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Abstract: Ensuring food security with limited water resources in arid countries requires urgent de-
velopment of innovative water-saving strategies. This study aimed to investigate the effects of var-
ious tillage and mulching practices on soil water storage (SWS), growth, production, irrigation wa-
ter use efficiency IWUE), and water productivity (WP) of wheat under full (FL) and limited (LM)
irrigation regimes in a typical arid country. The tillage practices comprised the conventional tillage
(CT) and reduced tillage (RT), each with five mulching treatments (MT), including non-mulched
(NM), plastic film mulch (PFM), wheat straw mulch (WSM), palm residues mulch (PRM), and a
mixture of wheat straw and palm residues at 50/50 ratio (MM). Results showed higher SWS at dif-
ferent measured time points in CT than RT at 2040 cm, 40-60 cm, and 0-60 cm soil depth under FL
regime, and at 40-60 cm under LM regime, while the opposite was observed at 0-20 cm and 2040
cm soil depth under LM regime. SWS at different soil depths under MT, in most cases, followed the
order of PFM > PRM = MM > WSM > NM under FL, and PFM = PRM > MM > WSM > NM under
LM regimes. No significant differences were observed for traits related to growth between CT and
RT, but RT increased the traits related to yield, INUE, and WP by 5.9%-11.6% than did CT. PFM
and PRM or PRM and MM showed the highest values for traits related to growth or yield, IWUE,
and WP, respectively. No significant differences in all traits between CT and RT under the FL regime
were observed, however, RT increased all traits by 8.0-18.8% than did CT under the LM regime.
The yield response factor (Ky) based on plant dry weight (Kyrow) and grain yield (Kycy) under RT
was acceptable for four MT, while Kycy under CT was acceptable only for PRM, as the Ky values in
these treatments were <1 under the LM regime. The interrelationships of plant dry weight (PDW),
grain yield (GY), IWUE, and WP with evapotranspiration (ET), and of WP and IWUE with PDW
and GY were best described by a second-order polynomial. SWS measured before irrigation exhib-
ited strong linear relationships with PDW and GY (R? range 0.57 to 0.92), while they exhibited a
second order polynomial and moderate correlation with IWUE and WP (R? range 0.29 to 0.54). Over-
all, combining RT with plant residue mulching, particularly using the readily available palm resi-
dues in sufficient amount is a feasible and sustainable water-saving strategy for enhancing wheat
yield and WP in irrigated arid countries, such as Saudi Arabia.
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1. Introduction

Although water is an inexhaustible resource that covers about 71% of earth’s surface,
many research experts in the field predict that future political conflicts between countries
will arise over freshwater availability. Currently, many of the world’s freshwater sources
are being drained much faster than they are replenished naturally. Consequently, water
shortage inevitably plagues several regions around the world, particularly in arid and
semiarid countries. Water shortage in these countries is further exacerbated by erratic
weather, climate change, continuous population growth, and the rising cost of living. As
a result, the water shortage in these countries has gained increased attention in the politi-
cal and scientific forums [1,2]. For instance, governments in Saudi Arabia have issued sev-
eral regulations restricting the amount of water allocated to the agriculture sector, which
consumes approximately 70-80% of the total available freshwater resources. These regu-
lations have included moratoriums on drilling new wells and limiting groundwater
pumping to extend the multiyear water allocation policy [2]. Unfortunately, these regula-
tions have reduced the amount of water allocated for field crops as well as the cultivated
area under high water-intensive crops, ultimately increasing the gap between production
and consumption of several food and forage crops. Consequently, maximizing WP of food
crops by optimizing GY per unit of water applied rather than GY per unit area has become
the main target for scientists today [1,2]. Implementing suitable and effective agricultural
strategies is more urgent in arid and semiarid countries to improve the WP of field crops
and ensure adequate local food supply despite limited water resources.

Maximum GY and WP of crops can simultaneously be achieved under either limited
irrigation water supplies or soil moisture stress using different agricultural strategies, in-
cluding applying conservation tillage or RT practices to improve soil physical properties
and quality [3]. Such practices can ultimately reduce soil water evaporation (E), increase
soil water-holding capacity, increase nutrient use efficiency, and optimize the soil heat
status [4-7]. Covering the soil surface with different organic and inorganic mulch materi-
als can reduce the amount of water lost through E, especially in early and middle crop
growing stages [8-13]. Modifying planting patterns can ensure collection of light rain wa-
ter deep into the soil and to concentrate the limited amounts of rainfall and irrigation wa-
ter within root zone of plants [14-16]. Drought tolerance of plant genotypes can be en-
hanced to ensure their effective adaptation to soil moisture stress [17]. The coupling com-
binations between irrigation interval and water application rate can be optimized to de-
crease the amount of water leach beneath the root zone and to increase the amount of
available water to plants between two consecutive irrigation events [18,19]. Treatment of
water-stressed plants with antitranspirant substances can help reduce the amount of wa-
ter lost through canopy transpiration (T) [20]. Additionally, osmolytes, phytohormones,
micronutrients, and nanofertilizers can be used to maintain turgor pressure, facilitate wa-
ter uptake, and protect plant cell organelles against drought stress during soil moisture
stress [21,22].

The relative importance of the aforementioned agricultural strategies varies, with
some being economical, feasible, immediate, and effective for achieving improved GY and
WP under soil moisture stress, while besides being expensive, tedious, and labor-consum-
ing, others may require greater efforts over several years to achieve similar results. Addi-
tionally, some of the strategies are only effective at improving GY and WP when coupled
with other agricultural strategies [23]. In this context, we speculate that the implementa-
tion of water conservation agricultural practices, such as mulching and RT could be an
essential and economically feasible strategy for maximizing irrigation water use and
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confronting the negative impacts of deficit irrigation (DI) on growth and production of
food crops.

Generally, over 90% of irrigation water is lost through evapotranspiration (ET) [24].
For wheat crop, E usually accounts for 30-60% of total ET in nonmulched soil, and imple-
menting mulching practices can decrease this E value by 55% [25,26]. ET patterns have
been shown to be very similar between different field crops, and the early and late growth
stages of each crop exhibited the highest and the lowest rates of E, respectively [27,28].
Since T rather than E contribute effectively to the growth and crop production, it is neces-
sary to alter the balance between E and T by reducing E to a minimum and converting the
conserved water available to T. This could be one of the most effective ways to simultane-
ously obtain desirable GY and elevated WP under DI conditions.

Numerous studies show the importance of synthetic mulches, such as plastic film
sheets in maintaining the soil moisture and enhancing GY and WP. Such reports might
encourage plastic sheets industry and create investment opportunities for this technology
in arid and semiarid countries. Previous studies have shown that mulching with plastic
sheets significantly improve GY and WP of various field crops, mainly due to its capacity
to reduce soil E, increase soil water storage (SWS), increase rainwater harvesting, and sup-
press weed growth [8,10,13,26,29-34]. Due to such benetfits, the partial and full plastic film
mulching have been shown to improve GY and WP of several field crops by 38.9% and
77.9%, respectively, relative to nonmulched treatments [34]. Plastic film mulch (PFM) has
also been shown to improve WP and GY of three field crops, including maize, wheat, and
potato by an average of 12.8-68.5% and 12-75.7%, respectively, relative to nonmulched
treatment [10].

Interestingly, former studies have reported that the GY and WP of several field crops
could considerably increase if DI is integrated with plastic film mulching as a strategy to
reduce water loss and maintain GY at desirable level [16,26,35]. Therefore, plastic film
mulching is a potentially effective agricultural practice for improving WUE and crop pro-
duction in arid countries with freshwater shortage, such as Saudi Arabia. However, plas-
tic film mulching have a few drawbacks, such as (1) manual installation or removal of
plastic sheets is labor-intensive and time-consuming (2) it cause several negative impacts
on the environment quality, soil physical characteristics, and soil fertility due to large
amounts of residual plastic film after crop harvesting, which can be up to 72-259 kg ha!
in long-term mulching farmlands [36,37], and (3) it increases the temperature around the
root zone of plants when air temperature is high, resulting in root and leaf senescence,
and low GY [7,38]. Consequently, the balance between the benefits and limitations of plas-
tic film mulching has produced inconsistent results on the importance of this technique in
improving GY and WP under DI conditions. While plastic film mulching is often shown
to enhance GY, a reduction in GY has been reported [29,39]. Such discrepancies could be
associated with the differences in factors investigated among studies, such as crops, soils,
climatic conditions, agricultural management practices, and the mulching period [29].
Therefore, there is need to further test plastic film mulching technique with different ma-
terials, crops, and climatic conditions to maximize their benefits and minimize their draw-
backs. Overall, given their numerous advantages, plastic film mulching technique with
appropriate disposal strategy could be an effective agriculture practice for improving WP
in irrigated farms and arid agroecosystem.

In recent years, direct burning of crop residues in open field to clean the soil, which
causes serious environmental pollution, has widely been replaced with using theses resi-
dues as mulch to conserve soil water and improve crop production in arid and semiarid
regions [40-42]. In northern China for example, about 90% of harvested wheat residues
are used as mulch [39,43]. The total production of crop residues in the world is estimated
at 3.5 to 4.0 billion tons per year, of which 75, 10, 8, 5 and 3% come from cereals, sugar,
legumes, tubers, and oil crops, respectively [44]. Similarly, there are about 20 million date
palm trees in Saudi Arabia, with each tree generating about 20 kg of dry leaves annually
[45], indicating that the country generates approximately 400,000 tons of date palm
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residues each year. Thus, sufficient amount of palm residues is available in Saudi Arabia
and can be used as mulching.

At the global level, several studies have reported that application of crop residue
mulch can not only reduce soil E, but also has a number of benefits, including improved
soil fertility, soil water adsorption capacity, soil microbial activity, soil chemical proper-
ties, soil permeability, and nutrients uptake, as well protection of soil from water erosion,
modification soil physical properties, buffering changes in soil temperature, and de-
creased soil degradation [46-48]. For example, Chatterjee et al. [46] reported that applica-
tion of wheat residue mulch at the rate of 10 ton ha significantly increased the total or-
ganic carbon concentration by 14.9% at 0-5 cm soil depth compared to the nonmulched
treatment. Das et al. [47] also reported a significant increase in the soil organic carbon
stock at 0-30 cm soil depth under maize-wheat cropping system due to crop residue
mulch. Moreover, most crop residues contain excellent amounts of macronutrients, for
example, a 2.7 ton ha™ of spring wheat straw contains on average about 28, 4.5, 52, and 6
kg ha! of nitrogen (N), phosphorus (P), potassium (K), and sulfur (S), respectively [49].
Similarly, the straws of three main cereal crops (rice, wheat, and maize) were shown to
contain 40, 0.8, 0.1 and 1.3% of carbon (C), N, P, and K, respectively [50]. The concentra-
tions of C, N, P, K, Ca, and Mg in leaflets, rachis, and fronds of palm leaf can reach 509.0,
23.3,1.12,13.4,19.9, and 1.63 g kg'; 487.9, 4.41, 0.24, 17.18, 4.19, and 0.29 g kg™!; and 499.4,
12.36, 0.54, 15.07, 6.38, and 0.71 g kg™, respectively [51]. In addition to these benefits, crop
residues have the ability to reduce soil E, with 100% soil cover with plant residues reduc-
ing soil E by about 50% [52], which ultimately enhancing the soil moisture content (SWC),
GY, and WP under DI conditions. For example, in a three-year field experiment, wheat
straw mulching increased GY and WP of wheat by 13-23% and 24-33%, respectively, com-
pared to no mulching [53]. Wang et al. [25] reported that wheat straw mulching at a rate
of 4.5 or 9.0 ton ha™' improved the growth and yield attributes of wheat compared to non-
mulched treatment only under low soil water content, while it did not increase the GY
and WP in high precipitation years (>500 mm). These results were later confirmed by Yang
et al. [54] who observed that straw mulching was more effective at enhancing the GY and
WP in dry climate during growth period than under humid climate during fallow period.
A study in an area receiving 305.1 mm of precipitation during the entire spring maize
showed that about 106.9 mm water (35.0% of the precipitation) could be stored in the 0-
200 cm soil layer in wheat straw mulch (WSM) treatments [55]. Additionally, Zhao et al.
[56] also reported that SWC values of WSM treatments were 17.7-75.9% greater than that
of nonmulching treatment. However, published literature still show contradictory reports
on the impacts of plant residue mulching on soil water content, growth, yield attributes,
and WP. For example, although WSM increased the GY of maize, the maize straw mulch
caused a marked decrease in the GY of winter wheat by reducing soil temperature during
the germination and seedling stages [54,57]. No significant differences in GY and WP be-
tween straw mulching and nonmulching treatments in the dry land was observed by
Lafond et al. [58], however, straw mulching increased GY and WP under the same condi-
tions in other studies [25,54]. This suggest that adopting the best mulching practices for
crop production requires site-specific testing with different crops under different growth
and climatic conditions.

Combination of tillage and mulching is another effective water-saving agricultural
strategy practiced in several countries around the world. Integration of no tillage or RT
with crop residue mulching is considered as an advanced and effective strategy with sev-
eral benefits, including reduced soil E, improved physical, chemical, and biological pro-
prieties of soil, increased soil moisture, increased soil water infiltration and conservation.
The strategy can also coordinate water demand of crop during the entire growing season,
decrease accumulated soil temperature, and reduce amount of resources required for crop
production. These benefits contribute to improved overall growth, GY, and WP [5,6,7,59—
61]. Su et al. [62] found that combining no tillage and straw mulching could increase GY
and WP of winter wheat in the Loess Plateau of China by 13 and 7.6%, respectively,
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compared to nonmulched conventional tillage (CT). Additionally, Peng et al. [60] ob-
served that integrating no tillage with straw mulching, no tillage with plastic mulching,
and CT with plastic mulching could significantly reduce the soil-leaf water potential gra-
dient by 35, 35 and 48% at 0-10 cm soil depth at the seedling growth stage and by 62, 65
and 46% at the 30-50 cm soil depth during flowering stage of spring wheat, respectively,
compared to the nonmulched CT treatments. Moreover, they also reported that the treat-
ments increased GY by 28, 24 and 22%, biological yield by 18, 40 and 36%, and WP by 24,
24 and 26%, respectively, compared to the nonmulched CT treatments. A study on the
effects of integrated tillage with mulching practices on SWC, GY, and WP of maize in a
dryland farming observed that the average SWS under the integrate treatments (straw
mulching, plastic film mulching, and straw—plastic film mulching) were higher than of CT
or no tillage without mulching [5]. Additionally, no tillage combined with straw—plastic
film mulching or with plastic film mulching increased GY of maize by 36.5 and 34.1%,
respectively, while no tillage alone decreased GY by 14.8%, compared to CT alone. How-
ever, growth and GY responses to no tillage alone or in combination with mulching par-
ticularly straw mulching remain inconsistent [5,63,64]. Some studies have reported that
the GY of integrated no tillage with straw mulching were lower than that of no tillage
alone as this treatment significantly decreased soil temperature [54]. However, other
study observed that no tillage alone could reduce GY by 2.1%, and this decrease could
further drop to 1.9% when crop residue mulching was combined with no tillage [63].
These inconsistent results could be due to the fact that the effectiveness of no tillage prac-
tices is associated with several factors, including soil and crop types, climatic conditions,
irrigation method, and time of no tillage use [63,64]. This suggest that adopting the best
integrated tillage and mulching practices for crop production requires site-specific testing
with different crops under different growth and climatic conditions.

Considering the aforementioned issues, we speculated that the effectiveness of the
integrated tillage and mulching practices for enhancing the SWC, growth, GY, and WP of
wheat would potentially be affected by the mulching materials, climatic conditions, crop
types, and irrigation regimes water in irrigated areas or regions where these practices are
yet to be widely promoted. Consequently, this study was undertaken with the following
objectives (1) to investigate the effects of separate and integrated tillage practices and
mulching materials on SWS, growth, yield, INUE, and WP of spring wheat under two
irrigation regimes in arid conditions, and (2) to identify the most effective combination
between tillage practices and mulching materials for achieving maximum GY and simul-
taneously elevated IWUE and WP for irrigated spring wheat under arid conditions using
Ky, yield-ET relationship, and WUE-yield relationship. The findings of this study could
potentially provide a cost-effective agricultural strategy for enhancing wheat production
and reducing the required amount of irrigation water for producing food crops in arid
countries with limited water resources.

2. Materials and Methods
2.1. Experimental Site and Conditions

Field experiments were conducted during the 2019-2020 and 2020-2021 at the Col-
lege of Food and Agriculture Sciences, King Saud University Experimental Farm, Saudi
Arabia (46°39'30" E, 24°25'30" N and 400 m above mean sea level). The experimental site
has a typical arid climate with annual precipitation of approximately 30 mm. Average
monthly climatic parameters at the experimental site during wheat growing periods of
the seasons are shown in Table 1. Soil texture is sandy loam (68.8% sand, 22.1% silt, and
9.1% clay), with soil bulk density at 0-100 cm soil depth averaging 1.38 g cm™=. The initial
physiochemical properties of the experimental soil include: pH, 7.85; electrical conductiv-
ity, 3.5 dS m; organic matter, 0.46%; Walkley—Black C, 0.34%; available N, 45.2 mg kg!;
available P, 7.44 mg kg™; and available K, 186.9 mg kg'; and SWC of 18.58% and 7.12% at
field capacity (gravimetric) and permanent wilting point, respectively.
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Table 1. Average monthly climatic data at the experimental site during the growing period of wheat

in 2019-2020 (S1) and 2020-2021 (S2).

Temperature (°C) P Relative
Precipitation Humidity
Months Minimum Maximum Average (mm) %)
S1 S2 S1 S2 S1 S2 S1 S2 S1 S2

December 10.40 9.83 23.94 23.07 17.17 16.45 0.37 1.14 44.32 48.17
January 6.97 8.31 21.27 22.34 14.12 15.32 1.44 3.66 38.97 41.96
February 10.02 10.08 25.75 24.14 17.88 17.11 0.00 1.47 27.84 40.59
March 13.42 14.95 29.37 32.30 21.40 23.63 0.02 0.32 24.65 20.23
April 19.50 19.95 34.06 35.52 26.78 27.74 6.25 1.72 32.16 16.65

2.2. Treatments, Experimental Design, and Field Management

The treatments in this study comprised of two types of tillage practices as main plot
factor (CT and RT), two regimes of irrigation as sub plot factor (1.00 and 0.50 of the esti-
mated crop evapotranspiration; ETc), and five levels of mulching as sub subplot factor,
(NM, PEM, WSV, PRM, and MM). The experiment was performed in a randomized com-
plete block design with split-split plot arrangement. Each treatment was carried out in
triplicates.

The size of the experimental plot for each individual tillage practice was 168 m? (42
m x 4 m) each with an in-between 3-m buffer zone. The experimental plot of each tillage
practice was divided into two subplots of 21 m x 4 m, each with an in-between 3-m buffer
zone; two irrigation regimes were allocated for these subplots. Each subplot was divided
into three replicates of 7 m x 4 m size, then each replicate further divided into five sub-
subplots of 1.4 m x 4 m, with an in-between 1-m buffer zone between two adjacent sub
subplots; these sub-subplots were allocated for mulching treatments (MT).

The CT practice was done by three chisel plowing to a depth of 20-25 cm (Figure 1A)
and two 60-cm diameter of narrow disking harrowing to a depth of 15 cm (Figure 1B),
while the RT practice was done by perturbing the soil to a depth of 5 cm using a hand
rotary cultivator (Figure 1C).

The control treatment (NM) plot containing seven wheat rows with 0.20 m spacing
was not mulched during the entire wheat growing seasons (Figure 1D). For PFM, the en-
tire sub-subplot area was manually covered with a 0.12-mm transparent polyethylene film
before planting, and seven longitudinal incisions for sow the seeds were made in the plas-
tic film at 20-cm intervals (Figure 1E). For WSM (Figure 1F) and PRM (Figure 1G), air-
dried wheat straw and palm leaves were chopped into 5-10 cm and ~0.5 cm pieces, re-
spectively, then evenly distributed over the soil surface between rows at a rate of 6000 kg
ha-! immediately after seedling emergence. For MM (Figure 1H), about ~0.5 cm pieces of
palm residues were evenly distributed over the soil surface at a rate of 3000 kg ha!, and
then the 5-10 cm pieces of wheat straw were evenly distributed over the palm residues at
a rate of 3000 kg ha'. Each WSM, PRM, and MM treatment also contained seven wheat
rows with a 0.20 m spacing (Figure 1F-H).

The spring wheat cultivar, Summit, was sown at a seeding rate of 150 kg ha in 19
December 2019 and 15 December 2020, and harvested in 28 April 2020 and 22 April 2021.
The N, P, and K fertilizers were applied to each treatment at 180, 90, and 60 kg ha™ in the
form of ammonium nitrate (33.5% N), calcium superphosphate (18.5% P20s), and potas-
sium sulfate (50% K20), respectively. The entire amount of P and one-third dose of N were
applied as basal fertilizers prior to sowing. Plants were refertilized during mid tillering
stage with half dose of K and one-third dose of N. The remaining half dose of K and one-
third dose of N were applied at the heading growth stage. Weeding was performed man-
ually during the growing period.
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Figure 1. Plot layouts of different tillage and mulching practices. (A) conventional tillage practice
prepared by chisel plowing; (B) conventional tillage practice prepared by disk harrowing to a depth
of 15 cm; (C) reduced tillage practice prepared by perturbing the soil to a depth of 5 cm using a hand
rotary cultivator; (D) non-mulched (NM); (E) plastic film mulch (PFM); (F) wheat straw mulch
(WSM); (G) palm residues mulch (PRM); and (H) mixture of wheat straw and palm residues at 50/50
ratio (MM). The pictures from D to H present the wheat growth under different mulching practices
at the different wheat growth stages.



Agronomy 2022, 12, 2235

8 of 31

2.3. Irrigation Treatments

The amount of irrigation water applied (I) for the full irrigation (FL) regime (1.00 ETc)
was estimated using the following equation:

| = ET, x K, 1)

where, ET, is the reference evapotranspiration rate calculated according to the modified
Penman-Monteith equation [65] using the different daily meteorological data of the ex-
perimental site, such as air temperature, net solar radiation, wind speed, relative humid-
ity, soil heat flux density, psychrometric constant, saturation and actual vapor pressure,
and slope of the saturation vapor pressure curve. K. represented the spring wheat crop
coefficient values.

The FAO-56 recommended K, values were corrected based on the specific relative
humidity and wind speed values at the experimental site. Based on equation 1 above, the
estimated cumulative irrigation water for the FL regime was approximately 670.0 mm
ha!. Half of this amount was applied in the limited irrigation (LM) regime (0.50 ETc).

Irrigation water was applied with a low-pressure water transportation surface irri-
gation system consisting of a main water plastic pipe (76 mm in diameter) for transferring
water from the main water source to the sub-subplots. To control the amount of water
applied to each sub-subplot; this main line branched off into submain hoses, each
equipped with a manual control valve.

2.4. Calculation and Measurement
2.4.1. Evapotranspiration (ET) Estimation

Evapotranspiration (ET, in mm) under different treatments was calculated using the
soil water-balance equation as follows [27]:

ET=1+P—D+SWC )

where, I represent the amount of irrigation water applied (mm); P is the precipitation
(mm) during the growing season; D is the downward drainage out of the root zone (mm),
and SWC is the soil water content (mm) at harvest mines SWC at sowing in the 0-100 cm
soil layer. Because there is no capillary rise of groundwater to the root zone and no surface
runoff, the values of both parameters were considered to be zero and omitted in the above
equation. SWC was measured using gravimetric method (oven dry basis).

2.4.2. Evaluation of Soil Water Storage

SWS was monitored before irrigation in both irrigation regimes, and after one and
two weeks after irrigation in the LM regime. Soil samples were collected from each sub-
subplot using a soil ferric auger at the depth intervals of 0-20, 2040, and 40-60 cm. SWC
(%) was determined with the gravimetric method (oven dry basis). The SWS (mm) for
each soil depth was calculated using the following equation:

SWS =Y, SWC; x H; X D; 3)

where, SWC; is the gravimetric soil water (%) of the soil layer i, H; is the depth of soil
layer i (cm), and D; is the soil bulk density (g cm™?) of each respective ith soil layer. Un-
disturbed core samples were collected at the soil depths of 0-20, 20-40, and 40—-60 cm us-
ing cores of 5.0-cm deep and 5.0-cm diameter to determine the soil bulk density for each
depth. Two cores were collected from each depth per replicate. The gravimetric SWC was
measured by drying the soil samples in a forced convection drying oven (54 L, SH Sam-
heung Science Machinery Manufacturing Co. Yeondong-myeon, Sejong, - South Korea) at
105 °C for 24 h.
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2.4.3. Measurements of Traits Related to Wheat Growth and Production

Three traits related to growth, including green leaf area per plant (GLA), plant dry
weight per plant (PDW), and relative water content (RWC) were measured at 75 days after
sowing. Five representative plants were collected from each sub-subplot, then all the
green leaf blades were separated and run through an area meter (LI 3100; LI-COR Inc.,
Lincoln, NE, USA) to measure GLA. Subsequently, all parts of five plants were oven-dried
at 80 °C to a constant weight to obtain PDW, whereas the RWC was calculated using the
following equation:

Rwe = 222" 100 (4)
T

wW-DW
where, FW is the fresh weight of an area of approximately 7-10 cm? excised from the flag
leaf, TW is the turgid weight of the same leaf samples after rehydration in deionized water
at 25 °C until full turgidity, and DW is the dry weight of the same leaf samples after oven
drying at 80 °C for 72 h.

At physiological maturity, 20 main spikes were randomly selected from each sub-
subplot then threshed to measure grain number per spike (GNPS) and 1000-grain dry
weight (TGW). Thereafter, an area of 2.8 m? (four 3.5 m consecutive middle rows in each
sub-subplot) were manually harvested using sickles at 5 cm above ground. The above-
ground biomass of the harvested area was air-dried for 7 days and weighed to determine
the biological yield (BY). Subsequently, GY was determined after threshing the harvested
spikes and collecting, cleaning, and air drying the grains to a 14% moisture content. Fi-
nally, both BY and GY were expressed as ton ha™, then their ratio (GY/BY) used to calcu-
late the harvest index (HI).

2.4.4. Estimation of WP and IWUE
The GY (kg ha™), ET (mm ha™), and I (mm ha) values were used in the following
equations to calculate WP (kg ha! mm) and IWUE (kg ha mm):
WP =— (5)

IWUE == (6)

2.4.5. Evaluation of Yield Response Factor

The impact of LM regime on the growth and production of wheat under mulching
and tillage practices was quantified using the Ky. The Ky based on GY and PDW for each
season as well as for each mulching treatment under each tillage practice was calculated
using the following equation [66]:

Ya\ _ _ ETq
(1-5)=rr (1-5) )
where, Y,, and ET,, are the maximum PDW or GY and maximum ET, respectively,

which were obtained from the FL regime; Y, and ET, are the actual PDW or GY and ac-
tual ET, respectively, for the LM regime.

2.4.6. Determination of Yield-ET and WUE-Yield Relationships

Regression analysis was conducted to test whether the relationships between ET and
either PDW, GY, IWUE, or WP, as well as between PDW or GY and either IWUE and WP
were significant.

2.5. Data Analysis

All data were initially checked for normality of distribution and homoscedasticity
using SPSS 22.0 software (IBM Inc., Chicago, IL, USA) and Levene’s test with general lin-
ear model, respectively. The impact of different tillage practices, irrigation regime, and
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mulching on SWS and different traits related to growth, production, IWUE, and WP were
tested with analysis of variance (ANOVA) ideal for the split-split plot design, with tillage
practices, irrigation regime, and MT being not only considered as the main plot, subplot,
and sub-subplot, respectively, but also as fixed factors. When the F-values of ANOVA
were significant, the differences among the means of treatments were compared using
Duncan’s multiple range test at 0.05 significance level. The relationships between traits
were tested using linear and quadratic regression, and the results as well as for Ky were
both plotted using SigmaPlot (v. 11.0; SPSS, Chicago, IL, USA).

3. Results
3.1. Response of Soil Water Storage to Tillage and Mulching Practices

SWS response at different soil depths to tillage practices under the FL and LM re-
gimes is shown in Figure 2. The responses were measured at three time points, including
before irrigation (at 64, 91, and 110 days after sowing, DAS) in both irrigation regimes, a
week after irrigation (at 71, 98, and 117 DAS), and two weeks after irrigation (at 78, 105,
and 124 DAS) in the LM regime. In the FL regime, SWS at 0-20 cm soil depth did not differ
between the two tillage practices, while at other soil depths (20-40 cm, 40-60 cm, and 0-
60 cm), it was significantly higher by 5.5-8.0%, 6.0-10.2%, and 3.7-12.5% at 64, 91, and 110
DAS before irrigation, respectively in CT than in RT (Figure 2).
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Figure 2. Comparison of soil water storage before irrigation, one week after irrigation, and two
weeks after irrigation between conventional tillage (CT) and reduced tillage (RT) practices at differ-
ent soil depths under limited (LM) and full irrigation (FL) regimes. Bars with different letters are
significantly different from each another on the basis of Duncan’s multiple range test at p < 0.05.
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In the LM regime, SWS was always higher in RT than in CT at 0-20 cm, 2040 cm,
and 0-60 cm soil depths, while the opposite was true at 40-60 cm soil depth (Figure 2).
Before irrigation, no significant differences in SWS between two tillage practices were ob-
served at the three tested time points at 0-20 cm and 0-60 cm soil depths, while its values
were significantly higher by 4.5-12.6% in RT than in CT at 20-40 cm soil depth, and sig-
nificantly higher by 10.3-16.4% in CT than in RT at 40-60 cm soil depth (Figure 2). At one
week or two weeks after irrigation, SWS at the three tested time points in RT was signifi-
cantly higher than those of CT by 7.0-15.0% or 9.0-10.6% at 0-20 cm soil depth, and by
7.5-12.2% or 10.9-14.0% at 2040 cm soil depth, respectively. The opposite result was ob-
served at 40—-60 cm soil depth, with SWS in CT than RT being significantly higher by 7.6—
10.6% and 7.7-14.4% at one week or two weeks after irrigation, respectively (Figure 2).

SWS responses at different soil depths to various mulching treatments before irriga-
tion in both the FL and LM regimes, and at one week or two weeks after irrigation in LM
regime are shown in Figure 3. Generally, different MT produced greater SWS relative to
NM treatment at different tested time points in both irrigation regimes. In the FL regime,
SWS of MT in most cases followed the order of PFM > PRM = MM > WSM > NM, whereas
they ranked in the order of PFM = PRM > MM > WSM > NM under the LM regime (Figure
3). The SWS under PFM, PRM, MM, and WSM in the FL regime increased by 11.7-18.8%,
7.8-13.9%, 7.2-13.6%, and 5.6-11.9%, respectively, at all different soil layers before irriga-
tion compared to NM. Compared with NM in LM regime, SWS at all different soil layers
under PFM, PRM, MM, and WSM was significantly higher by 17.7-37.4%, 13.3-34.1%,
11.3-27.4%, and 9.0-22.7% before irrigation, 14.6-29.6%, 13.9-28.8%, 11.6-22.9%, and 10.8—
20.5% at one week after irrigation, and 20.1-37.2%, 18.6-36.2%, 14.5-30.3%, and 12.1-
28.8% at two weeks after irrigation, respectively (Figure 3).
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Figure 3. Comparison of soil water storage before irrigation, one week after irrigation, and two
weeks after irrigation between different mulching practices at different soil depths under limited
(LM)and full irrigation (FL) regimes. Bars with different letters are significantly different from each
another on the basis of Duncan’s multiple range test at p < 0.05. Abbreviations in the figure indicate
no mulch (NM), plastic film mulch (PFM), wheat straw mulch (WSM), palm residues mulch (PRM),
and a mixture of wheat straw and palm residues at 50/50 ratio (MM). Bars with different letters are
significantly different from each another on the basis of Duncan’s multiple range test at p < 0.05.
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3.2. Variation in Different Traits Related to Growth, Production, and Water Use Efficiency
under Tillage and Mulching Practices

Variation results based on ANOVA test for measured wheat traits during the two
growing seasons under tillage (T), irrigation (I), mulching (M), and their possible interac-
tions are shown in Table 2. Strong significant effect (p < 0.05 and 0.01) of I and M on all
traits in the two growing seasons was observed, except for HI and WP, which showed
insignificant variation between the I treatment. There was no significant effect (p > 0.05)
of T treatment on the traits related to wheat growth, including green leaf area per plant
(GLA), PDW, and RWC. However, traits related to yield components, except HI and TGW,
yield, IWUE, and WP were significantly affected by T treatment (Table 2). The I x T and I
x M interaction had significant effect on all measured traits, except for HI in the I x T
interaction, while the M x T and M x T x I interactions showed insignificant effect on all
traits in the two growing seasons (Table 2).

Table 2. Analysis of variance (F-values) on the effects of tillage, irrigation, mulching, and their in-
teraction on different plant traits of wheat for two growing seasons.

Source df GLA PDW RWC GNPS TGW
2019-2020
Tillage (T) 1 6.18 ns 0.531ns 3.69ns 25.62 % 2.78ns
Irrigation (I) 1 635.45 *** 6933.9 *** 5249.7 *** 369.8 *** 2917.7 ***
IxT 1 26.71 ** 118.96 *** 523.73 *** 27.27 ** 282.44 *
Mulch (M) 4 23.40 *** 16.33 *** 13.65 *** 24.67 *** 47.86 ***
MxT 4 0.444 ns 0.350 s 0.190ns 0.693 s 0.318ns
M x1 4 9.17 *** 4,72 ** 5.81 ** 10.62 *** 0.563 **
MxIxT 4 0.853ns 0.252ns 0.263ns 0.170ns 0.718rs
2020-2021
Tillage (T) 1 15.19ns 7.660s 12.89ns 22.88 % 3.060s
Irrigation (I) 1 45427 *** 901.1 *** 356.85 *** 298.34 *** 2589.9 ***
IxT 1 9.45 * 23.84 ** 37.71 ** 30.68 ** 236.35 ***
Mulch (M) 4 27.48 *** 24.94 *** 10.48 *** 20.52 *** 18.17 ***
MxT 4 1.43ns 0.607 ns 0.399 ns 0.099 s 0.977rs
M x1 4 10.66 *** 10.76 *** 4.25 ** 6.10 *** 2.93*%
MxIxT 4 0.470ns 0.183ns 0.368ns 0.50ns 0.464rs
GY BY HI IWUE WP
Source df
2019-2020
Tillage (T) 1 69.28 * 48.44 % 0.0061s 228.46 ** 233.02 **
Irrigation (I) 1 911.25 *** 1211.7 *** 23.21ns 124.93 *** 3.61ns
IxT 1 9.51* 12.01* 0.248ns 26.05 ** 31.60 **
Mulch (M) 4 28.48 *** 23.27 *** 5.06 ** 33.54 *** 39.85 ***
MxT 4 0.204 ns 0.186 s 0.440ns 0.192ns 0.384ns
M x1 4 345* 0.828 *** 9.65 *** 12.49 *** 14.67 ***
MxIxT 4 0.070rs 0.511ns 0.608ns 0.080rs 0.396ns
2020-2021
Tillage (T) 50.24 * 1113.26 *** 3.82ms 87.03 * 76.67 *
Irrigation (I) 2947.8 *** 1854.3 *** 1.31 ns 368.6 *** 0.770xns

1

1
IxT 1 25.11 ** 12.34* 2.32ns 110.68 *** 84.60 ***
Mulch (M) 4 34.74 *** 19.35 *** 16.66 *** 47.01 *** 50.39 ***
MxT 4 0.375ns 0.080ns 0.386ns 0.303 s 0.504 »s
M x1 4 5.25 ** 4.61 ** 21.68 *** 19.01 *** 19.32 ***
MxIxT 4 0.181rs 0.322ns 0.122ns 0.118s 0.411»s
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Abbreviations in the table indicate green leaf area per plant (GLA), plant dry weight (PDW)), relative
water content (RWC), number of grains per spike (GNPS), 1000-grain weight (TGW), grain yield per
ha (GY), biological yield per ha (BY), harvest index (HI), irrigation water use efficiency IWUE), and
water productivity (WP). *, **, ** ns: significant at p < 0.05, 0.01, 0.001, or not significant, respec-
tively, in the F-test.

Among the measured traits, GNPS, GY/ha, BY/ha, IWUE, and WP were superior in
RT than in CT practice (Table 3). Over the two seasons, GNPS, GY, BY, IWUE, and WP
were 5.9, 9.0, 7.8, 10.9 and 11.6% higher in RT than CT, respectively (Table 3). Except for
HI and WP, other traits were significantly different between the two irrigation regimes
(Table 3). Average GLA, PDW, RWC, GNPS, TGW, GY, and BY in the LM regime across
the two seasons were significantly lower by 35.9, 32.9, 17.0, 23.6, 31.3, 40.4 and 41.0%, re-
spectively than in the FL regime, conversely, IWUE and WUE in former regime were 16.2
and 2.0% higher than those in latter regime, respectively (Table 3).

Table 3. Impacts of tillage, irrigation, and mulching treatments on different plant traits of wheat in
two growing seasons.

GLA PDW RWC GNPS TGW GY BY HI IWUE WP
Treatments
2019/2020
NM 146.9 ¢ 6.92 c 7815c¢ 3857d 4083d 6.15d 18.73¢ 32.72b 1223d 10.90d
PFM 173.7ab 8.07a 83.57a 4352c 42.73c 6.89 c 20.47b 33.19b 14.04c 13.37c
WSM 168.4 b 7.64Db 80.55b 4516 c 44.64Db 7.28b 20.65b 35.70a 15.05b 13.67 bc
PRM 182.7 a 8.19 a 81.96b 50.04a 47.84a 7.69 a 22.04a 35.39a 16.06a 14.67a
MM 1699b 8.00ab 81.57b 47.05b 4649ab 7.44ab 21.57a 3497a 1544ab 14.04ab
FL 205.4 a 9.27 a 88.50a 5092a 52.80a 8.84 a 26.08a 33.96a 13.20b 13.12a
LM 131.2b 6.25b 73.82b 38.81b 36.21b 534Db 1530b 34.82a 1592a 13.54a
CT 163.2 a 7.73 a 80.54a 43.62b 4390a 6.79b 19.85b 34.39a 13.76b 12.52Db
RT 173.4 a 7.80a 81.78a 46.11a 45.11a 739 a 21.53a 3440a 1536a 14.14a
2020/2021

NM 140.6 d 6.90 c 7510c 3881d 3856d 5.97d 18.02¢c 3256b 11.78d 10.67 ¢
PFM 168.1ab 794a 81.28a 43.32c¢ 40.46¢ 6.46 c 19.79b 32.03b 13.05¢ 12.52b
WSM 156.5 ¢ 751Db 78.14b 45.60bc 42.37Db 6.84 b 19.71b 34.86a 14.05b 1291b
PRM 172.7 a 813a 79.85ab 48.89a 45.57a 753 a 21.09a 36.15a 1568a 14.50a
MM 163.2bc  790a 79.23ab 46.19b 4422ab 728a 2044ab 3597a 15.15a 1391a
FL 195.0 a 9.20 a 8621a 5048a 50.05a 8.58 a 2487a 3450a 12.80b 12.85a
LM 1254 b 6.15b 7123b 38.65b 34.42Db 5.05b 14.75b 3413a 15.09a 1295a
CT 157.2 a 7.58 a 78.05a 43.10b 41.60a 6.46Db 19.00b 33.86a 13.03b 12.10b
RT 163.2 a 7.77 a 7940a 46.03a 42.88a 7.17 a 20.61a 34.77a 1485a 13.70a

Abbreviations in the table indicate green leaf area per plant (GLA), plant dry weight (PDW)), relative
water content (RWC), number of grains per spike (GNPS), 1000-grain weight (TGW), grain yield per
ha (GY), biological yield per ha (BY), harvest index (HI), irrigation water use efficiency (IWUE),
water productivity (WP), no mulch (NM), plastic film mulch (PFM), wheat straw mulch (WSM),
palm residues mulch (PRM), and a mixture of wheat straw and palm residues at 50/50 ratio (MM),
conventional tillage (CT), reduced tillage (RT), full irrigation regime (FL), and limited irrigation re-
gime (LM). The different letters indicate statistical significance at the 0.05 level.

The different MT affected all measured traits in the two growing seasons. Generally,
NM treatment always exhibited the lowest values for all traits, whereas PFM and PRM
exhibited the highest values for traits related to wheat growth, including GLA, PDW, and
RWC. Similarly, PRM and MM exhibited the highest values for IWNUE, WP, and traits as-
sociated with wheat production, including GNPS, TGW, GY, BY, and HI (Table 3). Traits
related to growth in different MT followed the order of PRM = PFM = MM > WSM > NM,
whereas those related to production and water use efficiency appeared in order of PRM =
MM > WSM > PFM > NM (Table 3).
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Figure 4 shows the response of different wheat traits to two tillage practices under
each irrigation regime. Generally, no significant difference in all traits was observed be-
tween CT and RT under FL regime, whereas the values of most traits were significantly
higher in RT than in CT under LM regime. Over the two seasons, GLA, PDW, RWC,
GNPS, TGW, GY, BY, IWUE, and WP values were 14.9, 9.0, 8.0, 14.9, 16.1, 17.4, 15.9, 17.4
and 18.8% higher in RT than in CT under LM regime, respectively (Figure 4).

The responses of different wheat traits to five MT under each irrigation regime in the
first and second seasons are shown in Figures 5 and 6, respectively. In both irrigation re-
gimes, the values of different traits were significantly higher in the four MT (PFM, WSM,
PRM, and MM) than in the NM treatment, with the differences being mostly apparent
under LM treatment. Average GLA, PDW, RWC, GNPS, TGW, GY, BY, IWUE, and WP
values across the two seasons were higher for four MT than for NM treatment by 8.0-
18.8%, 3.5-10.7%, 1.1-2.4%, 4.9-11.2%, 1.1-8.0%, 4.6-11.0%, 1.1-11.4%, 4.6-11.0%, and 5.2—
11.1% under the FL regime, and 10.2-26.1%, 14.0-26.7, 6.3-12.4%, 19.2-34.5%, 9.9-24.6%,
17.3-34.5%, 13.4-20.6%, 17.3-34.5%, and 27.9-39.3% under the LM regime, respectively.
Based on these range values, the highest increase in the three growth traits (GLA, PDW,
and RWC) was observed with PRM under the FL regime, and with PFM under the LM
regime, while the highest increase in traits related to production and water use efficiency
was observed with PRM. In contrast, the lowest increase was detected with PFM under
both irrigation regimes.
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Figure 4. Response of different traits of wheat to the interaction between tillage practices and irri-
gation regimes in 2019-2020 (S1) and 2020-2021 (S2) growing seasons. Abbreviations in the figure
indicate conventional tillage (CT), reduced tillage (RT), full irrigation regime (FL, 1.00 ET) and lim-
ited irrigation regime (LM, 0.50 ET). The different letters indicate statistical significance at the 0.05
level.
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Figure 5. Response of different traits of wheat to the interaction between mulching practices and
irrigation regimes in 2019-2020 growing season. Abbreviations in the figure indicate no mulch
(NM), plastic film mulch (PFM), wheat straw mulch (WSM), palm residues mulch (PRM), and a
mixture of wheat straw and palm residues at 50/50 ratio (MM), full irrigation regime (FL, 1.00 ET)
and limited irrigation regime (LM, 0.50 ET). The different letters indicate statistical significance at
the 0.05 level.
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Figure 6. Response of different traits of wheat to the interaction between mulching practices and
irrigation regimes in 2020-2021 growing season. Abbreviations in the figure indicate no mulch
(NM), plastic film mulch (PFM), wheat straw mulch (WSM), palm residues mulch (PRM), and a
mixture of wheat straw and palm residues at 50/50 ratio (MM), full irrigation (FL, 1.00 ET) and lim-
ited irrigation (LM, 0.50 ET) regimes. The different letters indicate statistical significance at the 0.05
level.
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3.3. Evaluation of Tillage and Mulching Practices under LM Regime Using Yield Response
Factor

The ky values representing the relationship between the relative decrease in PDW
(Kyrpw) or final GY (Kycy) and the corresponding relative ET deficits were calculated
based on the pooled data of T, I, and M treatments (Figure 7), as well as based on individ-
ual MT for each tillage practice under the LM regime (Table 4). The Kyrow values based
on the pooled data were <1.0, with 0.88 and 0.89 in the first and second season, respec-
tively (Figure 7A), while the Kycy values were greater 1.00, with 1.04 and 1.11 in the first
and second season, respectively (Figure 7B).

1- (ETa/ETm)
0.4 0.3 0.2 0.1 0.0

S1,Y =0.88 x, R2
S2,Y =0.89 x, R2

A

0 72*36*
0 74*36*

W
1- (PDWa/PDWm)

1- (GYa/GYm)

Figure 7. Yield response factor (ky) for pooled data of tillage, irrigation, and mulching treatments
shown as the relationship between the relative decrease in plant dry weight (PDW) (A) or grain
yield GY (B) and the corresponding relative decrease in evapotranspiration (ET) for 2019-2020 (S1)
and 2020-2021 (S2) growing seasons. *** indicate significant at p < 0.001.

Table 4. Yield response factor (ky) shown as the relationship between the relative decrease in plant
dry weight (Kyrow) and grain yield (Kycy) and the corresponding relative decrease in evapotranspi-
ration for different mulching treatments under conventional tillage (CT) and reduced tillage (RT)
practices in the 0.50 ET treatment in two growing seasons.

i . Kyrpw Kycy
Tillage Mulching
2019-2020 2020-2021 2019-2020 2020-2021
NM 1.37 1.34 1.68 1.69
CT PFM 0.65 0.74 1.13 1.30
WSM 1.09 1.06 1.17 1.23

PRM 0.89 0.89 0.99 0.99
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MM 0.99 0.98 1.09 1.06
NM 1.22 1.24 1.39 1.45
PFM 0.63 0.57 0.90 0.99
RT WSM 0.82 0.93 0.83 0.95
PRM 0.72 0.70 0.68 0.74
MM 0.77 0.73 0.78 0.81

Abbreviations in the table indicate no mulch (NM), plastic film mulch (PFM), wheat straw mulch
(WSM), palm residues mulch (PRM), and a mixture of wheat straw and palm residues at 50/50 ratio
(MM).

Different MT in each tillage practice also had significant effects on Kyrow and Kycy
under the LM regime, with NM and PRM values in both tillage practices being > 1.0 and
<1.00, respectively, in both seasons (Table 4). Kyeow and Kycy values for the four MT were
<1.00 in RT, while the values in CT varied with the measured traits. Kyrow and Kycy val-
ues for PFM and MM were < 1.00, whereas Kycy values for both MT and Kyrow and Kycy
values for WSM were > 1.00 (Table 4).

3.4. Evaluation of the Relationships between PDW, GY, IWUE, WP, and ET

The relationships between ET and PDW, GY, WP, and IWUE are shown in Figure 8.
The quadratic parabola was selected as the model that best describes these relationships
after pooling all of the datasets. These results showed that about 94-96%, 86-89%, 16-38%
and 29-48% of the variation in PDW, GY, WP, and IWUE, respectively, could be attributed
to the variations in ET. Additionally, wheat required minimum ET of 382.5 mm, 478.0 mm,
493.3 mm, and 477.5 mm in the first season and 425.0 mm, 460.8 mm, 526.1 mm, and 558.3
mm in the second season to reach the maximum values of PDW, GY, WP, and IWUE,
respectively, under different tillage and mulching practices (Figure 8A-D).
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Figure 8. The fit regression models between seasonal evapotranspiration (ET) and plant dry weight
(A), grain yield (B), water productivity (WP, C), and irrigation water use efficiency (IWUE, D) in
the first season (S1) and second season (52). *, **, and *** indicate significant at p < 0.05, 0.01, and
0.001, respectively; ns indicates not significant.
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Regression analysis also showed that a quadratic function could fit the relationships
of WP and IWUE with PDW and GY (Figure 9), with PDW explaining 43-48% and 58—
61% (Figure 9A,B), while GY explaining 58-60% and 52-61% (Figure 9C,D) of the variation
in WP and IWUE, respectively. Additionally, maximum WP was achieved at 7.45 and 7.36
g plant™? (Figure 9A) and 6750.0 and 6700.0 kg ha™ (Figure 9C), while maximum IWUE
was obtained at 6.85 and 6.92 g plant™ (Figure 9B) and 6714.3 and 6833.3 kg ha (Figure
9C) in the first and second seasons, respectively, followed by a significant decrease in both
WP and IWUE.
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Figure 9. The fit regression models between of plant dry weight (A,B) and grain yield (C,D) with
water productivity (WP) and irrigation water use efficiency IWUE) in the first season (S1) and sec-
ond season (52). **, and *** indicate significant at p <0.01 and 0.001, respectively.

3.5. Relationship of SWS with PDW, GY, IWUE, and WP

The functional relationships of SWS with PDW, GY, IWUE, and WP at different soil
depths measured prior to the next irrigation using the pooled data of T, I, and M treat-
ments are shown in Figure 10 and Table 5. Generally, the relationship of SWS with PDW
and GY at different soil depths and measured time points was linear, while its association
with INUE and WP was quadratic. Additionally, SWS at different soil depths and meas-
ured time points showed strong and significant with PDW (R2 range 0.69 to 0.92) and GY
(R? range 0.57 to 0.81). In contrast, SWS at different soil depths and measured time points
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had moderate to strong relationship with WP (R? range 0.29 to 0.54), with the exception of
SWS at 40-60 cm soil depth, which showed insignificant relationship with WP. Moreover,
SWS at different soil depths at 64 DAS, or at 40-60 cm soil depth at 91 DAS showed a
moderate relationship with IWUE (R? range 0.30 to 0.35). In contrast, other SWS showed
weak and insignificant relationship with IWUE (Figure 10).
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Figure 10. Functional relationship between the soil water storage measured before irrigation at 64
(circle green), 91 (circle blue), and 110 (circle pink) days after sowing at deferent soil depth and grain
yield (GY), plant dry weight (PDW), irrigation water use efficiency IWUE), and water productivity
(WP) using the pooled data of tillage, mulching, and irrigation treatments. *, **, and *** indicate
significant at p <0.05, 0.01, and 0.001, respectively; ns indicates not significant.
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Based on the relationship slopes of SWS with PDW and GY, the results in Table 5 indicated

that at different measured time points of SWS, a 10 mm increase in SWS at the 0-20 cm, 2040
cm, and 40-60 cm soil depths caused an increase of 0.53-0.66, 0.49-0.74, and 0.30-0.55 g plant™
in PDW, and an increase of 0.58-0.74, 0.55-0.80, and 0.32-0.58 ton ha™ in GY, respectively. Quad-
ratic relationships of SWS with INUE and WP indicated that IWUE and WP increased with the
increase in SWS until SWS values reached 130.3-152.4 mm and 147.5-172.1 mm at the 0-20 cm
soil depth, 142.7-189.6 mm and 148.0-208.0 mm at the 20-40 cm soil depth, and 137.5-217.5 mm
and 143.3-243.1 mm at the 40-60 cm soil depth. Both IWUE and WP subsequently decreased
with the increase in SWS (Table 5).

Table 5. Functional relationship between plant dry weigh (PDW), grain yield (GY), irrigation water
use efficiency (IWUE), and water productivity (WP) (Y) and total soil water storage before irrigation
(x) at different soil depths and measured time points.

Days after Equation Equation
Sowing Soil Depths An Increase in PDW and GY for each 10 mm Increase in SWS
PDW g plant! GY ton ha!
0-20 Y =0.053x - 1.28 0.53 Y =0.058x —2.82 0.58
64 20-40 Y =0.049x - 1.86 0.49 Y =0.055x - 3.72 0.55
40-60 Y =0.030x - 1.39 0.30 Y =0.032x - 0.056 0.32
0-20 Y =0.063x - 1.68 0.63 Y =0.070x - 3.45 0.70
91 20-40 Y =0.068x - 3.14 0.68 Y =0.071x - 4.49 0.71
40-60 Y =0.051x - 0.496 0.51 Y =0.053x - 1.70 0.53
0-20 Y =0.066x - 1.45 0.66 Y =0.074x - 3.46 0.74
110 20-40 Y =0.074x - 3.13 0.74 Y =0.080x - 4.80 0.80
40-60 Y =0.055x - 0.938 0.55 Y =0.058x - 2.13 0.58
Days after _ . Optimal SWS for Maximizing IWUE and WP
Sgwing Soil Depths IWUE mm WP mm
0-20 Y =-0.0017x2 + 0.518x — 24.58 152.35 Y =-0.0012x2 + 0.413x — 20.88 172.08
64 20-40 Y =-0.0012x2 + 0.455x — 26.51 189.58 Y =-0.001x2 + 0.416x — 27.27 208.00
40-60 Y =0.0002x2 -0.087x +25.79 217.50 Y =0.00008x2 — 0.0389x + 17.38 243.13
0-20 Y =-0.0024x2 + 0.672x — 31.31 140.00 Y =-0.002x2 + 0.610x — 31.42 152.50
91 20-40 Y =-0.002x2 + 0.638x — 34.95 159.50 Y =-0.0022x2 + 0.731x — 46.94 166.14
40-60 Y =-0.00006x2 — 0.0194x + 19.07 161.67 Y =-0.0003x2 - 0.086x + 6.50 143.33
0-20 Y =-0.0017x2 + 0.443x — 14.07 130.29 Y =-0.0018x2 + 0.531x — 24.48 147.50
110 20-40 Y =-0.0028x2 + 0.799x — 40.51 142.68 Y =-0.0027x2 + 0.799x — 45.37 147.96
40-60 Y =-0.0006x2 + 0.165x + 4.64 137.50 Y =-0.0007x2 + 0.236x — 5.13 168.57

4. Discussion

Maximizing WP via innovative water-saving measures has emerged as a viable strat-
egy to tackle the water shortage problem in arid and semiarid countries. Generally, un-
productive water loss through E, which accounts for 30-60% of total ET in wheat crops
[25], and through infiltration under the root zone are the key factors causing low WP un-
der traditional agronomic practices, such as the nonmulching CT [67]. It is likely that no
tillage or at least RT practice combined with mulching using different materials is a prom-
ising and a potentially efficient strategy for improving WP at field scale. This is because
the combination between both practices have numerous merits, including improved sev-
eral soil physiochemical and biological properties, reduced daily changes in soil temper-
ature, and reduced amount of water lost through E and percolation under the root zone
[33,34,40-48,68,69]. Due to these aforementioned benefits, combining two agronomic
practices can lead to enhanced SWS in the root zone, consequently increasing the available
water for plants, thus, simultaneously promoting crop growth, yield, and WP under DI
condjitions.
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4.1. Effects of Tillage and Mulching Practices on SWS

Previous studies have shown that RT is more effective at increasing SWS by inhibit-
ing soil E and water infiltration beneath the root zone, resulting in minimum water con-
sumption compared to CT [5-7,64,70,71]. In this study, the effects of tillage practice on
SWS strongly correlated with irrigation regimes. SWS at the 2040, 40-60, and 0-60 cm
soil depths were significantly higher in CT than that in RT under the FL regime, while
under the LM regime, SWS was always higher in RT than in CT at the 0-20, 2040, and 0-
60 cm soil depths, with the opposite result being true at 40-60 cm soil depth (Figure 2).
These results indicated that RT rather than CT was more effective at improving SWS un-
der DI conditions, while the opposite was true under sufficient irrigation water supply.
The ability of RT to conserve soil water under the LM regime could be due to its capacity
to reduce topsoil surface disturbance, resulting in reduced amount of water lost through
E and infiltration beneath the root zone. In normal water supply, CT practice is principally
used to increase soil porosity and establish channels in the soil surface layer to increase
SWS in deep soil layers and avoid water loss through E from the upper soil surface.

We also observed that SWS at different soil depths and measured time points were
significantly affected by MT, with different MT producing greater SWS relative to NM
under both irrigation regimes (Figure 3). Additionally, SWS of different MT followed the
order of PFM > PRM = MM > WSM > NM under the FL regime, whereas they ranked in
the order of PFM = PRM > MM > WSM > NM under the LM regime (Figure 3). These
results demonstrated that PFM and PRM were most effective followed by MM and SM at
conserving soil water than NM. Previous studies have reported that compared to bare soil
cultivation, mulching the soil surface significantly promote SWS by improving the soil
structure, thereby reducing ineffective soil E, and raising the soil water level from deeper
to the crop-available layer. Additionally, various mulching materials show different ef-
fects on SWS [5,7,16,55,72]. This study compared SWS between three types of mulching
treatment and the results showed that PEM could store more water under both irrigation
regimes than crop residue mulching. This may be attributed to the fact that plastic film
material forms a thin barrier between the soil surface and atmosphere, thus blocking water
vapor escape from the soil into the atmosphere, consequently improving the ineffective
soil E status and storing more water in the root zone [8,13,16,73]. PRM and to an extent
WSM, and integration of both materials (MM) produced competitive performance with
those of PFM in enhancing SWS (Figure 3). The ability of different plant (palm and wheat
straw) residues to conserve soil water might be attributed to the fact that the thickness of
plant residue mulch decreases the rate of water loss via E by lowering the rate of water
loss through vapor flux from the soil water. Mulch thickness creates shading and insulator
material, thus reducing solar radiation reaching the soil surface, thereby reducing soil
temperature and the amount of latent heat flux required to convert soil water to vapor,
which is lost from the soil surface through E. Decomposition of these plant materials can
also improve several soil physical and biological properties, particularly those related to
improved water storage capacity and increased soil water infiltration [3,5,55,73-75].

4.2. Effects of Tillage and Mulching Practices on Different Wheat Traits

Different traits related to wheat growth and production was significantly lower un-
der the LM regime than FL regime, while the opposite was true for IWUE and WP traits
(Table 3). A significant reduction of 17.0-41.0% in different traits were observed in the LM
regime than in the FL regime (Table 3), which indicated that wheat is very sensitive to DI.
On the other hand, IWUE in the LM regime increased by 16.1%, which suggested that DI
is a key strategy that could be used to reduce irrigation water amounts and increase WP
in the arid and semiarid countries. It has been reported that the WP of different cereal
crops can be increased by approximately 10%—42% under the LM regime than the FL re-
gime [2,76-78]. However, the LM regime caused a significant decrease in GY by 40.4%
(Table 3), which suggested the complexity of applying this treatment to wheat crop
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without an accompanying reduction in their production. Therefore, coupling DI strategy
with other agronomic practices is imperative in order to reduce amount of water lost
through soil E and/or by leaching under the root zone. Overall, this study show that both
tillage and mulching practices play vital roles in enhancing the growth, production, and
WUE of the wheat crop as a general effect and as a specific impact when both practices
are combined with irrigation regimes (Table 3 and Figures 4, 5 and 6).

This study showed that tillage practices had significant effects on GY and their com-
ponent except for TGW and HI, as well as on IWUE and WP, but not on traits related to
wheat growth (Table 2), with the values of these traits under RT being 5.9-11.6% higher
than their corresponding values in CT (Table 3). Additionally, no significant differences
were detected in all traits between CT and RT under the FL regime, whereas their values
in RT were 8.0-18.8% higher than in CT under the LM regime (Figure 4). These findings
clearly demonstrate that RT is potentially an effective practice for mitigating the negative
impacts of DI on wheat production, by enhancing IWUE and WP. The higher efficiency of
RT in enhancing the production and WUE of wheat under the LM regime could be at-
tributed to the fact that RT practice can change crop water consumption pattern and in-
crease plant-available water. This is because it can increase water storage in the root zone,
reduce the amount of water lost through both evaporation and leaching, decrease soil
temperature, increase root surface area, increase nutrient and water uptake, enhance
quantity and quality of soil organic matter, and reduce soil-leaf water potential gradient
[5-7,60,71,79-81]. These benefits associated with RT might explain why the practice was
more effective than CT at improving different wheat traits related to the growth, produc-
tion, and WUE under the LM regime.

Different MT also showed significant effects on all measured traits (Table 2), with the
highest values being obtained for wheat traits associated growth (GLA, PDW, and RWC)
under PFM and PRM. In contrast, PRM and MM exhibited the highest values of traits
related to production, IWUE, and WP (Table 3). Moreover, the response of different traits
to MT varied with irrigation regime. For example, compared with NM treatment, the
highest increase in the three growth traits was observed with PRM under the FL regime
and with PFM under the LM regime, while the highest increase in traits of wheat produc-
tion, IWUE, and WP was found with PRM, and the lowest increase was observed with
PFM under both irrigation regimes (Figures 5 and 6). These findings demonstrated that
(1) PEM is likely to be an effective practice during the early growth stages when the air
temperature is low. However, its performance failed to compete with those of the three
plant residue MT (PRM, WSM, and MM) during the reproductive growth stages under
the LM regime when the air temperature is high, (2) compared to PFM, the different MT
using plant residues slightly improved the growth, production, and WUE of wheat under
the FL regime, (3) PRM is more effective at improving growth and production of wheat
than WSM, while the latter is more effective than PFM but less effective than MM at en-
hancing the production and WUE of wheat under FL and LM regimes, and (4) the NM
treatment failed to compete with any MT, particularly MT with plant residues, under both
irrigation regimes. These findings can be explained as follows. First, due to low air tem-
perature during early growth stage, plastic film mulching often significantly increase the
moisture and temperature of the topsoil [7,39,82-84], which are necessary for enhancing
the early seedling growth of wheat. However, prolonged retention of high temperature
underneath the plastic film during reproductive growth stages with the high air temper-
ature, leading to root and leaf senescence and subsequent poor wheat seed development
as was evidenced by less GNPS, and low TGW and HI, particularly under the LM regime
(Figures 5 and 6). This might explain why the positive impact of PFM treatment on wheat
tended to be higher in their early than late growth stages. Second, MT using different plant
residues performed better than PEM under the FL regime, probably because mulching
with plant residues not only sustains an optimum soil water content in the root zone, but
also improves various soil physical, chemical, and biological proprieties, as well as nutri-
ent use efficiency by promoting their slow releasing and providing additional nutrient
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source for plants [39,40-46,85-87]. Decomposition rate of plant residue, which is always
rapid under high soil moisture content, and the type of plant residues are the two key
factors determining the amounts of nutrients and the type of minerals it releases into the
soil, thus, contributing to the benefits of plant residue mulching [48,88]. This might ex-
plain why plant residue mulching was more effective than PFM at enhancing the produc-
tion, INUE, and WP of wheat under the FL regime. Additionally, it might explain why
palm residues mulch alone (PRM) or in combination with wheat straw (MM) were more
effective than WSM alone at improving the growth and production of wheat under both
irrigation regimes. Third, the end crop production is closely associated with soil temper-
ature and water content, especially at relatively sensitive growth stages. Crop residue
mulching typically forms a physical barrier between the soil surface and atmosphere,
blocking the solar radiation reaching the topsoil surface, and reducing both available en-
ergy for soil evaporation and air convection on the soil surface. Therefore, this practice
ultimately maintains favorable soil water content and soil temperature in the crop root
zone during high air-temperature conditions [6,81,84]. Maintaining these favorable con-
ditions during wheat reproductive growth stages when air temperature is high could ex-
plain why crop residue mulch rather than plastic film or bare soil treatments was more
effective at enhancing the production, IWUE, and WP of wheat, particularly under the LM
regime.

4.3. Optimal Combinations between Tillage and Mulching Practices for Enhanced Growth,
Production, and WP under DI Conditions

Determining the optimal combinations between tillage and mulching practices could
further enhance the growth, production, and WP of wheat, particularly under the LM re-
gime. Ky values, which determines the acceptance or rejection of reduction degree in
growth and/or yield caused by decreased irrigation water supply [66,89], represent a prac-
tical way to identify optimal couplings between tillage and mulching practices under the
LM regime. Generally, Ky values < 1 indicate that a decrease in growth and yield caused
by decline in irrigation water supply is insignificant and can be ignored, and vice versa
when Ky values are > 1 [2,90]. The results from the two growing seasons in this study
showed that Ky values for pooled data based on PDW (Kyrow) were < 1, while those based
on GY (Kycy) were slightly > 1 (1.04 and 1.11 in first and second seasons, respectively)
(Figure 7), which were still comparatively lower than the 1.15 reported by Doorenbos and
Kassam [66] for spring wheat. This finding indicates that the growth and production of
wheat could be improved under the LM regime in arid and semiarid countries through
optimal combinations of tillage and mulching practices. This hypothesis was supported
by the wide range of Ky values observed among the different mulching practices in both
tillage practices under the LM regime (Table 4). Generally, mulching the soil surface
helped cushion against the negative impacts of DI on wheat growth and production, while
the effectiveness of mulching materials for cushioning against the adverse DI effects de-
pended on tillage practices (Table 4). All mulched treatments helped cushion against the
negative impacts of DI on plant growth and GY (Kyrow and Kycy < 1) when integrated
with RT practice. However, under CT, MT with wheat straw (WSM) failed to cushion
against the negative impacts of DI on growth and GY (Kyeow and Kycy > 1). In contrast,
mulching with PFM and a mixture of palm residues and wheat straw (MM) cushioned
against the negative impacts of DI on plant growth (Kyeow < 1) under CT, but failed to
cushion against the adverse DI effects on GY (Kycy > 1). Kyeow and Kycy values for NM
treatment were significantly > 1, but significantly < 1 for PRM under both tillage practices
(Table 4). These findings indicate that tillage practices and mulching materials are crucial
for cushioning against the adverse impacts of the LM regime on growth and production
of wheat crop under arid conditions. The effectiveness of RT at improving different soil
physical, chemical, and biological properties, for optimum moisture and soil heat status
[5,6,60,61,71,80,81,84] could explain why this practice is more effective than CT at cush-
ioning the negative impacts of the LM regime on growth and production of wheat crop



Agronomy 2022, 12, 2235

26 of 31

when integrated with MT. The gradual weakening of WSM effectiveness at reducing soil
evaporation and maintaining soil water content over time through natural decomposition
process [5,6,60], could explain why wheat straw is a less effective mulching material for
mitigating the adverse impacts of the LM regime on both wheat growth and production
under CT practice, which further contributes to increased soil evaporation and reduced
soil water content. Integrating plastic film mulching with CT significantly increased soil
temperature, especially in the middle and late growth stages when the air temperature is
high. This could explain why PFM treatment failed to mitigate the negative impacts of the
LM regime on GY (Kycy > 1).

Crop water production function, which define the response of growth and GY to var-
ying levels of ET, also represent a practical way of assessing the efficiency of different
water management practices that aimed at enhancing growth and production of a given
crop under varying levels of water input [91-93]. Our results indicated a curvilinear rela-
tionship of PDW, GY, WP, and IWUE with ET for pooled data of T, M, and I treatments
(Figure 8). This indicates that different tillage and mulching practices have significant im-
pacts on the growth, production, and WP of wheat under arid conditions by indirectly
impacting ET and directly influencing SWS, soil temperature, and soil evaporation, par-
ticularly during the sensitive phenological crop stages. These observations are consistent
with those reported by Yang et al. [26] for dryland wheat under PEM and DI practices.
Similarly, our results agree with those of dryland wheat [94] and dryland potato [95] un-
der tillage and mulching practices, which showed that quadratic polynomial relationship
could best describe the relationship between yield and ET. The observed curvilinear rela-
tionship in this study indicates that PDW, GY, IWUE, and WP of wheat under different
tillage and mulching practices does not always increase with increasing ET and amount
of irrigation. In this study, PDW, GY, IWUE, and WP were decreased when ET values
exceeded a certain critical value, which was 382.5 mm, 478.0 mm, 493.3 mm, and 477.5
mm in the first season and 425.0 mm, 460.8 mm, 526.1 mm, and 558.3 mm in the second
season, respectively (Figure 8). These findings suggest that wheat crop required about
400-500 mm of water during the entire growth period. Thus, this obtained ET amount
could form a reference for adjusting the irrigation quota to improve the sustainability of
wheat production and WUE in arid and semiarid conditions. The ET values reported in
this study are comparable with those of Yang et al. [26], who reported that 400 mm is the
recommended input of spring wheat during the entire growth period under the combina-
tion of film mulching practice and regulated irrigation in Northwest China.

The association of PDW and GY with WP is another practical way of determining the
optimal water management practices in arid and semiarid regions [92,96]. Linear and to
some extent curvilinear have been reported as the best models for describing the relation-
ship between GY and WP. Based on R? values obtained in this study, the polynomial
model was selected as the best model to describe the relationship of PDW and GY with
WP and IWUE for pooled data of T, M, and I treatments (Figure 9). The curvilinear rela-
tionship implied that WP and IWUE did not always increase with increasing PDW or GY.
About 40-60% of the variation in WP and IWUE was not explained by PDW or GY in this
study (Figure 9), suggesting that other factors could explain the remaining variation under
tillage and mulching practices. The combination of RT and mulching practices tended to
simultaneously maximize GY and WUE by reducing water loss through soil E and leach-
ing beneath the root zone, as well as enhancing soil water-holding capacity and optimiz-
ing soil heat status. This suggested that SWS and soil temperature in the root zone could
potentially be other additional factors explaining the variation in WP and IWUE under
different tillage and mulching practices.

A linear and significant relationship between SWS at different soil depth measured
before irrigation, and PDW and GY was observed in this study, while curvilinear relation-
ships existed between SWS, and IWUE and WP (Figure 10). These findings indicate that
improving the growth and production of wheat under the LM regime directly depends
on the effectiveness of the integrated tillage and mulching practices for conserving more
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soil moisture. Thus, SWS changes in the root zone could result in corresponding linear
changes in wheat growth and production. The relationship slope of SWS with PDW or GY
indicated that PDW and GY increased by 0.30-0.74 g plant™ and 0.32-0.80 ton ha™!, respec-
tively, for each 10 mm increase in SWC in the root zone (Table 5). However, the curvilinear
relationships of the root zone SWS with IWUE or WP indicated that the WUE of wheat
varied substantially and significantly under different combinations of tillage and mulch-
ing practices, and the variation was not only dependent on the ability of combinations to
conserve more soil moisture in the root zone, but also their capacity to achieve high GY.
For instance, although PFM conserved more soil moisture at different soil depth than the
three plant residue MT (WSW, PRM, and MM,; Figure 3), the GY of plant residue MT was
higher than those for PFM, which produced grater IWNUE and WP in the three plant resi-
due MT than in PEM treatment (Table 3). The reduction in GY under PFM relative to plant
residue MT might be because PFM caused higher soil temperature in the root zone during
reproductive growth stages, which together with high air temperature during this stage
led to root and leaf senescence and subsequent poor seed development and lower crop
production [7,84]. Additionally, high soil temperature underneath the plastic film during
early growth stage caused rapid growth of wheat as evidenced by high GLA and PDW
under PFM treatment (Table 3). Such rapid growth cause more nutrients uptake during
early wheat growth stage, resulting in depleted nutrients in the late growth stage and
subsequent low wheat production. However, plant residue MT not only improved SWS
by reducing soil evaporation, but also helped decrease the surface soil temperature during
high air temperature. Plant residue mulching also improved the nutrient availability for
plants during reproductive growth stages, which ultimately caused higher GY as well as
greater INUE and WP. Overall, these observations indicated that SWS is not the only rea-
son for enhancing IWUE and WP under MT. This might explain why the relationship of
SWS with INWUE and WP was quadratic and while the variation in IWUE and WP under
MT could be explained by SWS, GY, and other factors.

5. Conclusions

This study was conducted during two seasons to evaluate the effects of different till-
age and mulching practices on sustainable production and WP of wheat in Saudi Arabia
as a typical arid country. Based on the overall results of this study, we found that the
different tillage and mulching practices had significant effects on SWS at different soil
depths and measured time points, with RT storing more water than CT in the top 40 cm
soil layer, while different MT followed the order of PFM = PRM > MM > WSM > NM under
the LM regime. PFM effectively increased SWS and improved the traits related to wheat
growth, however, it generated lower values for traits related to production, IWUE, and
WP compared to treatments mulched with plant residues. The two tillage practices
showed no significant difference in all traits under the FL regime, while all traits increased
by 8.0-18.8% in RT than in CT under the LM regime. Ky values indicated that the combi-
nation of any tillage practices with PRM or combination of RT with any mulching prac-
tices could effectively improve growth and enhance wheat production under the LM re-
gime as the treatments produced Kyrow and Kycy values < 1. The relationship of ET with
PDW, GY, WP, and IWUE indicated that wheat required an ET of 403.8, 469.4, 509.7, and
517.9 mm, respectively to achieve the highest values for these traits under different tillage
and mulching practices. PDW and GY were linearly and strongly correlated (R2 range:
0.57-0.92), while INUE and WP were characterized by a second-order polynomial and
moderate correlation (R2 range: 0.29-0.54) with SWS at different soil depths measured
before irrigation. Overall, soil conservation practices, including RT integrated with plant
residues mulching, particularly palm residues, which are available in sufficient amount
in Saudi Arabia, can serve as a feasible and sustainable strategy for sustaining crop pro-
duction system in a typical arid country, such as Saudi Arabia.
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