation : 1,25 %

5,57 %

Number of 3
samples :

[~ Sampling-
depth 60 - 90 ¢m

4,28 -10° 7
3,89 +10° 8

Mean | 0.4
Standard
deviation 0,014

ST —

.33.76
1,20

Coefficient -
of varfation’ . 9,08 %

.56 %

Number of

samples 4’

Samp) ing

depth - 90 - 120 cm

Mean. 0,165 | 4,58.1077
Standard . 1
deviation 0,0042 |

e1,17+10"8

36,19

1,18

Coefficient ° -
of variation 2,57 %

3,26 %

Number of. .
samples . : 2

Sampling . .
depth ‘ 120 - 150 cm
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The unsaturated hydraulic conductivity was measured in the laboratory
by the Young (1964) method. The total amount of water infiltrated into a

vertical soil column can be described by eq. (13).

| AP :
Q - [K z'i + 1 )]dt (13)

where K = the unsaturated hydraulic conductivity; p = matric potential; z=
depth and t= time. = time. Under a long time of infiltration dp/dz =0,
then

Q = A + Kt : - (14)
where A is the integration constant.

The hydraulic conductivity could be determined from the graphical
relationship betweenm Q/t against 1/t, where K is the intercept on the Q/t
axis., ‘The wate:.: content which relates to this value may be determined from
the slope of the line described in  eq. (15).

Q = a - bz (15)
where Q = volume of water, b = slope, a = intercept and z = depth,

We used the Young (1964) method with a slight modification.
A peristaltic pump with a constant fiux was used to supply the water and
we measured the advance of the water frpnt every 30 and 60 min for a period
of 16 hr. Because of the use of a constant flux, K is predetermined.

Therfore, graphical presentation of Q/t against 1/t will give a straight

-t
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line with zero slope. In order to measure K we needed to have soil water
content as a function of time. By assuming that water content during
infiltration is equally distributed in the wetted soil volume, and by
measuring the volume of water infiltrated, ﬁ:imé, depth °f, wetting, diameter
of the column and soil bulk density . it is possible to calculatt; water
content by using eq. (16).‘

Q = V/t.A.b.+ 8, (16)
where b is the slope of the line obtained fram eq. (17).

Z = bt + a (17)
where Z = depth of wetting front, t = time and a = intercept (on the 2
axis). ' |

Soil samples fram different depths fram plots 1I, 1III, 2I, 3I and
3III were measured by this method. The results are éiven in Table la‘and
Fig. 11.

FIn another method we used 2m x 2m plots. These were flooded and
éovered by plastic sheets to prevent evaporation. In the center of each
plotA we installed two access tubes (for neutron prdbe measurerﬁents)( and
tensiometers at 15-an intervals to a depth of 120 cm. We measui‘ed water

content and matric potential for the differenmt soil depths and time.

- Hydraulic conductivity was calculated according to Hillel (1980a) (data are

given in Fig, 1l).
We also used the procedures suggested by Brooks and Corey and Van
Genimchten to calculate the K(®) function fram the soil water retention

curves (Fig. 1l). This procedure was carried out for soil samples fram
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depths of 30, 60 and 90 cm (Fig. 12).Because of fhe large variability in Ks
we used

Krel= K/KS relative hydraulic conductivity

S =6 6, relative water content

In all cases, K values calculated by the van Genuchten method gave
lower values compared with those valculated by Brooks and Corey method.
Van Genuchten (1980) found also the same kind of deviations in his
analytical procedure. This means that calculating the K(®) function by
the Brooks and ‘Corey method over-predicts K,. and the van Genuchten method
under-predicts the K values. In Fig. 10 soil hydraulic conductivity as a
function of water content was calculated by various methods (sec 1) using
data oollected fran disturbed soil samples in the laboratory and in situ
measurements in the field. For canmparison we also presented the data for
Gilat soils. Fro,m all the physical properties measured on Reim soil in

the laboratory and in the field it seems that most of the properties

described very well the soil parameter, especially in Block I. For a

better evaluation of soil hydraulic conductivities more measurements are
needed. In the water balance calculation the variability in K must be
taken into account.

Crdp management during the three vears of experiments

first year:

| Forage corn (%ea mays L.,c.'Halameesh') was sown on 28th june 1984,in
rows 1 m apart at a spacing of 5-7 plants/m on a furrowed surface. The
field was uniformly fertilized before sowing with 250 kg N/ha as urea and

50 kg P/ha as superphosphate. During the irrigations on 12th july, 2nd

-t
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Rela_ti_ve hydraulic conductivity (dimensionless)
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August, and 9-12 August, 147 kg N/ha was applied with the irrigation water.

Instrumentation

The field was instrumented to follow water and salt movement in the
soil as a function of time. Table 11 summarizes .the locations of these
instruments and fig.14 shows thier relative positions in a representative
plot. The neutron probe and four-electrode probe were calibrated using
field and laboratory data, and the salinity sensor readings were based on
the calibration supplied by the manufacturer.Measurments were made regulary
once a week before (neutron probe, tensiomters) or after (salinity sensor,
4-probe, suction cups) irrigation. Soil was sampled in a grid befor sowing,
five samples being thaken in a transect through each replicate.
Intermediate soil sampling was done in treatments A, C and E, blocks I and
III. Samples were taken after rows. 14, 16, 20, 22 and 24 of all three
treaments, and after rows 3, 6, 9,:27, 30 and 33 of treatment C. After
harvest, samples were taken in row 6 (A - E), rows 12, 14, 16, 18, 20, 22
(A, C and E), and rows 24, 27, 30, 33 and 36 (A, C, E) of blocks I and III.
Initial and final samples were taken to a depth of 210 cm.

Plant measurements

Plant height was measured weekly, based on the tip of the youngest
emerging leaf before tasseling, and on the tip of the tassel after
tasseling.leaf water potential was measured diurnally from 12 - 3/9 using
a pressure chamber. Dry matter production was determined. periodicly by
harvesting a single plant every _tow'“weeks in rows 3, 6, 9, 13, 16, 20, 24,
27, 30, 33 and 36 of all treatments and blocks. The final harvest was based

on 2-m long sections in all the rows of each plot. Ears (both primary and
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secondry) and stover were weight separately.Samples for dry matter and ion
concentration (Na and Cl in leaf and steam) were taken in all rows of all
plots.

Second year
Sweet corn (zea mays L., cv. Jubilee) was sown on july, 1985, in rows

1 m apart at spacing of 5-7 plants/m on a furrowed surface.the.rows were

located in exactly the same position as in 1984. The field was uniformly'

fertilized before sowing with 250 kg N/ha as urea and 50 kg P/ha as
superphosphate. During the irrigations on 12, 18 and 25 August and 2
September 108 kg N/ha was applied with the irrigation water.
The lay out of the double line - source 5ystem, plant measurments and soil
sémpling were the same as in the year befor (same treatments in the same
locatins). |
Third year _

After the corn harvest (October, 1985) the field was fertilized with
100 kg N/ha and 800 kg superphosphate/ha,and disced to prepare the seed
bed. Wheatr (cv H - 945) was sown on wide beds 1.97-m wide beds on November
1985,at a rate of 140 kg/ha using a cammercial plantgr with 15 an between
rows. After sowing, a uniform sprinkling irrigation of 30 mm was giveh for
germination, using reservior water. Full emergence was recorded on
Novenber 24th. After this date, irrigation.was applied with -the double line

-source system, repeating again the same treatments and locations as

before.Water distribution was measured in the same way (see next section).

Rain gauges were placed in several locations in the field. Rain was also

measured with the oollecting funnels. Soil water measurments were made -
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during the season with a neutron probe. Access tubes were iﬁserted on the
same locatin and depths as in the years befor.

On 21st December,1985 plants’wereA removed fram 75 - am sections of each row
in five treatments of blocks I and III to detemine dry matter
production. On 2i1st may 1986, plant were removed fran 75 - cm sections of
each row, in the middle of each bed, in every treatment and in all three
blocks. Plant hieght, dry matter, number of ears, ear weight, numéer of
grains per ear, single ear weight, were determined for all the samples.

The plots (=20 m2) were harvested on 3rd june by cambine . to obtain the
grain yield per unit area. |
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A _double line-source sprinkler system for determining the separate and

interactive effects of water and salinity on crop growth

The line-source sprinkler technique (Hanks et al., 1976) has gained
wide acceptance as a most useful tool in irrigation studies. It provides a
vater application pattern which is uniform along the length of the plot and
continuously, but uniformly variable across teh plot. A number | of
variations have been suggested (Lauer, 1983; sStark, et al,, 1982) which
make it possible to superimpose different variables (e.g. fertilizer
application, leaching) on the Qater application treatments. In order to
determine the yield function for a given crop and the crop's response to
water and salinity using a the line-source method, a fairly large
experimental field is required. .:\lso, there are oconsiderable technical
difficulties involved in preparing fflater of various salinity levels and
supplying it to the different sprinkler ines.

To overcame these problems, we used a modification of the line-source
sprinkler system, employing tvro parallel lines - each supplying a uniform
amount of water but of different salinity level. The technique produces a
wide range of water application amounts in cambination with a large
gradient in water salinity. It enables one to .determine the separate
effect of both factoré as vell as their interaction, while at the same time
permitting use of an experimental field of reasonable sizwe. This
paragraph describes the design of the double line-source sprinkler system

and presents resuits obtained with its use in these studies.
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The layout of the double line-source system is shown in Figure 13.
Two irrigation lines were placed 12 m apart in .each of 3 replicates.
Low-salinity water from a local reservoir (1.35 ds/m) was supplied to one
line and high-salinity water from alocal well (8.52 dS/m) was Supplied to
the other. The chemical camposition of the irrigation water is presented
in Table 12, Consequently, a gradient of water salinity was produced
between the two lines, bnut the quantity applied in this area waé uniform,
On one side of each line were 12 plant rows which received water in
decreasing quantity but of unifomm quality, as in the conventional
line-source arrangement (Hanks et al., 1976). Along each line, impact-type
sprinklers (Na'an 323/91) were spaced at 6-m intervals. ‘l'hese were mounted
on 2-m riseers with pressure regulators assuring a uniform operating
pressure of 200 kPa and a 24-m diameter of coverage. | Sprinkler with
different nozzle diameters (3.2, 3.5, 4.0, 4.5, and 4.8 mm) were placed in
groups of five along Aeach pair of lines to give five different water
application rates. Between the two lines these rates were nominally 7.3,
9.7, 11l.3, 15.0 and 16.9 mn/hour. The plots receiving these different
application rates were designated A, B, C, D, and E, respectively. Plot
size was 30 m x 36 m, with 36 rows per plot numbered from 1 to 36,
beginning 12 m fram the low-salinity line. Surface runoff between plots
was prevented by preparing mini-basins 1 m apart along each furrow.

Two unifornn irrigations were given for gennination (total 40 mm),

after which the doubnle line-source was installed (about 15 days after

sowing). A serious problem that may result fromsprinkler applicatin of

saline water to salt-senstivie plants is leaf burn (Maas, 1985). The

P
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damage becames more scvere with increasing salinity level of the water.
The irrigations were carried out at night, when wind speed did not exceed 2
m/sec, to guarantee uniform water distribution and to reduce direct
evaporation of saline water fram the leaves which could cause burning. Aas
a further precaution, reservoir water was injected into the hig}}-salinity
sprinkler lines for a 10-min period at the conclusion of each ix:rigation.
The quantity and quality of the applied water was measured during the

growing season by catching the irrigation water in 10-cm diameter plastic

" funnels mounted on stakes and connected by tubing to collection bottles.

The funnels were located at l-m intervals in rows perpendicular to the
sprinkler lines, in the center of all the plots. After each irrigation the
vwater volumes were measured and samples taken to the laboratory for
quality analysis. At the head of each sprinkler line was a water meter to
measure the total quantity applied of each water type.

Soil water content was measured weekly (before irrigation) with
ancutron meter, to a depth of 180 am in three treatmetns - A, C, and D - in
three blocks and at 2-m intervals from the sprinkler line.

Quantity and salinity of water .

Fig. 15 shows ‘the normalized water distribution as a function of
distance from the sprinkler line, where I = water quantity (in mm) at each
measuring pioint and I = average water 'quant:ity (in mm) applied to the
entire experimental plot. ‘lhere is a lincar decrease in water application
with distance fram the water source. ’I:he ratio I/I, for every treatment in

relation to the sprinkler type, as measured and as calculated from the
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Table 13. . Relative irrigation water smount ror each

sprinklur typu,

Sprinkler o 1/T ‘ U l/i
type Expected;
A 0,59 " 0,61
8 0,86 0,81
¢ 0,91 0,94
D 1,17 1,25
E 1,47 1,40

Vv )
From manufacturer's specifications

Dlsi;?ﬁﬁkfigm /T (24 m) Standard
line (m) deviation
1 2,37 | 0,41
2 2,11 0,30
3 1,82 : 0,20
4 1,87 0,22
5 1,29 0,23
6 1,07 - 0,16
7 0,77 0,19
8 0,55 0,14
-9 0,34 0,16
10 0,19 " 0,14
1 0,11 0,09
12 - 0,03 - -
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manufacturer's specifications, is given in Table 13. There is very good
agreement between the measured and calculated values. The agreeement is

also expressed in the quality of the water ocollected between the two

6verlapping sprinkler 1lines. Fig., 16 describes the relation between

calculated and measured electrical conductivity of the water obtained
between the two lines. A similar relation is shown in Fig. 16b for ch}oride
@m&ation in the water. In both cases the correlation between
calculated and measured values was quite high, with only a slight deviation
fram a slope of 1, indicating optimal mixing of the two water types. The
slope deviation is attributed primarily to the effect of wind. ‘The water
distribution as a function of distance is described separateiy in E"ig. 11
for each of the two lines (well and reservoir). Due to wind, no reservoir
water reached row 2 and no well water v)as caught in row 1. As a result, the

dilution ratio was not uniform over the entire distance between the two

~ lines, and this was responsible for the above-mentioned deviation. The

distribution of EC and SAR in the double line source irrigation system is
shown in Fig . 18, and the total amount irrigated along one season is
guiven in Fig. 19.

The pattern of water and salt distribution between the lines was
expressed also in the soil., For example, Fig. 20 shows the soil water
distribution mecasured with a neutron probe at 2-m uintervals in a direction
perperdicular to the sprinkler line The non-uniform water application

accordingly produced a lack of uniformity in soil water content, and this

condition continued throughout the growing season. The effect of sprinkler

type on soil water content between rows 6-7 at different depths is shown in

-
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Fig..21, and this effect was also evident throughout the entire season. In
treatment A the rate of water application was low (7.3 mm/hr) while in
treatment D it was high (15.0 mn/hr). This difference was expressed in the
soil water content throughout the entire profile . o

The salt distribution, expressed as the average electrical
conductivity at the end of the first growing season in the 0—1.:20-cm soil
layer, as a function of distance between the sprinkler lines, is given
in Fig. 22. In the vicinity of the low-salinity line (i‘esexvoir) . the
conauctivity of a saturated soil past;é extract was about 2.0 ds/m, which is
1.5 times greater than the salinity of the irrigation water. Such a ratio.
is normal in lbess soils. Between the two lines the salinity gradually
increases fram mw 12 to row 24, 'lhe increase is linear, with a rise of
about 0.3 dS/m for each l-m increment in distance fram the low- to the
high-salinity line. The maximal salinity level occurs in the two rows
adjacent to the high-salinity line. Beyond t‘hese rows there is a decrease
in soil salinity due to the decreasing quantity of saline water. At a
distance of 12 m from the high-salinity line (row 36) the soil salinity is
only slightly higher than at an iderifical distance on the other side of
the low-salinity line. The quantity of water reaching these extrane rows, is
almost nil. The same tendency of salt accumulation is also obtained in’
respect to the ESP of the soil (Fig. 23) where a linear increase in ESp
(mean values of 0-90 an) was obtained in between the two lines,reaching an

ESP of 17.8 near the saline line, compared with SAR 16.1 of the irrj.gation

water.
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Fig. 21. Effect of sprink]er,type on soil water content in row 7.
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‘The average chloride concentration at the end of the first growing
season in the 0-120-am and 0-210-cm layers, minus the concmltratj.on in
these layers before the beginning of the irrigations, as a function of
distance from the s_prinkler line (different water amounts and varying
salinity) is given in 'Fig. 24. If we compare the additional chloride found
in the 0-120-am layer with the amount added by the irrigation watér the
quantities are most »similar. On the other hand, the balance in the case of
the 0-210 -om layer is not good: the chloride content is much greater than
that added by the water, and the standard deviation of the measurement is
high. This phenomenon is due to the high initial variability in chloride
content in the 120-210-an layer. wﬁich is. apparently the region where
chlarides were deposited during many previous years of irrigation with goad
quality water from the National Water Carrier. The irrigation treatments
reduced the variability ih the upper 120 cm so that the agreament was quite
good.

As with electrical oorx;'{uct'ivity,A the chloride content also increased
from row 12 to row 24, and the"salinity reaches a maxinum in row 24 (beside
the high-salinity line). With ihreas_ing distance from the high-salinity
line towards row 36 (in the regmn where the irrigation water is of
uniformly high salinity, the chloride: content decreases since the quantity
of water applied decreases. The inci:ease and decrease in chloride content
can be described as linear, and is ognsiétent with the Mge in quantity
of water as a function of distance fram the lines.

The contents of chloride and sodium in the corn leaves at the end of

the first growing season are shown in Fig. 25. The data are averages of
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Fig. 24. Amount of chloride in the soil at the end of the
' experiment, minus the amount of chloride at the beginning
of the experiment, as a function of distance from the
Sprink]er lines and compared with the amount added by the
irrigation water,
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the high and low water treatments, each from two replications. There was no
specific effect of irrigation with saline vater on the leaves, and the
brief 'washing" of the leaves at the end of each irrigation was sufficient
to érevent any specific effect. The pattern of sodium and chloride contents
in the leaves was similar to that of the soil salinity or the goncéntration
of chloride J.n the soil -solution, and to that of the irrigation water
salinity, in terms of distance fram the sprinkler lines. The sodium content
of the leaves until row 12 (beside the low-salinity line) was constant,
with a low standard deviation. Deyond row 12 the content increased,
followed by a tendency to decrease beyond row 24 whereupon the quantity of
applied high-salinity water gradually decreased. Leaf chloride content
behaved similarly, but the absolute content was considerably greater than
. that of the sodium, ard the standard deviation was higher.

The field water balance.

TiE water balance is a summary of all gains,losses and changes of storage
of water occuring in a given 'field.Gains of water are due to precipitation
or irrigation.Losses include surface runoff ,deep peréolation below the root
zone(drainage) ,evaporation and transpiration.The total change in
storage must equal the difference between the sum of all gains and the sum

of all losses.Accordingly we can write the water balance eq(18)

P+I-(R+D+E+T)= 4SS+ AV ' (18)
where

P-precipitation,I-irrigation,R-runoff (D-drainage, i~evaporation o P-transpirat
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ion,8S-the change' in soil water storage and AV the change in plant water
content,
For the two corn experimed'ts P=0 and R=0 (The crops were growm during the
summer,and we used a tillage practice-dense basin techru.qe—whlch prevents
runoff). V may be assumed tobe insignificant in regard to the other terms,
Therfore, | |

ET+D=I+ 4 S S | (19)
I and S were measured(see field management) , therefore,ET can be determined
if D is known. | | .
Drainage volume was calculated by several methods:

I-" Field cepacity"-whcn irrigation or rain occurs,the top soil layer is
filled to field capacity first,If there is any excess,the next layer is
filled,etc.When the water applicd exceeds the amount required to raise the
root zone to field capacity, the difference is regarded as drainage.

D=I- (i, ciVy) , (20)
where D—dramage I-irrigation, wf . ~mean - water amount at field capac1ty to a
specfied depth(depending on the depth of the root zone,which changes with
time)and w -amount of water in- the soil to depth i. If I< ( wfci-wi)
then D=0 '
II-Drainage was also calculated by dsing the oconcepts of Davidson, et
al(1969)and of Nielsen,et al(1973). The calculatlon is based on the
assunption that the change in soil water content or pressure with soil
depth for. vertical drainage will be small and will approach zero in a
uniform soil profile without appreciable error.Under these oondltlons,water

will drain almost equally from all depths under a unit hydraulic gradient,
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The rate of change_ in soil water content, 0 ,within a soil profile of

length L is approximately

de K

<- . . ’ (21)
at L
where t-time.Eq(28) can be integrated to express the average proflle water

content with time when a numerical relationship between K and 0 which has
been cammonly used is

R= s exp[a(e-es) - (22)

where a is a constant.

Substituting and inteyrating cy(22) fran t=0 to t,and frau'eg-e yiclds

9 = 9' -1/a _ln(1+a.Kst/L) (23)

Differentiating this' eq with respeét to t and multiplying by the soil
profile depth,L gives the magnitude of the soil water flux at the depth

t=1. qus/ (1+aKst/L) (24) In order to

calculate the constant a or e(t) and q; (t) function we used the following

procedure of Brooks and Corey and the 8(t)method.
e=(es-er)(1-xs/L((1-q)t)‘1/"”’+er | (24)
qp =K /L(6,-0 ) ((1-K /L(1fq)t)“‘1‘ﬂ) (25)

Wlth the assumption that the volume of dramage is not affected by LI,it is -

poss:.ble to calculate it.
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| Ve —— CLASS A PAN (ETP)
T A ‘ J_H. —_—
E ) _. N e e vt Al e b T L .
S 300 A\ W N
T 1) \\Field capacitys 27% (cm*/cm?) - 7
= 2) \Field capacitys 30% (cm*/cm?)
£ 200 - 3) 8(t)-function - -
. 5 | : : _
2 o .
|§ 100 }= _ | | -
0 o U U U W TN N W N NN N N T N 1
3 7 1 a8 w923 27 31 3
: R&w number .
1)ET=-22,24120,7R-11,3R%4, 23833 - 103R“+4 4107RS r1=0,c45

 2)ET=-82,64106,5R-7, 1R2+0 218%,9.107%%-4,6-10 5R5 r1=0,893
3)ET=-78,64109, 1R -9, OR%+0 28R3 1,7 10‘3R“-4 1410° SR3 120,854

Fig. 27

Polynomial of evapotranspiration as a function of row number,
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Table 14. Water balance and evapotranspiration calculations

for Treatments DI and DIII.

RI 1 S e p** | e oM er* 0" [qpeate
(1) (2) (3) (4) (5) (6) ‘ment |
14 | 781,9 | 107,2 | 304,5 370,2 |494,3 180,4 | 424,5 249,9
17 | 635.5 | 10301 | 315,72  216,7 | 451,3 - B1,1 | 365,9 166,6
20| 6787 | ‘osi9 | 276.5  299.3 [460,7 15,1 [ 307,9 268,0 | D I
23 | 8793 | 9914 [347,5 4324 [541,5 28,3 | 4313 48,2
w | 791,09 | 102,2 | 381,3  300,4 |495,6 186,1 | 425,8 256,0
17 | 6355 | 5.0 | 357,0 213,5 | 457,5 < 143,2 | 350,9 219.4 | 5 14y
20| 6747 | 76.6 | 252,9  345,2 | 453,9 196,3 | 259,5 338,7 ;
23 | 87903 | 6701 | 3a2,0  470,2 |489,9 323,9 | 357,5 454,6
(1) Row number
(2) Irrigation, I:(ﬁm)“
(3)  Changes in water content to a depth of 150 cm during the season,
calculated from the weekly water balance by S = ?ii?
. ! (W W y)
T R n=1 n n+1
where w = water content in mm (0-150 cm) and n = irrigation number,
(4)  ET and D (FC = 27% in Treatments CI, CIII, DI, and 33% in DIII)
(5) ET and D (FC = 30% in Treatments CI, CIII, DI, and 33% in DIII)
(6)  ET and D calculated with the,8(t)-function
* . Evapotransoniration (mm)
‘W ;

Drainage (mm)
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Table 14a. Water balance and evapotranspiration calculations .

CI

CIIl

for Treatments CI and CIII.

17,4

R 1 a S A o** | e o** Jer* o
(1) |-(2) (3) {4) (5) (6)
. 14,0 | - 31,9 51,4 0,0 51,4 0,0 51,4 0,0
3 53,3 | - 25,7 | 147, 0,0 | 142,8 0.0 |147,8 0,0
.5 |162,7 | - 80,3 213,10 0,0 | 213,10 0,0 (213,10 0,0
9 1496,7 |- 4,1 [424,] 66,5 | 480,2 20,5 |437,2 63,4
“11_ 1642,6 83,2 | 390, 169,0 | 487,8 71,5 |402,8 156,6
13 1657,1 105,6 | 397,1 211,6 | 492,0 16,7 [375,0 174,9
14 |604,5 108,1 | 351,7 153,2 | 435,1 69,8 |364,0 127,7
15 [551,9 79,9 | 379,4 290,6 | 435,2 36,3 392,8 79,0
16 |512,4 72,9 | 335,3 101,3 | 81,0 8,6 |309,! 132,2
.17 1491,3 79,5 | 343,0 109,2 | 377,8 74,4 |304,7 107,
18 [502,8 82,3 | 316,0 133, |426,0 50,6 |309,5 110,9
19 [497,1 63,8 | J49,4 83,9 | 419,9 23,4 |374,7 58,6
20 521,6 50,1 52,1 119,5 428,2 43,4 410,8 60,8
21 |567,9 $3,0 |372,3 . 137,6 | 435,9 78,9 ]359,0 55,9
22 |6231,8 70,4 | 360,4 212,5 | 436,6 136,3 |J21,t 22,7
2) |679,8 70,0 | )45,8 286,9 | 454,1 178,6 (3)4,3 275,4
25 |665,7 65,8 | 405,5 200,2 | 445,2 160,5 |375,2 224,8
27 514,6 - 69,6 | 403,8 181,] 448,9 136,2 396,48 187,8
29 34,3 | - 79,5 {2387,1 26,7 | 413,8 0,0 |2380,3 33,5
3t 1168,6 | - 82,8 | 251,4 0,0 | 251,4 0,0 |25%,4 0,0
kK] 55,2 | - 97,7 | 152,9 0,0 | 152,9 0,0 | 152,9 0,0
‘38 14,5 | - 93,6 | 100,1 0,0 | 108,1 0,0 | 108,! 0,0
R 1 S 31 * —o w E'* 0 i tt* Dtt
(M| (2) (3) {4). (5} (6)
1 14,0 | - 76,2 | 12,8 0,0 | 12,8 0,0 | 112,8 0,0
3 53,3 | - 53,8 | 107, 0,0 | 107,1 0,0 | 107,14 0,0
S |162,7 | - 65,4 | 228,2 0,0 | 228,2 0,0 | 228,2 0.0
7 1322,7 | - 72,9 | 395,6 0,0 | 95,6 0,0 | 95,6 0,0
9 1496,7 | - 41,0 | 472,8 64,8 | 50,0 7.6 | 518,7 18,9
11 1642,6 99,4 | )92,8 150,4. | 482,2 61,0 | 4724,0 69,2
13 | 657, 123,4 | 3753 158,5 | 487,2 46,6 | 477,1 $6,5
14 | 604,5 82,4 | 409,9 112,2 | 4913 30,8 | 476,8 45,3
15 | 551,9 75,3 | 422,5 54,0 | 476,5 0,0 | 462,2 14,4
16 | 512.4 60,0 | 386,7 65,8 | 448,7 3,8 4237 28,7
17 1491,3 90,7 | 340,) 60,3 | 400,6 0,0 | 3743 26,6
18 | 502,8 61,2 | 365,7 72,9 | 438,6 0.0 | 424,7 13,7
19 | 497,1 82,4 | 22,7 92,0 | 414,27 0,0 | 372,7 36,6
20 | 521,6 90,3 | 303,4 128,0 | 374,6 68,2 | 375,4 55,8
21 567,9 9,2 36,2 130,5 415,0 mn.a 416,3 58,4
22 623,8 105,2 261,0 252,7 461,5 19,1 349,9 170,9
23 | 679,8 96,0 | 241,31 42,4 | 45,5 148,2 | 3%6,9 224,88 :
25 | 665,7 108,5 | 291,68 265,5 | 429,8° 12,86 | 376,6 180,2
27 1514,6 | - 21,5 | 389,6 146,5 | 449,7 86,4 | 423,5 112.6
29 | 334,31 | - 45,1 | 318,4 61,0 | 376,0 3,01 33,0 6,4
31 {168,6 | - 62,9 | 231,5 0.0 | 23%,5: 0,0 | 21,5 0.0
kk] 55,2 | « 37,7 92,9 0,0 92,9 0,0 92,9 0,0
;35 14,5 | - 31,9 0,0 .9 0,0 N9 0,0
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' In the preceding paragraph,we' dealt . with the water. balance
calculations. According to the procedures described we calculated I, S,I:‘I.T
and D. The results are summarized in Table 1Y. Fig 26 also, shows the
various parameters calculated by these procedures.

Both the"field capacity“and the 6(t) methods show the same trend for
ET and D and the results are very similar.It is also clear that in rows 1-9
and 27-35 water is deplcted fram thé soil during the growing season.ET is
greater for the non-saline side compared with the saline side.ET .
appears in the rows beside the sprinkler lines.In order to see if ET vaiues

calculated are in accordance with the water applicétion(Fig—-19) a 5th-order
. polynamial regression analysis was carried out on EI' as a function of row
number (Fig.27) (irrigation and salinity).CQurve 1 was calculated using the
"field capacity" method,using F‘C=27%Z(Gn3/cn3);curve 2 is the same as curve
1 but FC=30%(an’/cn’) and for curve 3 ET was calculated using the 6(t)
function.From this figure it is clear that ET max appears in the row close
to the sprinkler line on the non -saline side.However drainage volume is
larger on the saline side.

Drainage depth was related to the depth of irrigation water and to
water quality(Table 14 and Fig 26).For illustration one may campare the
depth of drainage water in the C and D treatments.It is evident that the
depth of drainage water is signifiéantly higher in treatment D.the reason
is that EI‘p:EI‘" ax near the sprinkle.:; line in tréatment C,and because
treatment D recived a greater amount of irriga;idn water (if we take
treatment C to equal 1,then treatment D received on the average =~ 1,2

times more water)
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In Fig.28 where ET' was calculated for rows 1-14 (fresh water) and for.

rows 22-35 (saline water) ET was related to I-4S assuming
ET=I- A4S ;D=0 ' (27)

It is clear from this Figure that ET increases linearly with available
- water independent of water salinity,and only at high amounts-of water is
there a difference between the saline and fresh water.
For example,the mean EI' for treatient C rows 9-17=437nm 249.3,whereas in
rows 23-29 mean ET=372mnm :32.5. The reduction in ET is a function of the
different soil salinity e.g row 13 (C) DCe=2.6 dS/m whereas ip row 23(C)
ECe=3.8 dS/m.After the last irrigation the water content in those rows was
16 and 18.4%(g/g) respectively,.ET calculated for treatment-C- for the
different rows by the o(t) procedure,as a function of time from sowing is
~given in Fig,29.Also given are the Class A pan values (Table 15 ) and Class
A pan evaporation' times the erop factor used.In rows 7,9 and 11 ET was
similar to the crop factor times Epan throughout the season,whereas rows
1,3 and 5. were much below. |

Another comperison of LT obtained in the experiment can be made by
using the work of Hillel and Guron (1973) .They determined cumulative LT of
corm grown in 1966-1970 at the Gilat farm.Since the conditions of both
places,Gilat and Reim, are similar,wé' camwpared the ET at these locatins.The
results of Hillel and Guron are preséqted in Fig 30.In all cases E.me in
their experiment was between 64-75% of Epan'If we use this value, then at
Reim ET will be between 380-410 mm.This corresponds very well with ET
calcuiated by the methods using FFC=27%(an3/cm3) and the o(t)

function(Fig.27).:
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Table 15, Class A pan.

Days after

_ Ep* ZED**
sowing mm/d mm
1-18 7,00 126,0
19 - 25 7,33 ° 177,3

26 - 32 6,78 224,8
33 - 39 7,55 277,6
40 - 46 6,65 324,2
47 - 53 6,85 372,3
54 - 60 6,73 419,3
61 - 67 6,61 465,5
68 - 74 6,34 509,9
75 - 81 5,97 551,7
82 - 88 °- - 5,96 593,4
89 - 95 . 5,50 631,9

- 99 4,43 649,7

96

*
Mean daily pan evaporation

w .
Total evaporation
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Thé other procedure we used in our study to calculate ET is based on
the model developed by Childs .and Hanks (1975). The result of the
canputation using this model is shown in Fig.31. I:‘.'I‘p according to the model
is equal to 420 mm (using ESTART=20,ESTOP=40,AK1=AK2+0.9). This value is in
agreement with the values obtained by the other methods discussed.

Many researchers quantify yield as a function of evapotranspiration by
means of a linear regression equation. Shalhevet, et al.,(1976) point out
the strong relation between yield and ET for many crops. Stewart et al.,
(1977) have shown this for corn, as have Hillel and Guron (1975). Stewart
et al.,(1977) described a very simple yiéld - ET relation of the form

Y/Y 4= B, + f ET/ET_ (28)
where y is actual dry matter yield, Y, is maximal dry matter yield where
El‘:E'I‘m, ET is actual seasonal evapotranspiration, El‘m is maximal seasonal
evapotranspiratior, ETj is evapotranspiration deficit and it is equal to
1- ET/ET, 8 is the slope of the relative yield (¥/Y,) vs the ET relation
(i;-r'/mrm). This equation requires that ET be measured or estimated. The
relationship between relative yield and relative ET using the equation of
Stewart (1977) is shown in E‘ig.32. regardless of the type of stress causing
decreased yield, ET was decreased proportionally. Under the saline
treatments soil water depletion :by plants was lower than in similar
treatments without salinity stress (Table 14). These results are in
agreement with those reported by Stewart, et al. (1577) , who oollected data
fram three different location with different climates,soils and salinities.
This resulted in different values of EI‘m and Y ne It is interesting to .note

that the value 6f B8, corn grown under those variable conditions was between
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1-1.3. Our g for the corn was 1.0 for non saline conditions and 0.98 for
the saline conditions. This support the fact that the 8, coefficient is not
.strongly site ar year related, meaning that this approach .is transferable
Ato other locations. | ‘
In all three crops, as a result of the watér application pattern, and the
irrigation water salinity pattern (Fig.jB) , the mean yield of both corn
crops and of wheat increased with distance from the edge of the field
toward the irrigation line. Maximal mean yield was obtained in the vicinity
of the low-salt line. This can be seen in Figs 33-35 where total yield for
corn, arnd grain yield for wheat, is given as a function of ~distance from
the lines. A fifth - order polynomial was fitted to the corn and wheat
yield values as given in Fig's 33 - 35, with -correlation coefficients of
0.982, 0.980 and 0.985 for Halamees and Jubilee comn, and wheat,
respectively (the fiqures for the other treatments are given in the
Appendix). Total yields as a function of irrigation amounts for the low and
high salinity for all treatments are given in Fig's 36 - 39, and the
relationsﬁip with irrigation amounts (only the lmear parts of the data
shown in Fig;s 36 - 39) are given in Fig's 40 - 42, Also, th'e relationship
between total fresh yield and ear yield for Jubilee is given in Fig 43.
Between the two i.frigation lines yield decreased in the direction from low
salinity line to the high salinity line. Each curve in this figure is a
combination of the mean yields obtained in a specific row (between the
lines) over all the irrigation treatments (A, B, C, D and E). For the same

amount of irrigation water, EI:e incréases fram row 14 to row 24.
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BASIC program for calculating the soil water retention curve by

the Brooks and Corey method and the simplified Van Genuchten method.
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Appendix 14. Na concentration in the leaf and stem of

0.35

Jubilee corn.
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Appendix 15, C1l concentration in the leaf and stem of

Jubilee corn.
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Summar 120

A recently published semi-empirical model of crop response to
irrigation with saline water is tested using data from three field
experiments under non-steady state conditions with respect to root
zone salinity. Difficulties 1in applying the model under these
circumstances occur (Fig. 3), when global input parameters are chosen.
~This situation is improved, particularly in the case of a trickle
ir?igation experiment, when local parameters are used. A modification
which calculates effective seasonal roof zone salinity using a simple
salt balance and .a piston flow approximation of solute transport
is proposed. For the two experiments where this modified approach
was tested predictions were improved somewhat (Figs. 4, 5 and 6).
Predicted leaching requirements were much reduced compared with the
original steady state model (Fig. 1) in the case where the root zone
is initially non-saline. This is relevant to attempts to minimising
salt burdens to soils, ground water and return flow by reducing
leaching fractions applied to crops irrigated with saline water,
especially ‘where winter rainfall 1is sufficient to leach a large

proportion of the residual salts.
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Introduction

Effective use of the extensive saline ground and surface water
resources that exist in many arid or semi-arid regions of the world
requires that efficient use is made of the water and that further
salinisation of fhese resources by deep percolation or return flow
from irrigated land is minimised. One way to achieve these aims
is to minimise the amount of irrigation water applied for leaching
of excess salts. This .reduces both the volume and the total salt
burden of‘ drainage water percolating to ground water or returning
to surface water systems (Rhoades, 1972).  However such minimal
leaching must be managed carefully to ensure that yields are not
impaired by gradual salinisation of the root zone both within a single
season and cumulatively over a lengthy period of irrigated agriculture,
and to ensure that the sodium hazard of the drainége water does not
become unacceptable. A valuable aid to this management is the use
of semi-empirical models of crop response to irrigation with saline
water, which help accurate scheduling of irrigation requirements

to be done.

Letey and Dinar (1986) recently published a semi-empirical simulation
mode] for'pred1ction of crop water response functions when irrigated
with saline water. The model assumes that the salt distribution
in the root zone is that which would occur under steady state water
uptake. However they showed reasonable agreement also under non-steady
state conditions when a weighted meaﬁ irrigation water salinity was
used. Such simple semi-empirical models have practical advantages
over mechanistic models, but the validity of this model under
non-steady state conditions is questionable on both theoretical and

practical grounds. Moreover, in most practical irrigation situations,
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steady state situations with respect to salinity do not occur..

Therefore the model has been tested using data from independent
experimental work (Vinten et al., 1986; Shalhevet et al., 1985; Frenkel

et al;. unpublished) and a modification to allow for transient

“conditions is introduced.

Theoretical considerations

The principal components of the model of Letey and Dinar (1986) are
described here briefly. An empirical relationship relates yield

to applied water, when non-saline irrigation water is used:

Yris = S(AW - AWg) for AWg < AW < ETpax , © (1a)

or Yns = Ymax for Awt >AETmax (lb)
where ETpayx = evapotranspiration at maximum yield (cm)

Yns = yield with non-saline water (kg/m2)
S = slope of production function (kg/m? cm)
AW = applied water (cm)

AWt = applied water at zero yield (cm)

AThe slope of the response function (S) depends on crop type and the
local climatic conditions. At some minimum applied water (AW¢) yield
is zero. When irrigating with saline water with an amount AW, a
yield deficit (YD) occurs ;t any given application amount resulting
in unused water which is lost by deep percolation (D). The yield
deficit which occurs depends on the mean root zone sé]inity estimated
from the saturated paste electrical conductivity (EEe)x averaged

over the root zone.
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'YDg = }(%g 8(ECe - C) ' (2)

where B = slope of response function to root zone sa]inity_(kg/m dS)

(]
[}

threshold of response function to root zone salinity (dS/m)
~ Yps = yield with non saline water for a given AW (kg/m2)

YDg = yield deficit compared with non-saline water (kg/mzf

The average root zone salinity is estimated assuming an expawroriental
root uptake function (Raats, 1974) using a value of 3 of 0.20 (Hoffmann

and van Genuchten, 1983) and assuming steady state conditions.

(ECe)y = EEI'(E+9_£{L+(1-L) exp (-5)§3 : " (3)
2 L L :

where (EEe)x = depth averaged root zone salinity (dS/m)
L = leaching fraction (dimensionless)

ECi = average irrigation water salinity (ds/m)

The value of L is given by:

L= F0 = 20 for Al < AN < ETygy (4a)
or L= |- %% max + %%; for AW > ETpay (4b)

where D = deep percolation (cm) .

Under non-steady state conditions the value of ECj can be calculated

from a weighted mean value:

- Ip ECj_ + Ip ECj
ECi = P ip A ELip

Si = Sg+lp+ 1,
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where.(si - Sf) = change in soil water storage in the root zone from

beginning to end of the experiment (cm)

Ip = Irrigation prior to initiation of saline irrigation (cm)
Ip = Irrigation after initiation of saline irrigation (cm)
ECip-ECiy = electrical conductivity of respective irrigation

waters (dS/M)

The use of (Sj - Sf) allows use of water from soil moisture storage
to be accounted for. It 1is assumed that the profile is initially

non saline. When estimating potential yield from water application

the change in storage should also be included.

As Letey and Dinar point out, when they consider situations where
'ECy varies, this model is not strictly valid under non steady state
" conditions. There' are several reasons for this and we shall deal

chiefly with two: -

(A) The model has limitations when applying the global parameter
estimates (ie va]ues\purported to be non site specific) to new
sites because the water lost at zero yield (AWg) will be sensitive
to method and .frequency of irrigation. For example, drip
irrigation will give low AWy because little water 1loss by
evaporatibn occurs during crop establishment. Local estimates
of the modei parameters may, however, be difficult to obtain.
In this paper we cﬁhpare local estimates of model parameters
based on experimental data which we are using to test the modei,
with Letey and Dinar's global values. It would also be difficult

to apply the model to an already saline profile because the

root zone salinity under non-steady state conditions is estimated
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using only the average irrigation water salinity and the leachihg

fraction (eq. 3).

(B) The model assumes that the distribution of salts in the root
zone is that of the steady state estimation of Raats (1974),
with EC; given by eq. (5). This will not always be the case,
particularly whén irrigation with saline water on initially

non-saline soil occurs.

In this paper we propose an alternative for estimating the time and
depth averaged root zone salinity which should be more valid under
non-steady state conditions, and deal with the case of an initially

salinised profile by making the following assumptions:

(1) Piston di;placement of the water and salt initially present
| in the soil profile by irrigation water occurs.
(2) The initié} salt concentration (Ecei) is uniform throughout
the root zone.
(3)‘ The effective seasonal root zone salinity is the arithmetic
mean of the average root zone salinity at the beginning (EEéi)

- and at the end of the season (EEef).

Using assumptions (1) and (2) the final root zone salinity can be
determined by estimating the proportion of the salt initially present
Qithin the root zone which is leached and calculating the amount
of salt applied with the irrigation water, assuming none of the latter

is leached.

Assuming piston displacement the proportion (Lg) of solute initially
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present in the soil displaced by the seasonal leaching fraction (eq.

4a or 4b) is:

AW L

LS=—-—....

8 , (6)

where 85 = initial root zone water content (cm3/cm3)

Z = root zone depth (cm)

as 16ng as AWL < 28j. This inequality will usually hold unless

excessive leaching fractions are used.

The final root zone salinity can then be calculated by.a simp]é salt

. balance: \

- EC; AW EC.. (1- L)
ECe = Z.Es + e; s . (7)

where B85 = saturated paste water content (cm3/cm3)

And the mean root zone salinity over the season is then simply:

= ECec + ECe.
2

By substitdting for L from eq. 4(a) or 4(b) into eq. (8) and from

eq. (8) for ECe into eq. “(1) a value of YDg can be estimated, as

for the steady state case.

This approach req.uires knowledge of several additional parameters
(EEei, Z, 8y and 8g) but meets the objection raised above to the

use of the steady state model under transient state conditions.
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Fig. 1 shows the influence that the proposed non-steady state

approximation has on the production function of yield against applied
water compared with the steady state assumptions. The pafameters
used are the local values for the forage corn in Table 2 (below).
Values of (Sj - S¢ = 0, ECe; = 0.9 dS/m, €5 = 0.20, €5 = 0.50 and
Z = 150 cm were chosen. There are several notable differences between
the predicted production functions. Firstly, much higher maximum
yields are predicted, and with considerably less water, with the
higher " salinity water wusing the transient state modification.
Secondly, the transient state model‘predicts very similar production
functions with low and high salinity irrigation waters, when deficit
irrigation is practised. Thirdly, the transient state model “shows
a maximum in the response curve to water, not a plateau. This fis
due to the additional salt which accumulates in the root zone when
large amounts of water are applied. The extra water displaces soil
water with a low solute concentration. Fig. 2 shows a "similar
comparison except €E;i is now 6.0 dS/m. In this case the steady
~ state model over-predicts yields at the low ECj value, compared with
the modification proposed here. At high ECj there is little difference

between two curves.

Clearly it is necessary to determine which of these two models better
describes yield response to irrigation when irrigating with saline
water under non-steady state conditions. This 1is done for three

field experiments described below.

Materials and Methods

The experimental data used to test this model come from three field
experiments using saline and non-saline water at a wide range of

[
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application rates. Experimental details are given in Table 1. The

applied water was estimated from day zero, including any soil water
storage change measured from the start of differential irrigation
to the end of the experiment. It was assumed that all irrigation
water applied prior to thg start of differentia] irrigation was lost

by evapotranspiration before the first differential irrigation, ie:

AW = Ip + Ip + (S§ - Sf) (9)
In = Irrigation from start of differential irrigation (cm)
Ip = Irrigation from sowing to start of differentia]

irrigatioh (cm)
(Si - Sf) = Water used from storage between just prior to start

of differential irrigation and harvest (cm)

In these experiments seasonal crop evapotranspiration was estimated
using one of three methods. In Gilat, where irrigation intervals
varied between 35 days and 3 weeks, ET was estimated from changes
in moisture content between irrigations for a]f intervals other than
3; days assuming drainage between successive measurements was zero.
In Ramat Hanegev ET-was estimated similarly but a grid of neutron
access tubes was used to characterise the water content distribution
with lateral distance from the emitter. In Reim ET was estimated
using pre-irrigation wate: contents only, assuming all water applied
in excess of ‘field capacity' was lost immediately through deep
percolation. Local estimates of pan evaporation, maximum yield and
S were also obtained. These parameter estimates are listed in Table
2, along with the global estimates given by Letey and Dinar, adjusted

to local maximum yield and pan evaporation. More detailed descriptions
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of methods used are given in the papers referred to in Table 1.

Results and Discussion

Fig. 3 shows the relative yield measured in each experiment (YrM)
plotfed against the applied water divided by local pan evaporation
_(Aw/Ep).'lFive salinity treatments were used in the Gilat experiment
(Fig. 3a), two in the Reim experiment (Fig. 3b) and three in the
Ramat Hanegev (Fig. 3c) experiment (though three were used in Ramat
Hanegev no values of (Sj - Sf) were obtained for the third salinity
‘ level so AW could not be estimated). Only a representative selection
of yield data from Reim are used, being those where values of (Sj - Sf)

_and ET are also available.

Production functions predicted by the original model of Letey and
Dinar are also plotted in Fig. 3 using the global parameter estimates
provided in their paper. The numbefs on the curves are the average
irriéation water salinities calculated from eq.- (5) for S1, S3 and
S5 (sweet corn) or for S1 and S2 (forage corn and tomatoes). In
all three cases important discrepancies occur which can be attributed
to several causes. Firstly, using a single value for the average
irrigation water salinity is incorrect as EEi depends on amount of
water applied. Correction of this will using eq. (5) tend to bring
the productidn functions cfoser together when deficit irrigation
occurs. This correction has been made for all the comparisons that
follow. Secondly, the global estimates (especially of AWt) may be
inappropriate. This 1is most evident in the case of the tomatoes
which were trickle irrigated but may also be a problem with the swéet

corn. Thirdly, the steady state model assumes a time invariant root

zone salinity, whereas in all three cases considered here, this is

10.
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not the case. Correction of this will also tend to bring the
production functions closer together when deficit irrigation occurs
(see Fig. 1). The relative importance of the last two effeéts can
be investigated by comparing predicted and observed yields using
the unmodified and modified versions of the model and the following

.combinations of global and local parameters (see Table 2):

(A) global parameters for both eq. (1) and eq. (2);
(B) local parameters for both eq. (1) and eq. (2);
(C) local parameters for eq. (1) and global parameters for eq. (2);

(D) local parameters for eq. (2) and global parameters for eq. (1).

Local parameter estimates for eq. (2) were available oniy for Gilat,
but these values were also used for Reim as they agreed well with
the figures of Maas and Hoffmann (1977) and Bresler, McNeal and Carter
(1983). The variety of forage corn used at Reim was considered locally
to be a salt tolerant variety, so even the smaller value of B used
(9.1 for totalvyield) may have been an overestimate. Accurate values
of AWt and S were difficult to obtain for the sweet corn because
the spread of observed yields and ET estimates was small. Therefore
there was a large difference between the linear regression of yield
on ET and the linear regression of ET on yield. The latter regression
was used (in this case only) as it gave a positive intercept on the
ET axis and a more reasoniple value of S. Comparison between measured
and .predicted yields are shown in Fig. 4, using the original,

unmodified model.’

Agreement between measured and predicted yields was assessed in three

ways, as suggested by Letey et al. (1985). These three methods were:

11.
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(1) the correlation coefficient, (2) the mean deviation between
measured (Yy) and predicted yields (Yp) and (3) the ratio between
mean pfedicted and mean measured yields (Yu/Yp). Values of these
statistical comparisons are given in Table 3. Correlation coefficients
were high (> 0.85) in all cases but the values of the mean deviation
and Yp/Yq were quite variable. For example the global parameters
clearly did the best overall Joﬁ for predicting the sweet corn yields,
though Fig. 3 suggests this is fortuitous (Fig 4Ia) but were very
poor for the tomatoes (Fig 4IIla). The latter problem is chiefly
due to the fact that the tomatoes were trickle irrigated, so that
much lower qﬁantitieS‘of water were used for evaporation. Thus .when
local parameter estimates of AWt and S were used (Fig. 4IIIbf good
agreement was obtained with an average of 9.2% error in estimating
the true yield and an overall 6% underprediction of yield. These
deviations are larger than obtained by Letey et al. (1985) but their
experimental ‘conditions were closer to steady state. There appears
to be no systematic difference in agreement for. high and low salinity
results, implying that the global values of B and C in equation (2)
and the steady state model are adequate. For the sweet corn data
there is a systematic dffference between the salinity treatments.
Deviations between méasured and predicted yields occur at the low
salinity level, when global parameter estimates are used (Fig. 4la).
When 1local parameters are used (Fig. 4lc), yields with the high
salinity irrigation water are underpredicted. When a combination
of global and 1local parameters are used (Fig. 4Ib) yields are
systematically overpredicted. These difficulties suggest that the
initial soil salinity (EEei = 3dS/m) and transient conditions need
to be accounted for. The use of the local estimates may be more
correct though as it stands all plot yields at higher salinity levels

were underpredicted using local values.

12.
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For'the‘Reim data (Fig. 4II) agreement betweenfpred1cted and measured
yields. is best when the local values of B and C are used and the
global estimates of AWt and S are used (Fig. 41Ib). However there
is some deviation when yields approach Ypax. This 1is because bf
the .inefficient way in which water was applied during one of the
-irrigations -of this experiment. A large excess of non-saline water
was applied to both saline and non-saline treatments, resulting in
large losses by deep percolation. This highlights the prob1em with
assuming  that all applied water is used for evaporation when yield
. with non-saline water is less than Ypax. VYields with saline water
are systematically underpredicted when deficit irrigation occurs.
This 1is again' likely .to be due to the steady state assumption in

the original model.

Introducing now the modified transient state model, with local
parameters, predicted yields were recalculated (Fig. 5). The
statistical tests for this transient model are shown in brackets
next to the values for the steady state model in Table 3. For the
sweet corn, predictions are improved considerably (Fig. 5a). Mean
deviation between measured and predicted results goes down from 24.6%
to 9.0% and (Yp/YM) approaches much closer to unity. For the forage
corn the deviation between measured and predicted yields at high
water application rates is due to inefficient water application,
so it would not be expgcted to obtain good - predictions of these
results. However when deficit irrigation occurs, better prediction
of yield with saline water occurs than with the original. There

is no systematic difference between high and low salinity treatments.

Fig. 6 shows a comparison between the time and depth averaged root

13.
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zone salinities (ECq) predicted by the steady state model (eq. 3)

and those actually measured for the sweet corn and forage corn
experiments. Overpredi_ction of ﬁe occurs in the case of the forage
'cbrn (Fig. 6b) and also at high salinity levels and large irrigation
intervals for the -sweet corn (Fig. 6a). No comparison of this kind
is possible for the tomato experiment, because drip irrigation was
used so a meaningful value of average root zone salinity is hard
to obtain. This confirms why the steady state model tends to
underpredict yields when high salinity irrigation water is used (see
Figs. 4Ic and 4IIc).I When similar plots are made (with 1local
parameters) using the transient state modification (Figs. 6c and
6d) considerable in_{provement occurs. |

To summarise, the overall effects of the proposed modifications are
givenv in Fig. 7. This shows predictions for each crop as production
functions overlaying the yield data of Fig. 3 when all the above
corrections are made. Compared with Fig. 3 model predictions are
markedly improved due 1in part to each of the three modifications
(ie corrected ECj values, local parameters and transient conditions).
Note that in the case of the tomatoes no correction for transient
state conditions has .been made, because the assumptions involved

are invalid for trickle irrigation.

The transient state modification to Letey and Dinar's model, when
appropriate, has 1mp11‘cat’1ons when planning irrigation schedules
for saline water because if the root zone at the beginning of the
season is non-saline, leaching fractions required to maintain yields

for that season will be much less than the steady state model of

Letey and Dinar's predicts. This will save water, diminish rates

14.



134
of salinisation of the soil and diminish salt burdens in drainage

water. However it is important that sufficient winter rainfall occurs
toAmost of the salts left behind. Otherwise over the course of several
years salts will accumulate in the root zone, unless allowance for

this is made in scheduling of successive irrigation seasons.

The validity of the assumption, in the transient state modification,
that piston displacement of salt initially present in the ;oil dccurs
will depend on the dispersive propertiés of the soil at both pore
and field scale (Bresler, McNeal and Carfer, 1982) and on the
irrigation method and intensity. It is quite .unlikely, unless
. excessive irrigation is practised or the soil is initially very dry,
that under the pistonl dfsp]acement assumptfon, any salts applied
in irrigation water during the season will be leached below the rooting
depth, at least for relatively deep rooting crops such as those used

here.

Conclusion
In conclusion therefore the following statements can be made in

:asseSSing the use of Letey and Dinar's model. under non-steady state

conditions.

(1) Adaptations need to be made to correct the averége irrigation
water salinity when non-saline water is used for establishment
or is stored in the ;rbfile. Allowance must also be made for
salts initially present in the soil profile.

(2) It is important if possible to have good local estimates of

salt tolerance and crop water use (ET), especially where trickle

irrigation is used when a 1local value of AWg, particularly,

15.
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(3)

(4)

135

is necessary. However in the results presented here it is
difficult to decide unequivocally which parameters are more
suitable. |

When local parameters are used the steady state model overpredicts
yield losses when irrigating with saline water (see Figs. 4Ic
and 4IIc) under transient state conditions. Under transient
conditions the predicted yields under deficit irrigation are
nearly independent of irrigation water‘ salinity (Fig. 1). By
including a simple piston displacement assumption for solute
transport and calculating the mean root zone salinity using
a seasonal salt balance, predictions of mean root zone salinity
(Fig. 6) and yields (Fig. 5) over the full range of salinities
and irrigation amounts are improved somewhat. The only additional
information this approach requires is the initial water content,
initié] soil salinity and the saturated paste water content.

The importance of the use of this transient state modification
will decline when irrigation over many seasons occurs, especially
where winter rainfall is low. Here the steady state model will

become increasingly more appropriate as time goes on.
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RELATIVE YIELD (PREDICTED)
o
L

AW
Ep

Fig. 1. Yield predictions when irrigating with two irrigation water

salinities using the steady state model
state modification to the model (---).

(—) and the transient
Figures on the curves refer:

to the ECj of the water. Local parameters for forage corn (Table

2) are used. Low initial soil salinity.
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ECo.= 6:0dS/m
|

1

RELATIVE YIELD (PREDICTED)
o
i

-
<

Fig. 2. VYield predictions when irrigating with two irrigation water
salinities using the steady state model (——) and the transient state
modification to the model (---). Figures on the curves refer to
the EC; of the water. Local parameters for forage corn (Table 2)
are used. High initial soil salinity.
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SWEET CORN FORAGE CORN TOMATOES
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RELATIVE YIELD (MEASURED)
Fig. 4I. Comparison between measured (Yy,.) relative yield and

predicted (Ypy.) relative yield of sweet corn ear- dry matter ‘using
(A} global parameter estimates for eq. (1) and eq. (2); (B) global
estimates for eq. (2) and local estimates for eq. (1); (C) local
estimates for both eq. (1) and eq. (2).

Fig. 4II. Comparison between measured relative yield and predicted
relative yield of forage corn total dry matter using (A) global
parameter estimates for eq. (1) and eq. (2); (B) global estimates

for eq. (2) and local estimates for eq. (1); (C) local estimates
for both eq. (1) and eq. (2).

Fig. 4ITI. Comparison between measured relative yield and predicted
relative yield of processing tomatoes using (A) global parameter
estimates for eq. (1) and eq. (2); (B) global estimates for eq. (1)
and local estimates for eq. (2). ‘
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Fig. 5. Relationship between predicted and measured yields using

the transient state correction to the Letey and Dinar model.
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