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Steppuhn, H., Wall, K., Rasiah, V. and lame, Y.W. 1996. Response
functions for grain yield from spring-sown wheats grown in
saline rooting media. Can. Agric. Eng. 38:249-256. Farmers often
request information about the salt tolerances of their crops. Field tests
in saline soils can provide qualitative assessments; but because of
natural variability, these tests cannot define the functional relation
ships required for modelling growth responses to root-zone salinity.
These require tests under more controlled conditions. Two control
tests were conducted in the Swift Current Salt Tolerance Testing
Laboratory with five spring-sown Canadian wheat varieties
(Katepwa, Neepawa, Biggar, Fielder, and Kyle). The first test fol
lowed the standard procedure (U.S. Salinity Laboratory) of
increasing root-zone salinity gradually after plant emergence; the
second treated root zones with full complements of salts before
seeding. The plants were irrigated four times daily with hydroponic
solutions containing a range of salt concentrations between I and 14
dS/m equivalent electrical conductivity for saturated soil paste ex
tracts (ECe). Responses were measured by the number of plants
surviving to harvest time, the grain yield, and the number of fertile
spikes per plant. Three functions were evaluated for their suitability
in desccibing grain yield response mathematically: (I) the conven
tionaltwo-piece linear model; (2) a sigmoid-shape response; and (3)
an exponential non-linear function. The sigmoid function proved the
most fitting in both tests and indicated that significant declines in
grain production began at ECe-values of I to 2 dS/m, which are
considerably lower than that reported in the literature for wheats in
general (6 dS/m). The number of harvested plants was not signifi
cantly affected by salinity, but the number of fertile spikes per plant,
in linear association with grain yield, decreased with increasing ECc.

Les agriculteurs s'informent souvent de la tolerance de leurs
cultures a la salinite. Des parcelles d'essais dans des sols salins
peuvent foumir une appreciation qualitative de la tolerance des
plantes; cependant, acause de la variabilite naturelie, il n'est pas
possible d'etablir des relations qui permellraient la modelisation des
effets de la salinite dans la zone des racines sur la croissance des
plantes. Pour cela, il faut faire des tests dans des conditions con
trolees. Deux essais controles de 5 varietes canadiennes de ble de
printemps (Katepwa, Neepawa, Biggar, Fielder et Kyle) ont ete faits
au laboratoire de recherches sur la salinite de Swift Current. Lors du
premier essai, on a suivi la procedure standard (U.S. Salinity Labo
ratory) en augmentant progressivement la salinite dans la zone des
racines apres la germination. Au second essai, la zone des racines
avait rec;ue des supplements de sel avant les semis. Les plantes ont
ete irriguees quatre fois par jour avec des solutions hydroponiques
dont les conductivites electri~ues des extraits de pate de sol sature
variaient entre I et 14 dS m- (ECe). La tolerance a ete evaluee a
partir du nombre de plants vivants a la recolte, du rendement en
grains et du nombrc d'epis fertiles par plant. On a examine trois types
de modeles mathematiqucs afin de decrire les impacts sur les rende-

ments: 1) un modele lineairc conventionnel; 2) une fonction sig
mo'ide; 3) une fonction exponentielle non lineaire. Pour les deux
essais, la fonction sigmo'ide s'ajustaitle mieux aux donnees experi
mentales et a montre que les rendements diminuaient
significativement apartir d 'une conductivite electrique de 1 ou 2 dS
m-I, ce qui est beaucoup plus faible que ce qui est rapporte pour Ie
ble dans la lillerature (6 dS m- I

). La salinite n'a pas eu d'impacts
significatifs sur Ie nombre de plants recoltes, alors que Ie nombre
d'epis fertiles qui varie lineairement avec Ie rendement en grains
diminuait amesure que la conductivite electrique augmentait.

INTRODUCTION

Farmers in arid and semiarid climates often indicate that
spring wheat yields very poorly in saline soils. Field trials
verify wheat producers' observations (Marshall 1942; Bal
lantyne 1962; Holm 1983; McKenzie 1988). Researchers at
the United States Salinity Laboratory (1954) classify wheat
as showing medium salt tolerance. They also suggest that the
electrical conductivity of water-saturated soil paste extracts
provides the best measure of salinity. .

Wheat plants exhibit different sensitivities to salinity
while in different growth stages (Maas and Poss 1989; Fran
cois et at. 1994). Seeded wheat can usually germinate in
saline media, but at a delayed rate (Torres et at. 1974;
Aceves-N. et at. 1975). As wheat plants pass through vegeta
tive, reproductive, and maturation stages, they show
increasingly less sensitivity to salinity and less consequent
loss in grain production (Maas and Poss 1989).

Neepawa, Katepwa, Biggar, Fielder, and Kyle are wheat
varieties sown in spring throughout the Canadian Prairies and
are grown under either dryland or irrigation. Each variety has
been developed to produce a specific flour used in baking and
represents four classes of products: Neepawa and Katepwa
(Triticum aestivum L.) of the Canada Western Red Spring
Wheat Class for breads; Biggar (T. aestivum L.), a Canada
Prairie Spring wheat, for unleavened products; Fielder (T.
aestivum L.) of the Soft White Spring Class for pastry; and
Kyle (T. turgidum L.), a Canada Western Amber Durum, for
pasta. The diverse pedigrees of these varieties suggest that
they also may differ in their inherent responses to salinity in
growth and grain yield.

Maas and Hoffman (1977) summarized the responses in
wheat yields obtained from controlled tests conducted in
California and India (Hayward and Uhvits 1944; Ayers et at.
1952; Asana and Kale 1965). They described the response to
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TESTING PROCEDURES

salinity using two linear lines, one a tolerance plateau with a
slope of zero and the other a conductivity-:.dependent line
whose negative slope indicated the yield reduction per unit
increase in salinity. Besides this piecewise linear function,
various non-linear models have been proposed to relate crop
yield to salinity (Bresler et aI. 1982; van Genuchten and
Hoffman 1984).

van Genuchten (1983) presented three functions to ana
lyze and describe the inherent response in crop yields, Yp

relative to the maximum, Ym, where salinity has no influence
on yield:

and Y, = YIYm, with Y, the absolute yield, equal to that
produced by the test crop when subjected to a rooting solu
tion whose salt concentration, or electrical conductivity, c, is
constant over the growing period. Equation 1 describes the
piecewise linear response function with c, denoting the
threshold salinity where the two lines meet and s representing
the slope of the decline in production when c> c, until c > Co
where crop yield equals zero. Equations 2 and 3 represent
non-linear response functions (sigmoid and exponential)
where p, oc, and ~ are empirical constants and Cso is the
salinity at which the yield is reduced by 50%.

The objective of this study is to compare and assess the
suitability of these functions for describing the inherent re
sponses in grain yield of selected, spring-sown, Canadian
wheats to saline rooting media.

electrical conductivity ofeach solution was checked initially,
biweekly, and at harvest.

Gradual concentration test

Twelve treatment solutions were prepared with target electri
cal conductivities equalling 2,3,4,5,6,8, 10, 12, 16,20,24
and 28 dS/m. The relative variability in grain yield which
would likely occur in association with each conductivity was
estimated from previous experiments. These estimates di
vided by an error tolerance squared and multiplied by an
appropriate t-table value squared indicated the replication
which would increase the accuracy of the planned statistical
regressions. Consequently, the five treatments with the low
est salt concentrations were replicated twice (three times for
the 3 dS/m treatment) and the remaining treatments were
served by one tank each. The tank arrangement followed a
randomized block design with respect to cultivars, but was
modified slightly to eliminate any bias caused by the taller
plants blocking solar radiation associated with low sun an
gles. Forty-five seeds per tank from three wheat varieties
(Neepawa, Biggar, and Kyle) were sown 40 mm deep into the
sand separated by 80 mm within rows spaced 150 mm apart.
After emergence, the plant populations were thinned to 36
plants per tank.

The procedure for adding salts to the irrigated solutions in
this test followed that practiced at the U.S. Salinity Labora
tory (Maas and Hoffman 1977). Salts were added gradually
with the first third on day 18 after seeding (plants showing
two leaves), the second third on day 21 (plants showing three
leaves), and the final third on day 24 (3-4 leaves showing).
Day lengths were adjusted during the growing period (Sep
tember - December) by 'using 475 W sodium lamps
positioned 1.5 m above the sand surfaces to mimic a typical
field seeding date of May 1 along the 50th parallel north.
Setpoint temperatures equalled 24°C daytime and 20°C
nighttime. The maximum daily ambient air temperature
ranged from 23 to 28°C and the minimum between 17 and
21°C.

(1)

(3)

(2)

when 0::; C::; C,
when c, < C::; Co
when C~ Co

1Y,=-----
1+ (c/c50f

Y, =exp (occ - ~c2)

Two experiments were conducted using sand tanks housed
within a greenhouse in the Salt Tolerance Testing Laboratory
at Swift Current, SK. This facility features control over irri
gation, fertility, root-zone salinity, and temperature under an
electronic, programmable logic controller (Steppuhn 1995).
The plastic tanks (cylinders 0.85 m diameter x 1.0 m deep)
contain washed silica sand (99.8% pure) having an average
bulk density of 1.65 Mg/m3. At saturation, the sand retains a
mean volumetric water content of 37.3%. In these tests, the
tanks were flushed four times daily with a modified Ho
agland nutrient solution consisting of 2.0 mM Ca(N03h, 2.5
mM KN03, 0.17 mM KH2P04, 1.0 mM MgS04, 0.05 mM
chelated Fe, 0.5 mM NH4N03, 0.05 mM KCI, 0.023 mM
H3B04, plus trace elements including Mn, Zn, Cu, Si, and
Mo. Solutions were salinized by adding NaCI and CaCl2 (1: 1
by mass) resulting in pH values of 7.5-7.9 and nutrient solu
tion electrical conductivities of 2.0 dS/m. Each irrigation
continued for five minutes until the sand was completely
saturated after which the solutions drained into 612-litre
reservoirs for recycling the next irrigation. Water lost by
evapotranspiration was replenished weekly or when neces
sary to maintain the concentrations of salts in solution. The

Instantaneous concentration test

Ten treatment solutions were prepared with target electrical
conductivities equalling 2, 3, 4, 5, 6, 8, 10, 12, 14, and 18
dS/m. As in the gradual concentration test, an estimate of the
expected grain-yield variability suggested the replication
leading to better accuracy: the 2, 3, and 4 dS/m treatments
were replicated three times, the 5 dS/m tanks were repeated
twice, and the remaining treatments consisted of one tank
each. In this test, full complements of salts were added to the
irrigation water supplies prior to seeding. The tank arrange
ment followed. a randomized block design with respect to
cultivars, but was modified slightly to eliminate any bias
caused by the taller plants blocking solar radiation associated
with low sun angles.

Fifty seeds per tank from one of three wheat varieties
(Katepwa, Fielder, and Kyle) were sown 40 mm deep into the
sand separated by 80 mm within rows spaced 125 mm apart.
The resulting plants were not thinned in this test. The tank
arrangement followed a randomized design modified slightly
to eliminate any bias in solar radiation. Day lengths were
adjusted during the growing period (February - June) by
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using 475 W sodium lamps positioned 1.5 m above the sand
surfaces to mimic a typical field seeding date of May 3 at
latitude 50° north. Setpoint temperatures equalled 22°C day
time and 18°C nighttime resulting in maximum daily ambient
air temperature ranging from 21 to 27°C and the minimum
between 15 and 19°C.

Measurements and statistical analyses
Within each variety, the responses of the plants to the salinity
treatments were determined by measuring the number of
seed-bearing spikes, the oven-dried grain produced, and th~

number of plants remaining at harvest per tank. These meas
urements were averaged and related to electrical
conductivities of water-saturated soil paste extracts, ECl' ,

derived from the electrical conductivities of the test solu
tions, ECs, using the conventional relationship followed by
the U.S. Salinity Laboratory (Maas 1990):

ECl' =0.5 ECs (4)

This equality assumes that the solutions fill the soil pores
to field capacity and was substantiated for a southern Alberta
soil saliniized in the laboratory by Janzen and Chang (1988)
and for various Prairie soils in the field by Kohut and Dudas
(1994).

To functionalize and generalize the production obtained
under salinity and to compare possible responses between
tests and among varieties, grain yield had to be expressed on
a relative basis. The usual procedure for converting absolute
yield to relative yield employs a scaling divisor based on the
production where salinity has little or no influence on yield
(Maas 1990). This normalizes the data set which for non
halophytes equals the maximum yield, Ym, associated with
the function.

Determining Ym for the three response functions (Eqs. I,
2, and 3) for each wheat variety required inspection and
analysis. Inspection of the absolute grain yields initiated the
selection of Ym for the piecewise linear response (Eq. I).
Within each test and variety, a group of the EC,,-yield data
points were identified which defined the horizontal segment
of the function. The average yield calculated from this group
determined Ym' Initially, the group consisted of the data pair
showing the greatest grain yield and any data resulting from
testing at lower ECl'-values. Data pairs from the next highest
salinity level were only included if their grain yield exceeded
90% of the average for the group.

Least-squares linear regressions for relative grain yield
correlated with ECl' generated the statistics which were used
to assess the suitability of the piecewise linear response
function. The regression statistics associated with the non
linear response functions were determined using the
maximum neighborhood method of Marquardt (1963), which
is based on an optimum interpolation between the Taylor
series method and the method of steepest descent.

RESULTS AND DISCUSSIONS

Number of plants harvested
At the salt concentrations tested, almost no plants died before
producing grain, although root-zone salinity visually reduced
plant growth. The number of plants harvested in each tank at

the end of the gradual concentration test equalled 36, the
number left following thinning. The number of harvested
plants in the instantaneous concentration test was not signifi
cantly reduced by salinity (Table I). This supports Maas and
Poss's report (1989) that salinity has a minimal effect on
wheat emergence and survival.

Table I: Average number of plants harvested from 50
seeds sown per tank, sorted by wheat variety
and electrical conductivity of saturated soil
paste extract (ECe); instantaneous
concentration test.

ECe Katepwa Fielder Kyle
(dS/mr l

1.0 46.5 49 45
1.5 47 46.7 44.3
2.0 49 47 45.5
2.5 48 47.5 43
3.0 49 49 43
4.0 48 49 45
5.0 44 50 41
6.0 48 48 47
7.0 47 50 43
9.0 46 48 47

Mean 47.2 48.4 44.4
SO 1.15 1.16 1.91

SO Standard deviation

Absolute and relative grain yields
The quantity of grain produced during both tests generally
decreased with increasing root-zone salinity (Fig. 1). Scaling
divisors (Ym) to convert these absolute yields to relative
values were determined appropriate to each response func
tion. For the piecewis.e linear function, inspection of the
absolute yields resulted in Ym values of 381, 334, and 561
g/m2 from the gradual concentration test for Neepawa, Big
gar, and Kyle wheat varieties, respectively. Inspection of the
instantaneous concentration test data for Katepwa, Fielder,
and Kyle gave rise to Ym-values equalling 768, 818, and 882
g/m2

• The Ym-values associated with the non-linear response
functions (Eqs. 2 and 3) were determined from the regression
analyses with these functions using the absolute test data.
The Y-intercept identified a Ym for each variety and test.

Regressions
Once relative grain yields (Yr) were obtained by normalizing
with Ym, least-squares fits of Eq. 1 for each variety in each
test were possible. Figure 2 exemplifies the best-fit of the
piecewise linear function to the responses of Katepwa and
Kyle wheats to increasingly saline rooting environments in
the instantaneous test. These fits, which typify the Eq. I
response for the five wheat varieties tested, suggest that
non-linear models may be more applicable for these data.
The regressions using Eq. 2 (sigmoid-shape) for the same
Katepwa and Kyle responses show better fits (Fig. 3). Equation
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triltion. Based on the work of Francois et al. (1994). one
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lest. Comparing c50-values within Tables II and III showed
this 10 be true.

The threshold (c/) and slope (s) parameters resulling from

"C
Qi.;;'
c: 0.6
.§
Cl
Q)

~ 0.4
III
Qia:

3 (exponenlial) also filS Ihe response data reasonably well as
demonstrated by Biggar and Kyle in the gradual concentra
tion lest (Fig. 4).

Tables II and III contain summaries of the regression
statistics for all the functions and varieties within the two
teslS. The lowest residual slIlll-or-squares was obtained with
the sigmoid function for all varieties in both tests except for
Fielder in the inSlanlaneOus concel1lratioll test. A similar
trend in the coefficients-or-variation and the chi-square
probabilities also favoured the sigmoid model. The
exponential function resulted in better fits than (he piecewise
·model.

The sigmoid function could also be used to separate re
sponses by varieties or tests. Values of cso (conductivity
producing a 50% reduction in grain yield) backed by their
standard errors (Tables II and III) relate to possible differ
ences among the wheat varieties and between tests. The
objective in this report did not specifically focus on isolating
varieties with these data; however. the sensitivity of cso to
identify differences was assessed for a range of independent
model inputs (c-values) at a constant p (Fig. 5). From Ihis
sensitivity analysis. we concluded that eso could serve 10

compare the responses of wheat varieties 10 saline fOOling
media.

Wheal plan IS in the instanlaneous concentration lest were
subjecled 10 root-lone salinity earlier and for a longer period
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Table II: Regression statistics from least-squares analyses using three response functions* applied to data f~om the
gradual concentration test assessing the salt tolerance of three Canadian wheats (standard errors ID

parentheses)

Statistics for the piecewise linear function*

RSS
')

X2Variety c, Slope r-

dS/m %(dS/m)-1 %2 prob.

Neepawa 1.0 (1.09) 8.8 (1.0) 10.0 0.775 0.810
Bigar 2.0 (1.24) 8.8 (1.0) 17.0 0.692 0.770
Kyle 1.0 (1.95) 9.4 (1.0) 18.0 0.598 0.670

Statistics for the sigmoid non-linear function*

RSS
') x2

C50 p r-

dS/m %2 prob.

Neepawa 4.03 (0.26) 1.50 (0.16) 4.0 0.953 0.988
Biggar 4.84 (0.37) 1.65 (0.21) 6.0 0.934 0.968
Kyle 3.10 (0.29) 1.41 (0.21) 7.0 0.908 0.963

Statistics for the exponential non-linear function*

oc P RSS ,.2 X2

%2 prob.

Neepawa -0.162 (0.04) 0.0008+ 12.0 0.956 0.980
Biggar -0.123 (0.09) 0.0014+ 26.0 0.912 0.954
Kyle -0.184 (0.05) 0.0050+ 32.0 0.886 0.950

Functions:
Piecewise linear: Y, = I-s(c-c,)

I
Sigmoid non-linear: Y,

I + (C/C50'l'

Exponential non-linear: Y, =exp(occ-plh
+ Not significant

RSS Residual sum-of-squares
r2 Coefficient-of-determination

X2 Chi-square probability that random samples give no better fits
N Sample number aver:aged from available data
Y, Relative grain yield; s = Slope; c = ECI!

c, Threshold ECe

C50 Value of Eel! where grain yield is reduced 50%

oc, P, p are regression constants.

N

12
12
12

N

12

12

12

N

12
12

12

the applications of the piecewise linear functions to two
Canadian wheat varieties equalled 1.0 dS/m and 15% (dS/mr)
for Katepwa (bread), and 1.0 (dS/mr) and 16% (dS/mr) for
Kyle (durum) (Table III). The corresponding values reported
by Maas and Hoffman (1977) for wheat in general were 6.0
dS/m for CI and 7.1 % (dS/mr' for .'I, indicating possible
differences in salt tolerance among wheat varieties. The
Canadian wheats in our tests also appear considerably more
salt sensitive when compared to the results from later testing
of an American bread wheat (e, = 8.6 dS/m and s = 3.0%

CdS/mr l and an American durum (cl =5.9 dS/m and s =3.8%
(dS/mr) (Francois et a1. 1986).

Root-zone salinity affects the growth of wheat primarily
by reducing the number of fertile spikes per plant (Maas and
Grieve 1990). This reduction occurs early in the plant's life
when the salt hinders the development of primordia which
determine the number of tillers produced by the plant (Grieve
et a1. 1993). From this, one might infer that the average
number of spikes produced per plant should correlate linearly
with absolute grain yield. Correlations for the three varieties
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Table III: Regression statistics from least-squares analyses using three response functions'" applied to data from
the instantaneous concentration test assessing the salt tolerance of three Canadian wheats (standard
errors in parentheses).

Statistics for the piecewise linear function*

Variety c, Slope RSS 2 X2r
(dS/m) %(dS/mr l %2 prob.

Katepwa 1.0 (0.96) 15.4 (2.0) 20.0 0.754 0.830
Fielder 1.0 (0.84) 14.6 (2.0) 23.0 0.717 0.820
Kyle 1.0 (0.91) 16.3 (2.0) 18.0 0.781 0.830

Statistics for the sigmoid non-linear function*

C50 p RSS 2 X2r
(dS/m) %2 prob

Katepwa 2.90 (0.27) 2.21 (0.45) 10.0 0.890 0.945

Fielder 3.17 (0.53) 1.78 (0.58) 26.0 0.730 0.896

Kyle 2.67 (0.14) 2.57 (0.33) 4.0 0.965 0.985

Statistics for the exponential non-linear function*

~ RSS 2 X2
oc r

%2 prob.

Katepwa - 0.116 (0.22) 0.034+ 15.0 0.883 0.920

Fielder - 0.143 (0.11) 0.016+ 34.0 0.753 0.898

Kyle - 0.064 (0.10) 0.061+ 7.0 0.946 0.970

* Please see Table II for footnotes.

N

10

10
10

N

10
10

10

N

10

10
10

in the instantaneous concentration test support this inference
(Fig. 6). The regression statistics in Table IV extend the
validity of the linear correlation to the gradual concentration
test results as well.

CONCLUSIONS
Test results from spring-sown Canadian wheats grown in
saline rooting media under controlled conditions led to the
following conclusions:

I. a sigmoid-shaped function described the responses in
relative grain yield of Neepawa, Katepwa, Biggar, and
Kyle wheat varieties better than either the two-piece
linear or the exponential response functions;

2. declines in grain yields from spring-sown Canadian
wheats in both exposure tests occurred at relatively low
equivalent ECe-values of 2 dS/m or less;

3. subjecting the spring wheats to saline root zones from
seeding onward resulted in steeper (adverse) responses
in relative grain yield than gradually subjecting the
roots to increasing salinity after plant emergence; com
parisons of the ECe-values where 50% yield reductions
occurred also indicated that early exposure to salinity
decreases salt tolerances;

254

4. although the number of plants reaching harvest was not
significantly affected by increasing salinity, the number
of seed-bearing spikes per plant, in linear association
with grain yield, decreased with increasing equivalent
ECe•

A number of cautions accompany the extrapolation of the
results obtained in these tests to the field:

I. the greenhouse testing environment could not duplicate
all the conditions encountered in the field;

2. the expression of root-zone test solution ECs values in
ECe equivalents rests on a general relationship for soils
at field capacity, which differs slightly for individual
soils, and varies widely within the normal ranges in
field soil water contents;

3. these conclusions are based on the premise that osmotic
effects dominate the responses observed for the wheat
varieties at the salt concentrations tested.
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Table IV: Regression statistics from linear correlations
of the number of fertile spikes and grain
yield of wheat grown in increasingly saline
rooting media.

RMSE Root mean square error
r2 Coefficient of determination
# Number of fertile spikes per plant

0.2

0.8

1.0

"as
'>-
.5 0.6
l!
I:n

~
:; 0.4

"ia:

",.:::- ."..... '-, ,, ", .
\ '.
\ ...••... '\

\ '\

\ '\
\ ..•.... '\" '\, ..... ,, ...•....... ", '. ," .....

""" ~.:.~.= :....:....=--
----------

0.0 L---L.-_..L.....----L._...L-.......L ~:::::r==::I=::::;;;;

0123456789

Salinity, ECe (dS/m)
Fig. 5. Examples of non-linear sigmoid responses in

relative grain yield for root-zone salinities
(ECe) from 0 through 9 ds/m using a constant
p-parameter of 3.0 and values of 2, 3, 4 and
5 dS/m for cso in Ym =1/[1 + (c/cso)P].

0.0094

0.0065

0.0047

0.0172
0.0091
0.0076

Slope.,
#(g/m-)

0.98
0.99

0.98

0.97
0.90
0.98

Test and
variety

Instantaneous concentration test
Katepwa 0.311

Fielder 0.226

Kyle 0.242

Gradual concentration test
Neepawa 0.347
Biggar 0.328
Kyle 0.160

12001000

........... • Kyle

- . - • Fielder

200

1
0L..-__...l-__--L.__---1 .L....-__...L-__...J

o

2

7-fi 6
Q.
Gi 5
Q.

en 4
~
Q.3
en

400 600 800

Grain yield (glm2
)

Fig. 6. Least-squares linear regressions for Katepwa,
Fielder, and Kyle wheats relating the average
number of fertile spikes per plant to grain yield,
instantaneous concentration test.

9

8

Ayers, A.D., l.W. Brown and C.H. Wadleigh. 1952. Salt
tolerance of barley and wheat in soil plots receiving
several salinization regimes. Agronomy Journal
44(6):307-310.

Ballantyne, A.K. 1962. Tolerance of cereal crops to saline
soils in Saskatchewan. Canadian Journal Soil Science
42:61-67.

Bresler, E., B.L. McNeal and D.L. Carter. 1982. Saline and
Sodie Soils, Principles, Dynamics, Modeling. Berlin,
Germany: Springer-Verlag.

Francois, L.E., C.M. Grieve, E.V. Maas and S.M. Lesch.

1412

[J

10

-- [J Biggar

·..··..·····0 Kyle

8642

\\..•.

o d-.

.:.~",.•.,
•••••••••"Q. 0

••••••••[J

............, ~ ~.---- ~
0.0 L..-_--L__-'--__.1.-_---1__......L..__..1-_----l

o

0.8

0.2

1.0

"as.>-
c 0.6.i!
I:n

~;: 0.4
as
'ia:

tance from the National Soil Conservation Program and the
Wheatland Conservation Area, Inc. is also acknowledged.

REFERENCES

Aceves-N., E., L.H. Stolzy and G.R. Mehuys. 1975.
Combined effects of low oxygen and salinity on
germination of a semi-dwarf Mexican wheat. Agronomy
Journa/67:530-532.

Asana, R.D. and V.R. Kale. 1965. A study of salt tolerance
of four varieties of wheat. Indian Journal Plum
Physiology 8( I):5-22.

Salinity, ECe (dS/m)
Fig. 4. Exponential non-linear response functions for

relative grain yield related to equivalent
electrical conductivity of saturated soil paste
extracts (ECe) of rooting media from Biggar
and Kyle wheats, gradual concentration test.

CANADIAN AGRICULTURAL ENGINEERING Vol. 38, No.4. OClober/November/December 1996 255



1994. Time of salt stress affects growth and yield
components of irrigated wheat. Agronomy Journal
86: 100-107.

Francois, L.E., E.V. Maas, TJ. Donovan and V.L. Youngs.
1986. Effect of salinity on grain yield and quality,
vegetative growth, and germination of semi-dwarf and
durum wheat. Agronomy Journal 78(6):1053-1058.

Grieve, C.M., S.M. Lesch, E.V. Maas and L.E. Francois.
1993. Leaf and spikelet primordia initiation in
salt-stressed wheat. Crop Science 33:1286-1292.

Hayward, H.E. and R. Uhvits. 1944. The salt tolerance of
wheat. In United States Salinity Laboratory Report To
Collaborators, 287-300. United States Department
Agriculture, Agricultural Research Service, Riverside,
CA.

Holm, H.M. 1983. Soil salinity, a study in crop tolerances
and cropping practices. Publication 25M/3/83.
Saskatchewan Agriculture, Plant Industries Branch,
Regina, SK.

Janzen, H.H. and C. Chang. 1988. Cation concentration in the
saturation extract and soil solution extract of soil
salinized with various sulfate salts. Communications in
Soil Science and Plant Analysis 19:405-430.

Kohut, C. K. and M.J. Dudas. 1994. Comparison of
immiscibly displaced soil solutions and saturated paste
extracts form saline soils. Canadian Journal Soil Science
74:409-419.

Maas, E.V. 1990. Crop salt tolerance. In Agricultural Salinity
Assessment and Management, ed. K.K. Tanji, 262-304.
American Society Civil Engineers, New York, NY.

Maas, E. V. and C.M. Grieve. 1990. Spike and leaf
development in salt-stressed wheat. Crop Science
30: 1309-1313.

Maas, E. V. and G.1. Hoffman. 1977. Crop salt
tolerance-current assessment. Journal Irrigation and
Drainage Division, American Society Civil Engineers
103(IR2): 115-134.

256

Maas, E.V. and J.A. POSSe 1989. Salt sensitivity of wheat at
various growth stages. Irrigation Science 10:29-40.

Marquardt, D.W. 1963. An algorithm for least-squares
estimation of non-linear parameters. Journal Society of
Indian Applied Mathematics II :431-441.

@REFERENCE =Marshall, J.B. 1942. Some observa
tions on the tolerance of salinity by cereal crops in
Saskatchewan. Scientific Agriculture 22:492-502.
McKenzie, R.C. 1988. Tolerance of plants to soil salinity.

Soil and Water Program, 1987. Alberta Special Crops and
Horticultural Research Centre Pamphlet 88-10. Alberta
Agriculture, Brooks, AB.

Steppuhn, H. 1995. Swift Current Salt Tolerance Testing
Laboratory. Report to Natural Science and Engineering
Council of Canada, Ottawa, ON.

Torres, B.C., F.T. Bingham 'and J. Oertli. 1974. Salt tolerance
of Mexican wheat: II. Relation to variable sodium
chloride and length of growing season. Soil Science
Society ofAmerica Proceedings 38:777-780.

United States Salinity Laboratory Staff. 1954. Diagnosis and
Improvement of Saline and Alkali Soils. Agriculture
Handbook No. 60. Washington, DC: United States
Department Agriculture.

van Genuchten, M.Th. 1983. Analyzing crop salt tolerance
data. U.S. Salinity Laboratory Research Report 120.
Washington, DC: Agricultural Research Service, United
States Department Agriculture.

van Genuchten, M.Th. and G.J. Hoffman. 1984. Analysis of
crop salt tolerance data. In Soil Salinity Under
Irrigation-Process and Managemellt, eds. I. Shainberg
and J. Shalhevet, 258-271. New York, NY:
Springer-Verlag.

STEPPUHN. WALL. RASIAH and JAME


	38_4_001 10.pdf
	38_4_001 11
	38_4_001 12
	38_4_001 13
	38_4_001 14
	38_4_001 15
	38_4_001 16
	38_4_001 17

