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Abstract: The sustainable use of water is becoming increasingly important for food security in arid and semi-arid
regions with limited water resources. This study was conducted to determine the optimal coupling combinations
between irrigation and seeding rates in order to achieve the high grain yield and efficient irrigation water use
simultaneously for wheat grown under arid conditions. The experiment was conducted during 2013/2014 and
2014/2015 growing seasons to study the effect of three irrigation rates i.e. 1.00, 0.75, and 0.50 of the estimated
evapotranspiration (ET) and five seeding rates i.e. 150, 250, 350, 450 and 550 seeds/m” on yield components, grain
yield and irrigation water use efficiency (IWUE). The results indicated that grain yield and yield components of Sakha
94 were gradually decreased by decreasing irrigation rates and increasing seeding rates. The values of IWUE and
harvest index were decreased also by decreasing irrigation rate, while the highest values for both traits were achieved at
350 seeds/m’. The seeding rate of 350 and 250 seeds/m® were most effective to obtain the lowest value for seasonal
yield response factors under 0.75 and 0.50 ET, respectively. Based on the production functions of grain yield versus
seeding rates for each irrigation rate, the optimum seeding rate for the maximum grain were 411 and 425 seeds/m” for
1.00 ET, 362 and 378 seeds/m” for 0.75 ET and 315 and 350 seeds/ m* for 0.50 ET in the first and second season,

respectively.
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INTRODUCTION

Water shortages currently pervade almost every
country in arid and semi-arid regions and recently
become the basic norm rather than the exception in
these regions. Another worrying fact is that the shortage
water in these regions is further worsened by abrupt
climate change and population growth. Therefore, water
shortage events have gained increasing importance in
both the scientific and political agendas. Because the
agricultural sector is the major consumer of water
supply, thus the sustainable use of water resources and
increase water use efficiency (WUE) in this sector is
becoming necessary to face this challenge. In this
situation, it is important to apply some targeted
activities in order to decrease the amount of water used
for crop production.

Strategic options for improving WUE in crop
production sector include improving land husbandry,
developing of drought tolerant genotypes, and applying
special agronomic practices (Richards, 2004; Boutraa,
2010). While further genetic enhancement and soil
management may need many efforts over several years
to get sensible results, applied suitable agronomic
practices will give the most immediate, economic and
effective way to improve irrigation WUE in crop
production sector (Singh et al., 2010). Generally, the
improvement of WUE at field scale is expected to
depend equally on applying the best agronomic
practices and using the drought tolerant genotypes
(Passioura, 2006). For example, Morison et al. (2008)
reported that, in the water-scarce environments, about
half of yield improvements related to improvements in
genetic potential and the other half related to apply of
the best agronomic practices. Most importantly, the vital
role of genetic potential in improving WUE can only be

achieved if the appropriate agronomic practices are also
be coupled simultaneously. From this point of view, we
can say that the role of agronomic practices in
improving irrigation WUE in crop production sector
might be effective as well as we can rely basically on
these practices in order to achieve our goal for
conservation agricultural water.

Deficit irrigation strategy is one of the agronomic
practices has been suggested in arid and semi-arid
regions in order to achieve the goal of reducing
irrigation water use in the agriculture sector. With this
strategy, the crops are irrigated with an amount of water
less than their requirements during the whole or specific
phenological stages of crop cycle (Fereres and Soriano,
2007). Because the grain yield of C; plants such as
wheat is linearly correlated with the crop
evapotranspiration, thus it is difficult to apply the deficit
irrigation strategy for wheat production without an
accompanying reduction in the final grain yield. For
instance, Mugabe and Nyakatawa (2000) reported that
the reduction in final grain yield of wheat crop under 75
and 50% of crop water requirements were an average
for 2-years studies of 12 and 20%, respectively.
However, on the other hand, the water deficit strategy
increases the WUE by maximizing the production per
unit of water consumed rather than emphasizing
production per unit area. Numerous studies have
reported that the WUE of cereal crops such as wheat,
maize and rice increased by 10 to 42% under water
deficit conditions as compared with normal irrigation
(Xue et al., 2006; Soundharajan and Sudheer, 2009; Li
et al.,2010; M’hamed et al., 2015).

The reduction in the final grain yield of wheat
under water deficit strategy is caused by a reduction in
many yield components especially the number of spikes
per square meter, the number of grains per spike and the
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weight of single grain. For instance, Zhong-hu and
Rajaran (1994) and Passioura and Angus (2010)
reported that spike number per square meter, grain
number per spike and sometimes grain weight were the
most sensitive yield components to water deficit
particularly when it apply this strategy around anthesis
and during grain-filling growth stages. Therefore,
applying water deficit strategy needs to be coupled with
other agronomic practice to compensate the adverse
effects of water deficit on important yield components.

Interesting, the most yield components that
negatively affected by water deficit are able to
compensate for one another in order to stabilize yield.
Therefore, numerous studies have demonstrated that
seeding rate is one of the suitable agronomic practices
that might play a complementary role with water deficit
strategy in order to improve vyield and WUE
simultaneously. In addition, seeding rate is a particular
importance in wheat production because it is under the
farmer’s control in most cropping system. In general,
high seeding rate in wheat increase the number of spikes
per square meter, but decrease the number of spikes per
plant and grain weight per spike, whereas the opposite
occurs with low seeding rate (Arduini et al., 2006; Chen
et al., 2008; Seleiman et al., 2010; Naseri et al., 2012;
Valério et al., 2013). Whaley et al. (2000) reported that
the decrease of seeding rate in wheat from 338 to only
19 seeds/m” increased number of grains per spike by
50%. The grain number per spike increased by only
10% in other study, when seeding rate was decreased
from 625 to 325 seeds/m’ (Ozturk et al., 2006).
Tompkins et al. (1991) found that number of spike per
square meter increased when seeding rate was increased
from 65 to 400 seeds/m’. Ali et al., (2004) also reported
that increase seeding rate from 300 to 400 and 500
seeds/m” significantly increased number of spikes per
square meter, whereas grain weight per spike and
individual grain weight were significantly decreased.
Therefore, the proper matching between seeding rate
and water deficit is essential for a successful production
of wheat crop under arid conditions. The manipulation
of seeding rate under deficit irrigation treatments could
exert great impact on final grain yield of wheat. In
general, the best seeding rate under deficit irrigation is
that which maximizes grain yield and irrigation WUE
simultaneously.

From the management point of view, it can
conclude that the responses of final grain yield of wheat
for seasonal ET is linear, whereas it was quadratic for
seeding rate. In light of this facts, the objectives of this
study were: (1) to determine the impacts of irrigation
and seeding rates on wheat production and WUE , and
(2) to establish the optimum coupling combinations
between irrigation and seeding rates in order to achieve
maximum yield and IWUE for wheat grown under
either sufficient or deficit water application.

MATERIALS AND METHODS
Experimental conditions and design
This study was performed during 2013/2014 and
2014/2015 growing seasons in Dierab Research Station
of the College of Food and Agriculture Sciences, King

Saud University, Riyadh, Saudi Arabia (24°25'N,
46°34'E, 400 m a.s.l.). Climate of Derab is characterized
by a typical arid climate. Mean precipitation and daily
temperature during the growing cycle of wheat (from
December until May) are about 17 mm and 19.7 °C,
respectively. The texture of the experimental soil is
sandy throughout its profile (92.8% sand, 4.5% silt and
2.7% clay) with a bulk density, field capacity, and
permanent wilting point in a 0-60 cm surface layer of
148 g cm>, 0.094 m’ m” and 0.034 m’ m’,
respectively.

In both seasons, the experiment was set in a
randomized complete block split plot design with three
replicates. Different treatments of irrigation water and
seeding rates were randomly assigned to the main plots
and subplots, respectively. Each subplot consisted of six
rows with a length of 6.0 m and spaced 0.20 m apart (a
plot area equal 7.2 m?). There was a 1 m between the
adjacent subplots and 3 m between the main plots in
order to control irrigation. Seeds of Sakha 94 were
planted on December 1™ 2013 and November 28™ 2014.
Nitrogen fertilizer was applied at a rate of 120 kg ha™' of
N in three equal doses at sowing, beginning of tillering
and beginning of booting stages. Phosphorus fertilizer
was applied at a rate of 31 kg ha™ P,Os prior to sowing.
Other agronomic practices such as protected wheat
plants from weeds and diseases were done in a timely
manner.

Experimental treatments

Three irrigation water rates (I: 1.00, I: 0.75 and I5:
0.50 of the estimated crop evapotranspiration, ET),
which represented 625.0, 468.75 and 312.50 mm/ha of
water, respectively, were applied by surface irrigation.
To deliver constant and equal amounts of water to each
plot, the main line of surface irrigation which delivers
the water from water source to plot was distributed to
the sub-main hoses at each plot and equipped with
manual control valves. To calculate the amount of water
applied for each irrigation treatment, a flow meter was
connected where the water passing from the source of
water to the main line of surface irrigation. The surface
irrigation was applied eight times during the growing
season. The time of irrigation and the quantities of water
applied at each time for each treatment are given in
Table (1). The phenological stages where irrigation are
applied were determined based on Zadoks’ decimal
code of growth stages (Zadoks et al., 1974).

The amount of irrigation water applied for each
irrigation in mm ha” was calculated according to the
daily reference evapotranspiration (ETo) and the crop
coefficient (K¢). The ETo was computed using the
Penman—Monteith method (Allen et al., 1998) and the
daily climatic data obtained from the
agrometeorological station adjacent to experimental
location. The FAO Kc values that suggested by FAO-56
(Allen et al., 1998) for wheat crop was used. Because
these values of FAO Kc are suggested for sub-humid
climate conditions with a minimum relative humidity of
45% and moderate wind speed of about 2 m/s', the FAO
Kc values were adjusted according to the local values
for minimum relative humidity and wind speed and
maximum plant height.
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Five seeding rates (150, 250, 350, 450 and 550
seeds/m”), which included two densities above and
below the standard of densities for wheat crop, were
randomly nested within each main plot of irrigation
treatments as a split plot. With germination percentage

of 95% and 1000-grain weight of 45.0 g, the seeding
rates of 150, 250, 350, 450 and 550 seeds/m’ equal to
71.0, 118.0, 165.0, 213.0 and 260.0 kg seeds/ha,
respectively.

Table (1): The time of each irrigation event and quantity of water applied for each irrigation treatment (data averaged

over two seasons).

Quantity of water applied (mm/ha)

Growth stage

I, (1.00 ET) I, (0.75 ET) I; (0.50 ET)
Seedling (ZS 24)" 65.00 48.75 32.50
Tillering (ZS 24) 75.00 56.25 37.50
Stem elongation (ZS 32) 75.00 56.25 37.50
Booting (ZS 49) 85.00 63.75 42.50
Heading (ZS 59) 85.00 63.75 42.50
Anthesis (ZS 68) 90.00 67.50 45.00
Grain milk (ZS 73) 75.00 56.25 37.50
Grain dough (ZS 83) 75.00 56.25 37.50
Total (mm ha™) 625.00 468.75 312.50

*ZS means Zadoks’ decimal code of growth stages

Measurements

At maturity, twenty guarded plants were removed
from each plot and measured for plant height, number of
tillers and spikes per plant, number of grains per spike
and weight of a thousand grains. The thousand grain
weight was calculated from the average weight of five
sets of 1000 grains. The total of grain yield per hectare
was determined by hand harvesting an area of four rows
4.0 m in length (3.2 m?). Before threshing the bundles
of harvested area, the bundles were weighed in order to
calculate the biological yield and then threshed using a
plot combine. The grain yield was calculated based on
15% moisture content at harvest.

Harvest index (HI) was calculated by dividing the
weight of grain yield by the weight of biological yield
and was expressed in percent. Irrigation water use
efficiency (IWUE) was calculated by dividing the
weight of grain yield from a given irrigation treatment
and seeding rate (kg/ha) by the amount of applied
irrigation water for each irrigation treatment (mm/ha).

Yield response factor (k,)

The k, values, which represent the relationship
between the relative yield reduction (1- Y,/Y,,) and
relative ET deficit (1- ET,/ET,,), for each seeding rate at
0.75 and 0.50 ET treatments were calculated using the
following formula (Doorenbos and Kassam 1979):

)2
Ym ’ ETm

Where Ya, Y., ET, and ET,, represent the actual
and maximum of grain yields (Y) and seasonal crop
evapotranspiration (ET), respectively. The highest grain
yield under 1.00 ET and the amount of irrigation water
applied for also 1.00 ET were assumed as the
corresponding maximum Y, and ET,, respectively.
Whereas, the grain yield and the amount of irrigation
water applied at the combinations of 0.75 and 0.50 ET
with different seeding rates were assumed as the actual
grain yield (Ya) and actual evapotranspiration (ETa),
respectively.

Statistical analysis

Data were tested using a split-plot design and the
irrigation water amounts and seeding rates were
considered fixed effects. The statistical analysis was
performed by CoStat system for Windows, version
6.311 (CoHort software, Berkeley, CA 94701). The
differences among the treatment means were compared
by using Duncan’s multiple test at 95% levels of
probability. Regression analysis was performed to
investigate the relationship between yield and ET and
the best relationship between yield and seeding rates.
The regression analyses were performed by Sigma Plot
8.0 (Systat software, Inc., San Jose, CA, USA).
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RESULTS AND DISCUSSION

Yield components and grain yield

In general, all studied yield components and grain
yield were gradually decreased by decreasing irrigation
rates (Tables 2 and 3). Averaged over the two growing
seasons, the decreases in yield components and grain
yield at 0.75 and 0.50 ET were 11.8 and 27.1% for plant
height, 18.9 and 38.0% for tiller number per plant, 16.1
and 39.7% for spike number per plant, 10.6 and 31.8%.
for grain number per spike, 6.4 and 23.5% for 1000-
grain weight, and 27.4 and 59.3% for grain yield per
hectare, respectively, when compared with 1.00 ET
treatment (Tables 2 and 3). These results indicate that
wheat crop is very sensitive for water shortage and it is
difficult exposing wheat plants to deficit irrigation

components. These results are in agreement with earlier
studies reporting that in order to obtain the maximum
production for wheat crop, the amount of water applied
should be sufficient to meet the water requirement of
the plants at different growth stages (Zhang et al., 2006;
Ali et al., 2007; Karam et al., 2009). The reduction in
grain yield and its components with decreasing
irrigation rate may be due to the increase of total
resistance in the soil-plant system leads to change in
patterns of plant growth and development, and
disturbance metabolites transportation to the grains
(Kramer and Boyer 1995; Ouda 2006). Whereas,
applied of sufficient irrigation water might help plant to
absorb their need from water and nutrients (Ramadan
and Awaad; 2008).

without expecting reduction in grain yield and its

Table (2): Effects of irrigation rate, seeding rate and their interactions on selected yield components in two growing

seasons.
2013/2014 2014/2015

Seeding rates Irrigation rates

Geedsm) T U0ET  0.75ET  0.50 KT Meag  VOOET  07SET  0.S0ET

@) I2) I3) ) (I2) I3)

Plant height (cm)
150 97.0 abc 103.0 ab 89.7¢ 96.6 a 93.7 abc 100.7 ab 84.0 ¢ 928 a
250 99.7 ab 96.3 bc 78.0d 91.3b 93.7 abc 89.7 be 76.7 ¢ 86.7b
350 103.0 ab 87.0c 713 ¢ 87.1c¢ 100.7 ab 89.7 be 71.0d 87.1b
450 106.7 a 80.3d 68.0 f 85.0 cd 100.3 ab 813 ¢ 67.3d 83.0b
550 105.7 a 78.0d 66.0 f 83.2d 104.7 a 80.7 c 603 e 81.9b
Mean 1024 a 88.9b 74.6 ¢ 98.6 a 88.4b 719 ¢
Number of tillers per plant
150 63a 5.6a 45b 54a 6.0a 52a 39c¢ 50a
250 55a 41b 34c 44D 5.1ab 4.4 be 3.2d 42b
350 4.0 be 2.7d 2.6d 31¢ 4.2 be 4.1 be 2.7d 3.7¢
450 2.6d 1.8¢ 1.0f 1.8d 2.7d 20¢€ 1.0f 19d
550 1.6 ef 1.0f 09f 12e 1.5ef 1.0f 1.0f 12e
Mean 4.0 a 31b 25¢ 39a 33b 24c¢
Number of spikes per plant
150 56a 49a 33cd 4.6 a 57a 45b 2.9 de 44a
250 49a 41b 3.1d 4.0b 46D 3.8¢ 2.7¢e 3.7b
350 37¢ 2.7¢e 23f 29c¢ 35cd 3.1d 24f 3.0c
450 2.1fg 18¢g 1.0h 1.6d 18¢ 1.4 gh 1.0h 14d
550 1.1h 1.0h 1.0h l.le 1.0h 1.0h 1.0h 1.0e
Mean 35a 29b 21¢ 33a 2.8b 2.0¢

Means followed by the same letter are not significantly different from one to another based on Duncan’s test at P 0.05.
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Table (3): Effects of irrigation rate, seeding rate and their interactions on selected yield components and grain yield in
tWO growing seasons.

2013/2014 2014/2015

Seeding rates Irrigation rates

(seeds/m?)
1.00 ET 0.75ET 0.50 ET Mean 1.00 ET 0.75ET 0.50 ET Mean
(I (I) (I) (I) (I) (I)

Number of grains per spike

150 504 a 46.6 a 38.1cd 45.0 a 514a 496 a 388 f 46.6 a
250 49.5a 46.1 a 379 cd 445 a 51.1a 46.0b 38.6f 452 b
350 484 a 4240 352¢ 42.0b 509a 44.6 c 364¢ 44.0 ¢
450 450 a 4190 29.8 f 389 ¢ 50.8a 399e 25.01 38.6d
550 39.9bc 37.0d 238¢g 33.6d 42.8d 347h 23.1] 335e
Mean 46.6 a 42.8b 33.0c 494 a 43.0b 324c¢

1000-grains weight (g)

150 584a 54.1b 42.4 de 51.6 a 578 a 52.2bc 455¢ 51.8a
250 543D 53.2b 43.5d 50.3 ab 563 a 52.4be 439¢ 50.9 a
350 53.2b 51.8b 41.7e 489b 54.8 ab 50.5cd 41.6 f 49.0 b
450 51.4b 46.9 ¢ 394 f 459 c 50.5 cd 48.5d 360¢g 45.0 ¢
550 46.9 ¢ 44.0d 369¢ 42.6d 48.5d 443 e 358¢ 429d
Mean 52.8a 50.0b 40.8 ¢ 53.6a 49.6 b 40.6 ¢

Grain yield (ton/ha)

150 1.77 fg 1.73 g 1.61g 1.71d 2.73 ef 2.00 f 1.90 f 221d
250 4.76 b 3.89¢ 2.19f 3.62b 559b 4.65c 3.05¢e 4.43b
350 6.38 a 4.94 b 1.79 fg 437 a 6.70 a 525b 2.64 f 4.87 a
450 6.30 a 3.59d 1.78 fg 3.89b 6.64 a 4.64 c 257f 4.61 ab
550 5220 325e 150 g 332¢ 5.68b 3.70d 2.15f 3.84c¢
Mean 4.89 a 3.48b 1.78 ¢ 5.47a 4.05b 246 ¢

Means followed by the same letter are not significantly different from one to another based on Duncan’s test at P 0.05.
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Grain yield and its components were also
influenced by seeding rates. All yield components was
gradually and significantly decreased as seeding rates
increased, whereas the final grain yield per hectare was
significantly increased with increasing seeding rate up
to 350 seeds/m” and thereafter slightly decreased at 450
seeds/m” (Tables 2 and 3). In general, the highest and
lowest values for plant height and yield components of
individual plants were obtained with 150 and 550
seeds/m’, respectively. Whereas, the highest grain yield
per hectare was observed at 350 seeds/m” followed by
450 and 250 seeds/m” and the lowest values for grain
yield was obtained at 150 seeds/m’ (Tables 2 and 3).
These results indicate that the production of individual
plants becomes a limiting factor for maximize final
grain yield under high seeding rates and the
compensatory relations among yield components is
almost absent; probably because of maximize plant-to-
plant competition. Although the inverse is true under
very low seeding rates as found at 150 seeds/m” in this
study, the production of individual plants are not
sufficient to compensate the reduction in number of
plants per unit area. Thus, the final grain yield becomes
a limiting factor under very low seeding rates (Awad et
al., 2013; Al-Suhaibani ef al., 2013).

The irrigation rate and seeding density interaction
had a significant effect on final grain yield and its
components in both growing seasons (Tables 2 and 3).
In general, the response of yield components and grain
yield for irrigation rates dependent on plant density. For
instance, the values of yield components obtained from
the combination of 0.75 ET (25.0% reduction in water
applied) with low seeding rate were comparable with
those of the combination of 1.00 ET with medium
seeding rates (250 and 350 seeds/m”). The grain yield of
the combination of 0.75 ET with 350 seeds/m’ was
comparable with those of the combination of 1.00 ET
with 250 or 550 seeds/m’. The values of grain yield for
the combination of 0.50 ET (50.0% reduction in water
applied) with 350 seeds/m” was higher than those of the
combination of 1.00 ET or 0.75 ET with low seeding
rates (150 seeds/m?) (Tables 3 and 4). These results
indicate that the production of wheat under deficit
irrigation requires the necessity for decreasing seeding
rate compared with those produced under full irrigation
conditions. This was because the low seeding rate under
limited water application provides more water and
nutrients per plant compared with high seeding rate. Ali
et al. (2007) and Hu ef al. (2015) reported that the lower
ET at low seeding rate compared with high seeding rate
reflects less water requirement.

Biological yield and harvest index

The data in Table (4) showed that the values of
biological yield and harvest index (HI) were gradually
decreased by decreasing irrigation rate. The highest
seeding rates (450 and 550 seeds/m?) produced the
highest value for biological yield per hectare. Whereas,
the highest value for HI was obtained from the medium
seeding rates (250 and 350 seeds/m?). Interestingly, the
interaction between irrigation rate and seeding rate had
a significant effect on both traits (Table 4). For
biological yield, the value of this trait at the

combination of high seeding rate with deficit irrigation
was always comparable with those of the combination
of low seeding rate with full irrigation. However, the
highest values for HI were always obtained from the
combinations of seeding rates at 250, 350 or 450
seeds/m” with 1.00 or 0.75 ET (Table 4). These results
clearly indicate that the translocation process towards
the sink was affected adversely by very low or high
seeding rates and it more significantly correlated with
grain yield than straw yield. These findings are in
agreement with those of Arduini et al. (2006), Ali et al.
(2010), and Abd El-Lattief (2014), who found
significantly relationships between HI and the balance
between grain yield and straw yield under different
agronomic treatments.

Irrigation water use efficiency

High or medium irrigation rate (1.00 or 0.75 ET)
and medium seeding rate (350 seeds/m?) displayed the
highest value for irrigation water use efficiency (IWUE)
in both seasons (Table 4). Interestingly, the values of
IWUE, especially in the second season, at the
combinations of very low irrigation rate (0.50 ET) with
250 seeds/m’ were comparable with those the
combinations of high irrigation rate (1.00 ET) or
medium irrigation rate (0.75 ET) with medium or high
seeding rates. The lowest IWUE was recorded for the
combination of 1.00 or 0.75 ET with 150 seeds/m’
(Table 4). This finding indicates that deficit irrigation
can effectively supported IWUE under low seeding rate.
In addition, although the irrigation rate is vitally
important for supporting IWUE, plant density is also
play an important role for maximizing net income per
unit water (Zhang et al., 2004; El-Hendawy et al.,
2008).

Yield response factor (ky)

Doorenbos and Kassam, (1979) used the value of ky to
understand the relationship between the relative grain
yield decrease (1 - Y,/Y,) and the corresponding
relative water deficit (1 - ET,/ET,,). In general, if the ky
value is greater than 1, this indicate that the reduction in
final grain yield is great and most sensitive to water
deficit. However, if the ky value is less than 1, the
reduction in final grain yield is less sensitive to water
deficit (Kirda, 2002). In this study, the lowest ky value
for medium irrigation rate (0.75 ET) was obtained when
it combined with 350 seeds/m’, whereas for the low
irrigation rate (0.50 ET), it was obtained when
combined with 250 seeds/m” (Table 5). This finding
indicates that the reduction in grain yield under deficit
irrigation practices could be acceptable when they
combined with moderate seeding rate. In addition, the
combined of 0.75 or 0.50 ET with very low or high
seeding rates always produced the highest values for ky
(Table 5). This result may be due to the high
competition between plants under high seeding rate and
the ability of production of individual plant under low
seeding rate doesn’t compensate the reduction in
number of plants per unit area leads to decrease the final
grain yield per unit area and therefore increase the value
of ky.
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Production functions

The relationship of grain yield with the irrigation
and seeding rates were used in order to develop the
production functions for both treatments. In general, the
best relationship between grain yield and the irrigation
rate was linear and significant with intermediate
coefficient of determination (R* = 0.54 and 0.53) in first
and second season, respectively (Fig. 1). However, the
second order relationship was found as the best model

described the relationship between grain yield and
seeding rates (Fig. 2). In addition, the regression
between grain yield and seeding rate showed a second
order relationship for each irrigation rate with high
coefficient of determination for 1.00 ET (R* = 0.99 and
0.96) and for 0.75 ET (R* = 0.79 and 0.84) and
intermediate coefficient of determination for 0.50 ET
(R?> = 0.31 and 0.53) in the first and second season,
respectively (Fig. 3).

Table (4): Effects of irrigation rate, seeding rate and their interactions on biological yield, harvest index and irrigation

water use efficiency in two growing seasons.

2013/2014 2014/2015
Seeding rates Irrigation rates
(seeds/m”)
1.00 ET 0.75ET 0.50 ET Mean 1.00 ET 0.75ET 0.50 ET Mean
(I) (I2) (I3) (I) (I2) (I3)

Biological yield (ton ha™)
150 8.72¢ 7.06 d 573 e 717 ¢ 8.50 cd 7.50 de 550¢g 717 ¢
250 9.96 ¢ 891lc 6.64d 8.50b 9.99¢ 899¢ 7.05 ef 8.67b
350 11910 10.02 ¢ 6.70d 9.54 a 11.83b 9.73 ¢ 6.88 ef 948 a
450 12.67 a 990 ¢ 6.73 d 9.76 a 13.08 a 9.63 ¢ 6.90 ef 9.87 a
550 13.18 a 9.82¢ 6.97d 9.99 a 13.16a 9.70 ¢ 6.80 f 9.88 a
Mean 11.29 a 9.14b 6.55¢ 11.31a 9.11b 6.63 ¢
Harvest index (%)
150 204 e 245e 28.0e 24.3d 31.9 cde 26.6¢ 349 cd 31.1d
250 47.8 ab 43.7b 32.8d 414 a 559a 51.7a 433 ¢ 50.3 a
350 53.7a 493 a 268 ¢ 43.2a 56.7 a 54.0a 385¢ 49.7 a
450 49.7 a 362 cd 264 ¢ 37.5b 50.8 ab 48.2 ab 372¢ 45.4b
550 39.7¢ 33.1d 21.7e 315¢ 43.5 be 382c¢ 31.6de 37.8¢
Mean 423 a 37.4b 27.1c¢ 477 a 43.7b 37.1c
Irrigation water use efficiency (kg mm™)
150 2.84f 3.69f 5.16 de 3.90d 436 ef 426 f 6.09 ¢ 491 ¢
250 7.62 be 831b 7.02¢ 7.65 b 8.94 be 9.93b 9.76 b 9.54 a
350 10.20 a 10.54 a 5.73d 8.82 a 10.73 ab 11.20 a 8.46 ¢ 10.13 a
450 10.07 a 7.66 be 5.70d 7.81b 10.62 ab 9.89b 82lc 9.58 a
550 8.36b 693 ¢ 4.80e 6.69 c 9.09 be 7.90 ¢ 6.87d 7.96 b
Mean 7.82a 742 a 5.68 b 8.75a 8.64 a 7.88 b

Means followed by the same letter are not significantly different from one another based on Duncan’s test at P 0.05.
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Table (5): Yield response factor (ky) for the combination between irrigation rates (0.75 and 0.50 ET) and different
seeding rates in two growing seasons.

= “— 2013/2014 2014/2015

S« deE

E #° g 1-(ET/ET,) 1-(Yo/Ym) Ky (ETJET,) 1-(Yo/Y ) Ky
150 0.25 0.73 2.91 0.25 0.70 2.81
250 0.25 0.39 1.56 0.25 0.31 1.22

0.75 ET 350 0.25 0.23 0.90 0.25 0.22 0.87
450 0.25 0.44 1.75 0.25 0.31 1.23
550 0.25 0.49 1.96 0.25 0.45 1.79
150 0.50 0.75 1.49 0.50 0.72 1.43
250 0.50 0.66 1.31 0.50 0.55 1.09

0.50 ET 350 0.50 0.72 1.44 0.50 0.61 1.21
450 0.50 0.72 1.44 0.50 0.62 1.23
550 0.50 0.76 1.53 0.50 0.68 1.36

8000

® Grain yield =9.95 ET - 1285.2 R*=0.54" (2013/2014)
O  Grain yield = 9.62 ET - 516.0 R2=0.53" " (2014/2015) i

7000

6000

5000

4000

Grain yield (kg/ha)

3000
C

8
1000 T T T T T T T
250 300 350 400 450 500 550 600 650

2000

[ X O]

Irrigation water applied (mm/ha)

Fig. (1): Relationship between grain yield and irrigation water applied. Linear regression equations (** indicates
significance at P < 0.05).
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@ Grain yield = 0.044 SR*-34.4 SR -2376.8 R*=0.27" (2013/2014)
8000 1 O Grain yield = 0.048 SR2-36.8 SR - 2097.6 R%=0.32" (2014/2015)
= 6000 - 9 ?
S Q o 8
< o ® o)
3 S o
> 4000 -
£
s
&}
2000
0 T T T T T T T T T
100 150 200 250 300 350 400 450 500 550

600

Seeding rates (seeds/mz)

Fig. (2): Relationship between grain yield and seeding rates. A regression equations (* indicates significance at

P

Based on the equations in Fig. (1), the basal
amount of irrigation water needed to initiate grain yield
irrespective of seeding rates was determined to be 129.2
and 53.6 mm and after that the increase in grain yield
for each unit increase in water applied were 9.95 and
9.62 kg/mm' in the first and second season,
respectively. The yield relationship to seasonal ET for
wheat has been reported as linear by Musick et al.
(1994), Zhang et al. (1999), and Huang et al. (2004)
with an increase in grain yield for each unit increase in
water applied by 12.2, 100 and 112 kg/mm',
respectively.

10000

<0.05).

Based on the equations in Fig. (2), the
optimum seeding rate for the maximum grain yield
irrespective of irrigation rates was 391 and 383seeds/m’
in the first and second season, respectively. The both
values were obtained by taking the first derivation of
each equation reported in Fig. (2) and equalizing to
zero. However, the optimum seeding rate for the
maximum grain yield were 411 and 425 seeds/m” for
1.00 ET, 362 and 378 seeds/m’ for 0.75 ET and 315 and
350 seeds/m” for 0.50 ET in the first and second season,
respectively (Fig. 3).

A 2 * %k
1.00ET (2013/2014) GY =-0.07 SR™ +57.5 SR -5256.7 R"“=0.99
9000 - © 0.75ET (2013/2014) GY =-0.05 SR2+39.8 SR -2901.7 R2=0.79**
o 050 ET (2013/2014) GY =-0.01 SR2+5.99 SR -1028.0 R2=0.31*
8000 - A 1.00 ET (2014/2015) GY =-0.06 SR2+51.1 SR -3422.8 R2=0.96***
L4 0.75 ET (2014/2015) GY =-0.06 SR2+45.3 SR -3282.4 R2=0.84***
7000 4 ™ 0.50 ET (2014/2015) GY = - 0.02 SR + 14.0 SR -412.4, R%=0.53%
: S S
= ® e
6000 - e A N, A
= F X ® \%
— o* cse ettt e,
2 5000 - /;/ et o
= . °® *e.
£ .. Lot — e— e— e ..
g . .4 - T~ ., ©®
© 4000 - . / S, ~ .
o* /-'/ \ 'cg
o . o \
3000 A AT LSS R, ®
® . vessesmetettt fttecem..., .. o
Ry AR R
2000 4 _—————ﬂ———_.a .I
E_ o ] ~“E
1000 |
100 150 200 250 300 350 400 450 500 550 600

Seeding rates (seeds/m 2)

Fig. (3): Relationship between grain yield (GY) and seeding rates (SR) for each of three irrigation rate in two growing
seasons. Regression equations (*, **, *** indicate significance at P < 0.05, 0.01 and 0.001, respectively).
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CONCLUSION

These results indicate that it is important to
determine the optimal coupling combinations between
irrigation and seeding rates to achieve the maximum
grain yield of wheat. It is appear that it is important to
decrease seeding rate under deficit irrigation and vice
versa where the irrigation water is not limited factor for
wheat production.
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