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Abstract: Field experiments were conducted in 2008 and 2009 to study the effects of deficit irrigation with saline
water on spring wheat growth and yield in an arid region of Northwest China. Nine treatments included three salinity
levels s1, s2 and s3 (0.65, 3.2, and 6.1 dS/m) in combination with three water levels w1, w2 and w3 (375, 300, and
225 mm). In 2008, for most treatments, deficit irrigation showed adverse effects on wheat growth; meanwhile, the
effect of saline irrigation was not apparent. In 2009, growth parameters of w1 treatments were not always optimal
under saline irrigation. At 3.2 and 6.1 dS/m in 2008, the highest yield was obtained by w1 treatments, however, in
2009, the weight of 1,000 grains and wheat yield both followed the order w2 > w1 > w3. In this study, spring wheat
was sensitive to water deficit, especially at the booting to grain-filling stages, but was not significantly affected by
saline irrigation and the combination of the two factors. The results demonstrated that 300-mm irrigation water with

a salinity of less than 3.2 dS/m is suitable for wheat fields in the study area.
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Increased agricultural production has become an ur-
gent requirement of the expanding world population
(Howell, 2001; Chen et al., 2011). Yet, there has been
a continued decrease in available fresh water that can
be used by agricultural production (Cai and Rosegrant,
2003). At the same time, the quality of irrigation water
has also deteriorated. As a result, both deficit irriga-
tion and saline irrigation have been prevalently used in
agriculture.

Saline water has been used successfully for agri-
cultural irrigation (Ayars et al., 1993; Shalhevet, 1994;
De Pascale and Barbieri, 1995; Ben-Asher et al.,
2006a, b; Ould Ahmed et al., 2007). Crop yield is the
most important consideration in the utilization of sa-
line water (Katerji et al., 1998; Tedeschi and Menenti,
2002; Malash et al., 2005). According to soil salinity,
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wheat is classified to be salt tolerant (Maas and Hoff-
man, 1977; Katerji et al., 2000). Khosla and Gupta
(1997) found that wheat height and yield increased
with irrigation amount under drained conditions, but
they were decreased under undrained conditions.
Datta et al. (1998) pointed out that yields do not al-
ways increase with the rise in irrigation quantity under
saline conditions.

Generally, an appropriate deficit irrigation system
with fresh water can increase irrigation efficiency
without significantly decreasing yield (Mao et al.,
2003; Panda et al., 2003; Farré and Faci, 2006). Re-
sponses of wheat growth to water deficits vary de-
pending on wheat species and growth stages. Jalota et
al. (2006) reported that the anthesis to grain develop-
ment period is the most sensitive stage to water stress
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in wheat in Northwest India. In China, Zhang et al.
(2006) concluded from experiments that water stress
should be avoided at the booting and heading of
spring wheat. In addition, growth parameters have
manifested certain differences during deficit irrigation.
Zhang et al. (1998) found that leaf area index (LAI),
the size of upper leaves, the length of base internodes
and grain yield significantly decreased when irrigation
was reduced from four normal applications to only
one, but kernel number per panicle was not decreased.

Crop growth parameters and yield under combined
deficit and saline water irrigation were different to
those under separate deficit or saline irrigation. Ayers
and Westcot (1985) reported that the combination of
drought and salinity reduced the water availability for
crops at a more significant rate than the separate effect
of either salinity or drought alone. Shani and Dudley
(2001) stressed that the maximum yield and the cor-
responding irrigation water quantity for poor quality
water were less than those for good quality water.
Therefore, crop growth under deficit irrigation with
saline water should be further investigated.

Shiyang River Basin is an arid region in Northwest
China. Groundwater is the main water resources for
agriculture region. Over-exploitation of
groundwater resources from shallow and deep aquifers

in this

in this area has led to a decline of the groundwater
table and an increase in groundwater salinity. As a
result, there is no sufficient fresh water for agricultural
irrigation. Consequently, saline water for deficit irri-
gation has to be taken into account. The objectives of
this study were: (1) to investigate the soil water con-
tent and soil salinity for different water and salinity
treatments; (2) to investigate the interacted effects of
deficit and saline water irrigation on wheat growth
parameters (i.e. pre-dawn leaf potential, plant height

and leaf area index); and (3) to study the interacted
effects of deficit and saline water irrigation on spring
wheat yield and yield components.

1 Materials and methods

1.1 Site description and experimental design

The experiment was conducted from March 2008 to
July 2009 at the Experimental Station for Wa-
ter-saving in Agriculture and Ecology of China Agri-
cultural University (ESWAE-CAU) (102°52'E,
37°52'N) located in Shiyang River Basin, Northwest
China. The experimental region is a typical arid desert
area with a temperate dry climate, an annual sunshine
duration of over 3,000 h, an average annual precipita-
tion of around 160 mm, and an open annual water
2,000 mm. The physi-
cal-chemical properties of each layer in a soil profile

evaporation of about

were presented in Table 1.

Reference evapotranspiration from 2005 to 2007
was calculated with meteorological data using the
Penman-Monteith formula. The average evapotran-
spiration ET, (375 mm) for the three years was used
for the reference to control irrigation levels in the
study. Irrigation was applied with three salinity levels
of 0.65 dS/m (s1), 3.2 dS/m (s2) and 6.1 dS/m (s3), and
three water quantity levels of 100% ET. (375 mm), 80%
ET. (300 mm) and 60% ET. (225 mm). One hundred
percent ET. (wl) represents sufficient irrigation, while
80% ET. (w2) and 60% ET, (w3) indicate deficit irriga-
tion. Surface irrigation was applied four times according
to local farming customs, specifically, at tiller to jointing,
jointing to heading, heading to grain-filling, and
grain-filling to maturity stages (Table 2).

Nine treatments with three replicates were laid out
in a split plot design to test the wheat growth and

Table 1 Physical-chemical properties of the soil before the experiment
Depth  Textural  Bulk density  Field capacity ?;ii‘:;irc TotalN  TotlP  TowlK  CEC  Soilsalinity
(cm) class (g/em®) (cm’/em®) . (mmol/kg)  EC.(dS/m) P
020  Sandy loam 1.56 0.22 7.86 0.477 0.685 15.80 271 1.09 8.70
20-50 Sandy loam 1.61 0.24 6.66 0.338 0.403 16.00 273 0.92 8.68
50-85 Clay loam 1.38 0.32 6.72 0.412 0.857 17.40 294 1.40 8.64
85-125 Loam 1.41 0.31 2.64 0.213 0.463 18.70 281 1.67 8.71
125-150 Silt clay 1.49 0.38 4.67 0.397 0.560 22.00 277 1.62 8.46
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Table 2 Detailed irrigation schedule of each treatment

Salinity level

Irrigation amounts ~ Tiller to jointing stage Jointing-heading stage

Heading to grain-filling Grain-filling to

Treatment (dS/m) stage maturity stage
mm
wl-sl 0.65 375 90 97.5 105 82.5
wl-s2 3.20 375 90 97.5 105 82.5
wl-s3 6.10 375 90 97.5 105 82.5
w2-s1 0.65 300 72 78.0 84 66.0
w2-s2 3.20 300 72 78.0 84 66.0
w2-s3 6.10 300 72 78.0 84 66.0
w3-sl 0.65 225 54 58.5 63 49.5
w3-s2 3.20 225 54 58.5 63 49.5
w3-s3 6.10 225 54 58.5 63 49.5

Note: wl, w2 and w3 denote water levels of 100%, 80%, and 60% ET., respectively; s1, s2 and s3 denote water salinity levels of 0.65, 3.2 and 6.1 dS/m, respectively.

water productivity. There were 27 micro-plots in total.
Each micro-plot was 3.0 mx4.0 m. Bunds with a
height of 0.3 m to reinforce the surrounding and pro-
tective area and a width of 1.5 m to minimize hori-
zontal water movement were placed around the mi-
cro-plots. Fresh water with a salinity of 0.65 dS/m was
obtained from a local well. The fresh water contained
the following ions (in mg/L): Na'+K'=129.758,
Mg*=45.715, Ca’'=31.925, SO,> =296.225, HCO; =
41.194 and ClI'=150.192. According to the composi-
tion of local groundwater, saline water of 3.2 and 6.1
dS/m was prepared artificially by dissolving NaCl,
MgSO, and CaSO,4 (a mass ratio of 2:2:1) in fresh
water, respectively.

Wheat at seed quantity 525 kg/hm and row spacing
of 15 ¢cm was sown every 19 March and harvested
every 15 July for each year. The name of the wheat
variety is Yongliang 4. The fertilizer amounts before
planting for each plot were 0.585-kg NHsH,PO,,
0.360-kg CO (NH;),, 0.090-kg K and 0.029-kg Zn.
When necessary, cultural practices, such as pest con-
trol, harrowing, and fertilization were executed fol-
lowing local experience.

1.2 Weather recording and sampling methods

An automatic meteorological station (Weather Hark,
Campbell Scientific, USA) was installed in the ex-
perimental station. Precipitation, relative humidity,
wind speed, maximum and minimum air temperature,
and solar radiation were measured and stored at an
hourly basis. Daily mean temperature during the
growing season (March to July) ranged from
—5.3-36.6°C in 2008 and —7.3-33.6°C in 2009. Cu-
mulative solar radiation for 2008 and 2009 were 2,495

and 2,288 MJ/m’, respectively. Total effective pre-
cipitation (= 2.5 mm) during the spring wheat growth
period was 27.8 mm (occurring four times at days 23,
33, 49 and 101 after sowing) in 2008 and 25.4 mm
(occurring five times at days 42, 55, 69, 91 and 110
after sowing) in 2009.

Crop developmental stages were recorded as pre-
sented in Table 3. Plant height, leaf area index and
pre-dawn leaf water potential were measured at the
successive phenological stages. For each treatment,
plant height was measured by a tapeline from soil sur-
face to the highest apex (before heading) or to the crest
of the spike (excluding awn, after heading); five to ten
measurement replicates were carried out in each plot.
LAI was estimated by the SUNSCAN Canopy Analysis
System (SUNSCAN, Delta, UK). Transmeridional and
south-north LAI were separately determined, and the
average values were used in three replicates per treat-
ment. Pre-dawn leaf water potential was measured by a
PSYPRO water potential system (WESCOR Inc.,
Logan, Utah, USA) on three leaves per treatment; they
were taken from the upper part of the canopy before
dawn on sunny days. After harvest, yield components,
such as above-ground biomass, the number of ears per
plant, and the number and weight of grains per ear,
were determined by the averages of 20 plants per plot.
The weight of 1,000 grains for each plot was deter-
mined by three replicates. A grain yield of 1 m” in each
plot was measured to determine yield per hectare.

Soil samples from each treatment were taken
throughout the growing season every 15-20 days at a
10-cm interval down to 20 cm and a 20-cm interval
down to 120-cm soil depth. Each soil sample was
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Table 3 Phenological stages of spring wheat and irrigation time (in the number of days after sowing)

Emergence to Tillering to Jointing to Heading to Grain-filling to
Phenological stages tillering jointing heading grain-filling maturity
13-27 28-46 47-173 74-98 99-118
S 2008 - 46 72 94 105
Irrigation time
2009 - 38 57 77 99

divided into two parts. One part was used for measur-
ing soil water content and the other part for measuring
soil salinity. Soil water content was determined gra-
vimetrically, and volumetric soil water content was
obtained by multiplying gravimetric water content
with soil bulk density. Another part of soil sample was
air-dried, ground and passed through a 2-mm sieve.
Then, the electrical conductivity of 1:5 soil-water ex-
tract (EC;.5) was measured. The EC;.5 was then con-
verted to the electrical conductivity of saturated paste
(EC,) with the equation EC~12.15EC,.5—1.3064. The
volumetric soil water contents at 110-120 and
120-130 cm used for estimating deep percolation
were measured every 3—7 days using a portable soil
moisture monitoring system (Diviner 2000, Sentek Pty.
Ltd., South Australia).

1.3 Harvest index and harvest ratio

Harvest index (HI) was calculated as HI=GY/
(GY+SY), while harvest ratio (HR) was calculated as
HR=GY/SY, where GY is the grain yield per plant (g)
and SY is the straw yield per plant (g).

1.4 Data analysis

Analysis of variance (ANOVA) was employed to
evaluate the effect of water quality and quantity, and
their interaction on crop growth and yield component.
Tukey’s test was used to test the difference between
groups in water quantity and quality (P<0.05). Data
were analyzed with the SPSS 16.0 software package
(SPSS Inc., Chicago, IL, USA).

2 Results

2.1 Soil water and salt content

Figures 1 and 2 show the average soil water content
and salt content of 0—-120 cm depth during the wheat
growth period. Through the growth period, soil water
contents of w3 treatments were significantly lower
(P<0.05) than w2 and w1 treatments irrespective of

irrigation water salinity and year. The effect of saline
irrigation on soil water content was not significant.
The moderate soil water content is about 60%—80% of
the field capacity. In this study, field capacity of
0-120 cm soil layer was 28%, thus the corresponding
moderate soil water content was 16%—24%. It can be
found that soil water content of w3 treatments from 60
days after sowing in 2008 was lower than 16%. How-
ever, the effects of saline and deficit irrigation on soil
salt content were both significant (P<0.05). Salt con-
tent increased with increasing irrigation water salinity
and quantity. The salt contents of wl-s3 treatments
were more than 1.5 g/kg, and other treatments all got
values of less than 1.5 g/kg in both years. Deficit irri-
gation effectively reduced salt accumulation at the
same water salinity level, especially at higher water
salinity (s2 and s3). Paired-samples t test was con-
ducted to evaluate the difference of soil water content
and soil salinity in two years. The results showed that
there were no significant difference between soil wa-
ter contents in 2008 and 2009. However, soil salinity
in 2009 was significant higher than that in 2008 in
saline treatments.

2.2 Plant growth

2.2.1 Pre-dawn leaf water potential

The pre-dawn leaf water potential can be used to in-
dicate the water stress of plants (van Hoorn et al.,
1993; Katerji et al., 1998). Figure 3 was presented to
compare pre-dawn leaf water potential under saline
and deficit irrigation. Pre-dawn leaf potential showed
a typical trend of increase after irrigation and decrease
during intervals between two successive irrigations,
which is similar to reported literature (van Hoorn et al.,
1993; Katerji et al., 2009). Curves of pre-dawn leaf
potential during the two-year study showed a different
shape, which was induced by different irrigation time
and sampling dates. Lower pre-dawn leaf potential in
early 2008 could be explained by the delay of the first
irrigation.
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Water treatment w3 markedly decreased the
pre-dawn leaf water potential after the first irrigation
during the two-year period (Fig. 3). Difference in the
water levels appeared from about 70 and 40 days after
sowing in 2008 and 2009, respectively. Sufficient ir-
rigation did not always guarantee higher leaf water
potential, as compared to moderate deficit irrigation
under saline treatments (s2 and s3) in 2009. Differ-
ence among saline treatments appeared from about 50
days after sowing in both two years. Only 6.1 dS/m
treatment (s3) lowered pre-dawn leaf water potential
obviously in some stages. Water salinity of 3.2 dS/m
did not induce salt stress in most stages.

2.2.2 Daily evapotranspiration
The effects of saline irrigation on daily evapotranspi-
ration ETy were not marked in the two-year period.
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However, the differences in ET4 between sufficient
and deficit irrigations were significant (Fig. 4). Dif-
ferences were observed since the beginning of the
jointing stage, and were significant in the heading and
grain-filling stages, corresponding to lower pre-dawn
leaf water potential. In 2008, the sharp decline of daily
evapotranspiration in w3 treatments from heading was
due to the low soil water content in this stage as pre-
sented in Fig.1.

2.2.3 Plant height

The effects of saline irrigation were not remarkable in
2008 but significant (P<0.05) from jointing in 2009.
Plant height of s3 was reduced significantly from
jointing in 2009. The effects of deficit irrigation were
observed from jointing in 2008 and heading in 2009,
although not all values were statistically significant.
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Fig. 3 Pre-dawn leaf potential of spring wheat at different days after sowing
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Fig. 4 Daily evapotranspiration (ETy) of spring wheat at different days after sowing

The height of w3 treatments from jointing was sig-
nificantly reduced (P<0.05) at the three salinity levels
in 2008. Plant height did not always increase with the
rise in water quantity in 2009, especially at higher
salinity levels (s3). The combined effects of deficit
and saline irrigation on plant height were significant
(P<0.05) during the grain-filling and maturity stages
in 2008 and 2009, respectively. Whether under deficit
or saline irrigation, or the combination of the two, the
reduction in plant height was less than 15% compared
with the maximum value of all treatments.

2.2.4 Leaf area index (LAI)

LALI is related to photosynthesis and transpiration, and
to a certain extent, to the above-ground biomass of the

stand and yield (Kang et al., 2005). Compared with
fresh water treatments at each water level, differences
in LAI under saline treatments appeared from the
booting stage in 2008 and jointing stage in 2009 (Fig.
5), respectively. In 2008, when LAI reached the
maximum level in each treatment, the highest LAI
was higher in the fresh water treatment (s1) than in
saline treatments (s2 and s3). LAI decreased with in-
creasing water salinity under sufficient irrigation (wl)
in 2009. However, a higher LAI was not always ob-
tained by lower salinity level under deficit irrigation.
LAI decreased with the reduction of water quantity
from the heading stage in 2008 (Fig. 5). Treatment w3
led to earlier senescence from about 70 days after
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Fig. 5 LAl of spring wheat at different days after sowing

sowing in 2008. In relation, LAI decreased sharply
from the late heading stage. Nevertheless, LAI of
moderate water deficit (w2) and sufficient (wl) treat-
ments retained at their high levels during the
grain-filling stage. The differences in LAI between
sufficient and deficit irrigations were dissimilar in the
second year. Treatments except wl-sl and wl-s2
generated a reduction in LAI from about 80 days after
sowing in 2009. LAI of deficit treatments (w2 and w3)
was not always lower than that of sufficient treatment
(w1) under saline conditions (s2 and s3), especially at
6.1 dS/m (s3) salinity level. The effects of the com-
bined deficit and saline irrigation on LAI showed in-
significant results (P<0.05) during the two-year study.

2.3 Yield and yield attributes

Different responses of wheat to deficit and saline irri-
gation at certain levels were observed in both years.
The maximum yields in 2008 and 2009 were 7,432
kg/hm2 and 7,223 k/hm?’, respectively, both of which
were obtained by sufficient irrigation with fresh water.

Table 4 showed the result of yields, yield compo-
nents and the calculated values of harvest index (HI)
and harvest ratio (HR) for all treatments. In the first
year, deficit irrigation significantly influenced grain
number per panicle, kernel weight per panicle, weight
of 1,000 grains, above-ground dry matter, and yield.
In the second year, sterility spike rate and grain num-
ber per panicle were significantly affected by deficit
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irrigation. The effect of saline irrigation was signifi-
cant on the spike length only in 2009. However, the
effect of saline-deficit interaction was insignificant on
all variables during the two-year study.

The result of Tukey’s test showed that the effect of
saline irrigation on all aspects was insignificant
(P<0.05) in 2008. Only at water level of w3, the water
salinity of 6.1 dS/m led to significant reduction in
spike length in 2009. Yield increased with decreasing
water salinity only under sufficient irrigation (wl).
Salinity had an adverse effect on spike length, sterility

spike rate, spikelet number per panicle, and kernel
weight per panicle, especially at 6.1 dS/m water salin-
ity level (s3). The weight of 1,000 grains even in-
creased with water salinity at the water level of w3.
Differences in yield induced by water salinity were
not more than 10% at the same water quantity level.

In 2008, the w3 treatment showed significant de-
crease (P<0.05) in yield, above-ground dry matter and
kernel weight per panicle as compared to the wl
treatment at s3 water salinity level. The result of Tu-
key’s test showed that the effect of deficit irrigation on

Table 4 Yield contributes, yields, harvest indices, and harvest ratios of spring wheat in 2008 and 2009

2008 2009

sl s2 s3 sl s2 s3
wl 8.26 7.82 7.80 wl 8.31 8.04 7.60
Spike length (cm) w2 8.11 8.00 7.55 w2 8.23 8.49 7.90
w3 7.71 7.79 7.77 w3 8.23 8.20 7.71
wl 15.78 20.26 15.62 wl 7.02 8.03 8.28
Sterility spike rate (%) w2 18.12 20.09 19.86 w2 9.11 9.83 9.98
w3 20.41 19.55 18.98 w3 10.03 11.23 12.48
wl 32.67 25.15 31.30 wl 36.02 34.22 33.50
Grain number per panicle (nos) w2 29.75 27.83 27.32 w2 32.72 32.57 32.75
w3 26.13 22.15 18.34 w3 31.75 29.50 28.75
wl 1.62 1.30 1.61 wl 1.76 1.64 1.56
Kernel weight per panicle (g) w2 1.42 1.40 1.36 w2 1.59 1.56 1.60
w3 1.03 0.90 0.84 w3 1.48 1.41 1.46
wl 49.55 49.35 48.16 wl 48.37 48.62 48.18
Weight of 1,000 grains (g) w2 50.52 51.02 50.41 w2 49.41 48.74 49.16
w3 40.58 41.99 45.07 w3 47.47 47.82 49.07
wl 3.16 2.56 3.29 wl 3.29 3.00 2.82
Above-ground dry matter per plant (g) w2 2.96 2.89 2.62 w2 3.01 2.85 2.87
w3 225 1.93 1.78 w3 2.78 2.55 2.63
wl 7,432 7,245 7,084 wl 7,223 6,639 6,581
Yield (kg/hm?) w2 7,004 6,737 7,074 w2 7,012 6,836 7,062
w3 5,357 5,542 5,246 w3 7,121 6,486 6,402
wl 0.34 0.34 0.33 wl 0.35 0.35 0.36
Harvest index (g/g) w2 0.32 0.33 0.34 w2 0.35 0.35 0.36
w3 0.31 0.32 0.32 w3 0.35 0.36 0.36
wl 0.51 0.51 0.49 wl 0.53 0.55 0.55
Harvest ratio (g/g) w2 0.48 0.48 0.52 w2 0.53 0.55 0.56
w3 0.46 0.47 0.47 w3 0.53 0.55 0.55

Note: wl, w2 and w3 denote water levels of 100%, 80%, and 60% ET., respectively; s1, s2 and s3 denote water salinity levels of 0.65, 3.2 and 6.1 dS/m, re-

spectively.
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all levels was statistically insignificant (P<0.05) in
2009. Under s2 and s3 treatments, moderate deficit
irrigation (w2) obtained the highest yield in the sec-
ond year. In both two years, moderate water deficit
(w2) led to unobvious decrease in yield attributes;
even some indices, such as the weight of 1,000 grains,
were higher as compared to those found in the suffi-
cient treatment (w1) at three salinity levels.

Minor differences in harvest index and harvest ratio
indicated that the proportion accumulation of assimi-
lation to grain was affected insignificantly by deficit
and saline irrigation. Maximum values of HI and HR
were obtained by irrigation treatment at 80% ET, with
salinity of 6.1 dS/m (w2-s3). In most treatments, HI
and HR increased together with water salinity at the
same water quantity level, which is mainly due to the
lower weight of vegetative organs obtained under
higher saline treatments.

3 Discussion

The results of the research indicated that the effect of
deficit irrigation was predominated in this study.
However, the effect of saline irrigation was insignifi-
cant in most treatments. Saline water in the experi-
ment was mainly saline water. Gupta (1992) con-
cluded the threshold salinity of irrigation water for
wheat was 7 dS/m. Chauhan et al. (2008) also reported
that groundwater with salinity of less than 8§ dS/m
could be used for post-plant irrigation. Compared to
the threshold salinity of irrigation water ranging from
6 to 9 dS/m for wheat (Maas and Grattan, 1999), wa-
ter salinities of 3.2 and 6.1 dS/m were not so high.
Furthermore, soil salinity in the two-year study was
lower than the threshold soil salinity (6 dS/m) re-
ported by Maas and Hoffman (1977). Therefore, the
effect of saline irrigation was unobvious in this study.
In addition, the combined effects of saline and deficit
irrigation on yield and its attributes were also not sta-
tistically significant.

Plants decrease their own water potential to extract
more water from soil when experiencing water and
salt stresses. In this study, w3 and s3 markedly low-
ered pre-dawn leaf potential. The threshold value of
pre-dawn leaf potential taken from field surveys was
about —0.4 MPa (Itier et al., 1992; Katerji et al., 2009).
In our study, a pre-dawn leaf potential of less than

—1.0 MPa was detrimental to wheat growth. The dif-
ferences in leaf potential between this study and pre-
vious researches may be explained by the variation in
wheat species and methods of measurement. Lowest
leaf potential for w3 treatments in 2008 was corre-
sponding to the lowest soil water content, which was
less than the lower limit of moderate soil water con-
tent.

One of the first responses of a plant to water stress
is the reduction in leaf area surface in order to cut
down transpiration, as proven by many researchers
(Saab and Sharp, 1989; El Hafid et al., 1998; Granier
and Tardieu, 1999; Anyia and Herzog, 2004; Katerji et
al., 2009; Yang et al., 2009). LAI for w3 treatments
reduced considerably from about 70 days after sowing
in 2008, while most treatments (except wl—-sl and
w1-s2) showed a reduction in LAI from about 80 days
after sowing in 2009. This drastic difference in the
trend of variation between the years was mainly due to
the salt accumulation and the interaction of deficit and
saline irrigation. During 2009, under fresh water irri-
gation, LAI of wl-s1 was the highest; the difference
between w2—s1 and w3—s1 was statically insignificant.
Under water salinity of 3.2 dS/m (s2), w2—s2 got the
highest LAI; the water quantity of wl-s2 was even
more than w2—s2, and simultaneously, more salt was
also brought into soil in wl—s2; meanwhile, the water
deficit of w3—s2 was more severe than that of w2—s2.
All the above resulted in the highest LAI for w2—s2.
Under the water salinity of 6.1 dS/m (s3), the irriga-
tion water quantities of wl-s3 and w2—s3 were more
than that of w3—s3, and the soil salinity of w3—s3 was
the highest (Fig. 2). As salt accumulated, the effect of
soil salinity was more pronounced. Therefore, the
highest LAI was obtained by w3—s3.

Ali et al. (2007) indicated that yield is a function of
yield components. Reduction in yield was associated
with decrease in individual traits of yield components.
In our study, yield decrease in moderate deficit irriga-
tion was a result of the decline in grain number.
However, under severe water-deficit conditions, grain
number and grain weight were both identified as lim-
iting factors. In both 2008 and 2009, the highest yield
was obtained by sufficient irrigation with fresh water.
The results indicated that maximum yield under saline
irrigation cannot achieve the maximum yield under
fresh water irrigation. A similar phenomenon was also
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reported by earlier researches (Shani and Dudley,
2001; Singh et al., 2009). However, under saline irri-
gation, the weight of 1,000 grains and yield followed
the order w2 > w1l > w3 in 2009. This implied that
saline water irrigation in the second year began to af-
fect the response of wheat yield to water level. The
results showed that the maximum yield and the corre-
sponding irrigation water quantity for saline water
were less than those for fresh water.

Zhang et al. (1998) reported that the early senes-
cence was induced by water deficit and the initiation
of the whole plant senescence was necessary for the
wheat to store carbohydrates in stems and for the leaf
sheaths to be re-mobilized and transferred to their
grains, and therefore ensure an improved HI. However,
water deficit in our study was not merely at a certain
stage alone, but across the entire growth period of
wheat. On the other hand, the barely observable effect
of deficit irrigation on HI and HR in our study sug-
gested that grain-filling might be not related to the
re-mobilization and transformation of carbohydrates.
Palta et al. (1994) and Yang et al. (2003) have re-
ported early senescence induced by water deficit. The
corresponding trend of LAI and ETy4 in our study
demonstrated that the response of leaves did not
change with water salinity under deficit irrigation. The
results also indicated that booting to grain-filling
stages were the most sensitive stages in this area.

The effect of deficit irrigation on wheat growth
showed a clear difference under saline conditions in
2008 and 2009. In 2009, the maximum height, LAI,
and pre-dawn leaf water potential were achieved con-
sistently by deficit irrigation at 3.2 and 6.1 dS/m.
These occurrences were due to increased salt accumu-
lation under sufficient irrigation with saline water. The
findings on the wheat growth parameters implied that
irrigation with increasing water quantity might not be
a positive choice when poor quality water has been
utilized for a long time. On the contrary, moderate
deficit irrigation seemed to be more advisable for
spring wheat growth when using saline water.

4 Conclusions

The results of this study provide relevant information
on irrigation management. First, the effect of deficit
irrigation was predominated while the effects of saline

irrigation and the combined deficit saline irrigation
were insignificant. However, the effect of saline irri-
gation gradually increased with prolonged application
of saline water. Second, wheat was sensitive at the
heading to grain-filling stages based on the develop-
ment of LAI and ETy. Third, the maximum yield and
the corresponding irrigation water quantity for saline
water were less than those for fresh water. Therefore,
for a long-term use of saline water, sufficient irriga-
tion is not a suitable choice for maximizing yield and
water productivity. Instead, water supply of 80% ET.
with the salinity of less than 3.2 dS/m is feasible in
improving water productivity without significantly
decreasing yield.
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