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ABSTRACT

Saline wastewater from industrial or agricultural sources may be
an alternative irrigation supply in arid regions if effective crop and
water management strategies for their use are developed. A field
experiment was conducted to determine if grain yields of sorghum
[Sorghum bicolor (L.) Moench] irrigated with undiluted saline waste-
water from cooling towers of an electrical power generation plant can
be significantly increased by applying nonsaline water at a critical
growth stage. The wastewater had an average electrical conductivity
(EC) of 0.67 S -I and was high i n CaSO4. Plot s tudies were conducted
for 4 yr using conventional cultural practices and sprinkler irrigation
on Tujunga loamy sand-Hanford fine sandy loam soil (mixed, thermic
Typic Xeropsamment-coarse-loamy, mixed, nonacid, thermic Typic
Xerorthent). Highest grain yields were obtained from the nonsaline
control plots and from treatments that received nonsaline water during
either the vegetative or reproductive growth stages. Plant height de-
creased in response to salinity, and differences between treatments
were apparent by 27 d after planting. Plant height and grain yield
were both negatively correlated with soil salinity by the 3rd yr of the
experiment. Over an extended length of time, the best treatment for
maximizing yield and utilizing saline wastewater is the application of
nonsaline water early in the season to germinate and establish seed-
lings, followed by saline water during the grain-filling stage.

large quantities of water for cooling and condensing the
steam used to drive the power generating turbines. A
portion of the cooling water must continuously be re-
moved and replaced with less saline water to prevent
salt buildup in the evaporative cooling system of a wet
cooling tower. This saline wastewater (which is also high
in sulfates, from the addition of H2SO4 used to minimize
carbonate accumulation in the cooling system) must
then be disposed of in a manner that does not signifi-
cantly degrade existing surface or ground waters.

Irrigating crops with this saline wastewater has been
proposed as an environmentally acceptable and eco-
nomically attractive alternative to disposing of the water
in lined evaporation ponds (Jury et al., 1980). A variety
of crops have been grown with saline power-plant waste-
water, but careful management is required to maintain
good yields (Jury et al., 1983; Hanks et al., 1984). This
field study was done to determine if grain yields of
sorghum irrigated with undiluted saline wastewater
from the cooling towers of a power plant can be signifi-
cantly increased by applying nonsaline water at a critical
growth stage.

I N ARID AND SEMIARID agronomic regions of the world,
alternative sources of irrigation water, such as saline

wastewater from industrial sources and agricultural
drainage water, will become increasingly important as
effective management strategies for their use are devel-
oped. Previous studies have demonstrated that crops
respond to salinity differently at various stages of growth
(Kaddah and Ghowail, 1964; Maas et al., 1983, 1986),
and this information can aid in determining an optimum
wastewater use program.

Greenhouse experiments conducted by Maas et al.
(1986) showed that sorghum was most sensitive to salin-
ity during the vegetative stage and least sensitive during
maturation. They concluded that saline water could be
applied after flowering without reducing yields, pro-
vided that nonsaline water is used during vegetative
and early reproductive growth. Field experiments with
sorghum demonstrated that it is a moderately salt-toler-
ant crop, although high salinity delayed germination
and reduced both vegetative growth and grain yield
(Francois et al., 1984). In the laboratory, sorghum germi-
nation was delayed in saline solutions in excess of 0.82 S
m-1, but final germination percentage was not affected
even at higher salinities (2.21 S -1) (Francois et a l.,
1984).

Generation of electrical energy by conventional
methods (oil, natural gas, coal, and nuclear) requires
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MATERIALS AND METHODS

Plot studies were conducted on a field that is part of the
Southern California Edison power generating plant at Eti-
wanda in San Bernardino County, California. The experimen-
tal area was 120 by 32 m (0.38 ha), containing 20 plots (5 
5 m) placed in a completely randomized arrangement, 2 plots
wide by 20 plots long. Five treatments consisted of nonsaline
water or undiluted saline wastewater applied either continu-
ously throughout each season, or alternating between the two
waters during three different growth stages (Table 1). The
dates of planting, harvest, and irrigation treatment changes
are shown in Table 2. Each treatment was replicated four
times. Four plant growth stages were identified for the 1st-
and 2nd-yr crops: emergence, vegetative, reproductive, and
grainfill. These correspond to Zadoks principal decimal codes
0 and 1, 1 through 3, 4 through 6, and 7 through 9, respectively
(Zadoks et al., 1974). For the 3rd and 4th yr, the emergence
and vegetative growth stages were combined into one irriga-
tion period, which eliminated the nonsaline water used to
germinate and grow the sorghum to the early seedling stage
(about 0.15 m tall). This means that considerably more saline
water was applied in the vegetative growth stage for the last
2 yr (Table 3). Irrigation water composition is listed in Table
4. Nonsaline groundwater was available from an on-site well.
Irrigation water samples were collected in brown plastic bot-
tles during each irrigation. The EC was determined on a digital
conductivity meter; Ca2+, Mg2+, and HCO3- were determined
by titration; Na+ was analyzed with flame spectrophotometry;
C1- was measured by coulometric titration; and SO4~- was
determined by BaCI turbidometric analysis.

The soil is predominately a mixed, thermic Typic Xerop-
samment-Xerorthent, classified as Tujunga loamy sand and

Abbreviations: EC, electrical conductivity; ECe, EC of the saturated-
paste extract; ECsw, EC of the soil water; PET, potential evapotranspi-
ration. In treatment codes (where the three letters represent water quality
during three growth stage): N, nonsaline; S, saline.
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Table 1. Treatment designations based on quality of irrigation water and growth stage of application to sorghum.
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Irrigation water quality at plant growth stage

Treatment? Germination Vegetative Reproductive Grainfill

NNN Nonsaline:~ Nonsaline Nonsaline Nonsaline
NSS Nonsaline Nonsaline Saline§ Saline
SNS Nonsaline or Saline~[ Saline Nonsaline Saline
SSN Nonsaline or Saline Saline Saline Nonsaline
SSS Nonsaline or Saline Saline Saline Saline

Three-letter treatment codes indicate the irrigation water quality for each one-third of the growing season, with S for saline cooling-tower wastewater
and N for nonsaline well water.
High quality irrigation water from on-site well (electrical conductivity EC = 0.03 S m-~).
Saline wastewater from power-plant cooling system (average EC = 0.67 S m-l).
In 1982 and 1983, nonsaline water was used to germinate sorghum in all plots; in 1984 and 1985, the same quality water used in the vegetative stage
was used for germination and emergence.

Hanford fine sandy loam. The experimental area had been
previously cropped to sorghum and winter wheat for several
years and irrigated with diluted wastewater with an average
EC of 0.35 S m-~. However, only nonsaline water (EC = 0.03
S m-~) was used on the field the year prior to the beginning
of this experiment. The ECe averaged 0.17 S m-~ (SD = 0.06)
for the upper 1.0 m, and the C1- concentration in the saturated
paste extract had a mean of 0.08 g L-~ (SD = 0.04).

Each plot was irrigated by four 112°-coverage sprinklers
(Toro series 300-02 shrub head) on 0.91-m-tall risers located
at the corners of a 7- by 7-m square. Six trials on four different
dates gave irrigation coefficients of uniformity between 94
and 95% based on the formula developed by Christiansen
(1942). Plots were separated by 6-m borders to prevent saline
water drift onto adjacent plots. Irrigations were conducted
at early morning hours, taking advantage of low wind, low
temperatures, and high humidity to minimize salt deposition
on plant leaves. An average application rate of 11.4 mm h-1

caused no localized ponding during irrigation.
The frequency and amount of irrigation were based on

estimates of potential evapotranspiration (PET) from Pen-
man’s combination equation, according to Doorenbos and
Pruitt (1975). The crop coefficient used was 1.0, and no adjust-
ment was made for crop maturity or changes in irrigation
water quality. Solar radiation, maximum and minimum air
temperatures, maximum and minimum humidity, and wind
measurements used in the Penman equation were obtained
from a weather station site within the experimental plot area.
The crop was irrigated one to three times per week, depending
on weather conditions, to replenish evapotranspirative losses
plus an additional 15% more water for leaching purposes.
Most of the precipitation occurred during the winter months,
with rainfall being very rare during the sorghum growing
season.

Table 2. Dates of planting, harvest and switch of irrigation water
quality based on sorghum growth stage for all four years of
the field experiment.

Zadoks
Growth stage code? 19825 1983 1984 1985

Planting to
emergence 0-1 23 July 8 July 14 June 17 July

Vegetative 1-3 14 Aug. 8 Aug. --§ --§
Reproductive 4-6 16 Sept. 26 Aug. 1 Aug. 30 Aug.
Grainfill 7-9 14 Oct. 16 Sept. 22 Aug. 25 Sept.
Harvest 15 Dec. 29 Nov. 11 Oct. 1 Nov.

These numbers refer to Zadoks et al. (1974) principal growth stages for
cereal crops.
’Dekalb C-42y’, a 120-d variety, was grown in 1982; for the remaining
three years, a 90-d variety, ’Germains 261’, was grown.
In 1984 and 1985, saline water was used to germinate the sorghum in
the SNS, SSN, and SSS treatments, thus combining the growth stages
from germination through vegetative. In the treatment codes, S stands
for saline and N for nonsaline (as detailed in Table 1).

Conventional crop seeding equipment was used to sow sor-
ghum on 0.35-m row spacings at 360 000 plants ha-t. The plot
area was plowed and fertilized prior to each crop planting,
and subsequent N was applied through the irrigation system
during the growing season. Rather high rates of P were applied
in the first 2 yr (140 and 273 kg P ha-~ as triple superphos-
phate), to build up the soil P reserve. Lower rates of P were
added in the 3rd and 4th yr (69 and 83 kg P ha-l). Rates 
N (as NH4NO3) were 205, 285, 207, and 138 kg N -~ fo r
1982 through 1985, respectively. The fertilizer N rate was
greater the second season, due to anticipated leaching by win-
ter and spring rains in excess of two and one-half times the
average rainfall for this area. Wheat (Triticum aestivum L.
cv. Anza) was grown in the winter and spring between each
summer sorghum crop. Soil samples were collected from each
plot to a depth of i m at the end of each growth stage. Satura-
tion paste extracts were prepared from these samples and
analyzed for ECe and C1- concentration. Soil solution concen-
trations for C1- and electrical conductivity of the soil water
(ECsw) were calculated from soil moisture contents at the time
of sampling.

Root length density as a function of depth was measured
in the 2nd and 3rd yr of the experiment toward the end of the
growing season. Root samples from one plot of each treatment
were obtained by driving a 0.08-m-diameter sampling tube to
the 1.2-m depth over a single plant. Each sample was cut into
eight sections, to depths of 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and
1.2m. The roots in each section were gently washed free of
soil and the root length density distribution was measured
using a modified Newman (1966) method, as described 
Merrill and Rawlins (1979).

Plant height measurements were taken at weekly intervals
(for 1984 and 1985) or at the end of the growing season (1982
and 1983). The average aboveground plant height was mea-
sured from the soil surface to the top of the seed head. The

Table 3. Total quantity of saline (S) and nonsaline (N) water
applied to sorghum.

Total irrigation water

1982 1983 1984 1985

Treatment? S N:~ S N S N S N

mm
NNN 0 780 0 610 0 630 0 460
NSS 300 310 240 290 320 310 230 220
SNS 300 340 140 400 460 170 320 130
SSN 370 260 220 360 480 150 360 100
SSS 480 140 300 220 630 0 450 10

Three-letter treatment codes indicate the irrigation water quality for
each one-third of the growing season, with S for saline cooling-tower
wastewater and N for nonsaline well water.
Nonsaline water includes all rainfall during the growing season.
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Table 4. Average irrigation water analysis during the sorghum growing season.

Salinity pH EC~" CI HCO3 SO4 Ca Mg Na SAR:~

Sm 1 gL-1
Saline 6.7 0.65 0.722 0.059 2.785 0.570 0.211 0.748 6.8

SD§ 0.13 0.170 0.014 0.636 0.120 0.051 0.182 3.5
Nonsaline 7.7 0.03 0.007 0.156 0.008 0.035 0.012 0.015 0.6

SD 0.004 0.003 0.003 0.003 0.005 0.001 0.004 0.4

t EC, electrical conductivity.
:~ SAR, sodium adsorption ratio, calculated with meq L-t.
§ SD, standard deviation.

plots were harvested using a small-grain combine, and the
grain was dried and weighed at the end of each growing season.

RESULTS AND DISCUSSION

Grain Yield

Relative yields from all 4 yr indicate that sorghum
responded to lower soil salinity early in the growing
season by producing more grain. Grain yields obtained
from the plots receiving nonsaline water during the re-
productive growth stage (NNN and SNS) were signifi-
cantly higher (P = 0.05) than the other treatments dur-
ing the first 2 yr (Table 5). By the 3rd and 4th yr,
the highest yields were obtained from the control plots
(NNN). In 1984 (Year 3), differences were significant
between NNN and all other treatments and highly signif-
icant (P = 0.01) between NNN and the SNS, SSN, and
SSS treatments. Yields for 1985 showed similar trends,
but were not significantly different for each treatment.
Thus, it is not clear :from these results whether the criti-
cal growth stage for grain yield response to salinity is
the vegetative (including germination and emergence)
or the reproductive (booting to grainfill) stage.

Initially, it appears that there was more response to
lower salinity stress during the reproductive growth
stage than in either the vegetative or the grain-filling
stage of plant growth. This was probably because the
soil profile was not salinized at the beginning of the
growing season in the first 2 yr. When proportionally
more saline water was applied during the combined
germination to vegetative growth stages in 1984 and
1985 (Table 3), the yields of the SNS and SSN treatments
were reduced relative to the NNN and NSS treatments
(Table 5). This suggests that the early growing season
is most sensitive to salinity. Lower grain yields from all
treatments in 1985 were due to lower N application rates

and widespread insect damage. In addition, PET was
lower in 1985 in response to cooler temperatures, re-
sulting in less irrigation water applied (Table 3).

The best correlations between sorghum grain yield
and salinity were found using average EC~w for the 0-
to 0.30-m depth during the grainfill stage, approximately
65 d after planting (r = -0.87, -0.80, -0.96, and -0.85
for 1982, 1983, 1984, and 1985, respectively). Soil solu-
tion CI- concentration measured at the same stage and
soil depth was also negatively correlated with grain yield
for all 4 yr (r = -0.79, -0.89, -0.94, and -0.83 respec-
tively). The greatest root length density was in the upper
0.30 m of soil (data not shown), responding to the light,
frequent irrigations, and it is reasonable to assume that
plant growth indicators such as grain yield and plant
height would respond to the salinity concentration at
this depth. Linear regression analysis of the mean soil
salinity for the 0- to 0.30-m depth (Table 6) during
the grainfill growth stage, averaged for each treatment,
indicated a threshold value of 0.46 S m-1 before grain
yield declined. The ECsw in this experiment averaged
2.1 times more than the ECe; thus, the saturated paste
extract threshold value would be approximately 0.22 S
m-1, or much lower than the threshold value of 0.68 S
m-1 reported by Francois et al. (1984). The rate of yield
decline with increased salinity was 19% in this experi-
ment, similar to the value of 16% reported by Francois
et al. (1984). Our data are inconsistent with the classifi-
cation of sorghum as moderately tolerant to salinity
(Maas and Hoffman, 1977), and the differences in the
two field studies may be explained by growth stage
effects or the representation of soil salinity at one partic-
ularly sensitive stage instead of averaging it for an entire
season. In their analysis of sorghum sensitivity to solu-
tion salinity at three growth stages, Maas et al. (1986)
used a nonlinear least-squares inversion method pro-

Table 5. Grain yield and final plant height of sorghum grown under five combinations of saline and nonsaline irrigation treatments.~"

Grain yield Plant height

TreatmentS: 1982 1983 1984 1985 1982 1983 1984 1985

Mg ha-~ m
NNN 4.21 5.11 5.46 2.59 1.26 1.20 1.19 0.63
NSS 3.33 4.17 4.67 2.36 1.19 1.08 1.00 0.56
SNS 4.21 5.22 4.05 2.14 1.15 1.12 0.88 0.51
SSN 3.30 4.53 3.83 2.18 1.09 1.06 0.85 0.55
SSS 3.11 4.48 3.79 1.69§ 1.16 1.08 0.87 0.53

LSD (0.05) 0.72 0.72 0.78 NS 0.10 0.08 0.06 0.07
LSD (0.01) 1.00 NS 1.07 NS NS 0.10 0.08 0.10

Values are the means of four 0.25-m2 replicates.
Three-letter treatment codes indicate the irrigation water quality for each one-third of the growing season, with S for
and N for nonsaline well water. (See also Table 1.)
Includes grain yield of zero for one SSS plot that did not germinate until nonsaline water was applied.

saline cooling-tower wastewater
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Table 6. Soil salinity (as mean electrical conductivity of the soil water, ECsw) of the 0- to 0.30-m depth, collected at three stages 
sorghum growth: the reproductive or booting stage (B), the grainfill stage (G), and at harvest (H).t

EC~w

1982 1983 1984 1985

Treatments B§ G¶ H# B G H B G H B G H

S m-1

NNN 0.52 0.36 0.33 0.31 0.33 0.23 0.48 0.54 0.39 0.70 0.52 0.51
NSS 0.64 1.39 0.64 0.72 1.46 0.67 1.00 1.42 2.01 1.82 1.83 1.72
SNS 1.16 0.46 0.49 0.75 0.76 0.59 1.59 1.40 1.55 1.96 1.56 1.55
$SN 1.16 1.26 0.51 0.58 1.31 0.74 1.68 1.80 1.43 2.01 1.54 1.44
SSS 1.06 1.14 0.67 0.72 1.22 0.83 1.62 1.74 1.76 1.95 1.79 1.97

Each value is the average of three soil samples per plot collected at the depths of 0 to 0.1, 0.1 to 0.2, and 0.2 to 0.3 m. There were four plots per
treatment. The EC~, was calculated from the EC of the saturated paste extract (EC,), adjusting for soil moisture content; the average saturation to field
moisture ratio was 2.10 for 33 samples (SD = 0.31).
Three-letter treatment codes indicate the irrigation water quality for each one-third of the growing season, with S for saline cooling-tower wastewater
and N for nonsaline well water.
B, booting: About 75% of the plants exhibited boot swelling (Growth Stage 45 as described by Tottman et al., 1979, which falls within Zadoks stage 4).
G, grainfilh The point at which 75% of the sorghum heads had completed blooming (anthesis) and milk production was beginning (Tottman stage 69,
which falls within Zadoks stage 6).
H, harvest: After the last irrigation.

posed by van Genuchten (1983) instead of the yield-
threshold model. The nonlinear method does not pro-
duce a threshold value, although plots of the relative
grain yields as a function of the osmotic potential of the
soil solution show initial yield declines for the plants
salinized during the vegetative stage as low as -0.1 MPa
or EC~w = 0.25 S m-1, lower than the salinity threshold
calculated from our field experiment.

Plant height

A significant difference (P = 0.05) in total plant
height at harvest was measured between the nonsaline
treatment (NNN) and the other treatments for all 4 
(Table 5). Plant heights were much lower for all treat-
ments in 1985, possibly because of lower N applications,
insect infestation, lower summer temperatures, and in-
creased soil salinity early in the season (Table 6). In 1984
and 1985, visible height differences between treatments
were noticed early in the growing season. Weekly height
measurements showed that all treatments had the same
pattern of growth, but that saline water introduced dur-
ing either the vegetative or reproductive stages (particu-
larly treatments SSS, SSN, SNS) reduced plant height
and resulted in nearly identical heights for these three
treatments (Table 5). This suggests that sorghum is more
sensitive to stunting by high soil or water salinity during
the early growth stages of germination, emergence, and
booting. Good-quality water applied after the vegetative
stage (SSN, SNS) did not improve plant height, espe-
cially when soil salinity was already high. Sorghum ex-
hibits its fastest height increase during the period be-
tween initiation of booting and subsequent flowering,
and our data indicate that stress during this rapid growth
period is critical in determining final plant height.

Sorghum grain yield and plant height were not
strongly correlated for the first 2 yr of the experiment,
when soil salinity levels were relatively low early in
the growing season. However, once the soil profile had
become salinized (by 1984 and 1985), grain yield was
positively correlated with plant height (r = 0.96 and
1.00) from the first height measurement (27 d after
planting) until harvest. Francois et al. (1984) also found

that plant height was affected by salinity as early as
i mo after emergence. Sorghum plant height is an earlier
and possibly more sensitive indicator of salinity than
grain yield and might be used to signal unfavorable
conditions within the soil profile.

Correlations between plant height at harvest and cu-
mulative mean soil solution EC and CI- were calculated
for six soil depths. In 1984 and 1985, both EC and CI-
concentration in the soil were negatively correlated to
plant height at all sampling depths and times. In 1982
and 1983, however, poor correlation was found between
the soil parameters and canopy height, especially for
soil depths below 0.50 m. The soil profile below this
depth was probably less salinized, due to heavy rains
and leaching between 1982 and 1983, and a nonsaline
profile prior to the start of the experiment in 1982.

Germination

Soil salinity did not inhibit sorghum germination until
the 4th yr of the experiment, when the EC~ of the surface
soil in one SSS plot was 0.86 S m-1. Nonsaline water
was applied to this plot until seedlings were established,
verifying that salinity was responsible for the poor emer-
gence, although the rate and final emergence percentage
were not recorded. Since there was no germination on
this plot until irrigated with nonsaline water, the grain
yield and plant heights were taken to be zero for the
purposes of statistical calculations. Francois et al. (1984)
had observed a delay in sorghum germination when the
ECsw was greater than 0.82 S m-1, although the final
germination percentage in their laboratory experiment
had not been significantly affected up to an ECsw of
2.21 S m-1.

Soil Salinity

Soil solution EC averages of the 0- to 0.30-m depth
at three sampling times are shown in Table 6. In general,
the salinity in this part of the profile reflects changes in
irrigation water quality over the season. The soil EC was
fairly constant for the NNN treatment, but fluctuated for
the SSS treatment in 1982, in response to above-average
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rainfall. Even by the time of sorghum booting in 1983,
the soil salinity in this continuously saline treatment had
not increased substantially.

Heavy rainfall in 1982 and early 1983 contributed to
a 33% leaching fraction and flushing of salts through
the root zone. In the summers of 1983 through 1985,
when weather conditions were normal and the sprinkler
system was properly calibrated, the calculated leaching
fractions (based on Cl~ concentrations at the top and
bottom of the root zone) were much closer to the 15%
target. Soil salinities were higher in 1984 and 1985, re-
flecting the lower leaching fractions and arid climate.
The combination of low leaching fraction, high-sulfate
irrigation water, and high irrigation frequency has been
shown to induce precipitation of sparingly soluble salts
in the soil (Jury et al., 1978). Thus, the soil profile can
be used to store salts when irrigating crops with saline
wastewater, although proper management and mainte-
nance of lower EC in the upper root zone can ensure
plant growth and grain yields in addition to providing
an outlet for the disposal of industrial cooling water.

CONCLUSIONS
This experiment demonstrated that sorghum grain

yield and plant height are reduced by saline water ap-
plied during the emergence, vegetative, and reproduc-
tive growth stages, but were not affected by saline irriga-
tions applied during the grain-filling stage. The highest
plant height and grain yields were obtained from nonsa-
line treatments (NNN) followed by NSS or SNS treat-
ments, where nonsaline water was supplied during the
vegetative or reproductive growth stages. Germination
and emergence of sorghum was inhibited at a saturated-
paste extract EC of 0.86 S m~'. Plant height was an
early indicator of final grain yield, especially once the
soil profile had become salinized.

Over an extended length of time, the best treatment
for maximizing yield and utilizing saline wastewater is
the application of good-quality water early in the season
to germinate and establish seedlings, followed by saline
water after booting. Flushing of the upper root zone
between crops with either rainfall or high-quality well
water and maintaining a leaching fraction of at least
15% during the growing season could allow extended
use of this regime. Precipitation of sparingly soluble

salts in the soil profile as a result of low leaching fraction,
high evapotranspiration, and high irrigation frequency
could also provide an alternative disposal strategy for
industrial wastewater in arid areas with sandy soils and
deep water tables.
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