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ABSTRACT 

Soil physical degradation, specifically environmental degradation due to agriculture 
activity is a pressing issue in Pakistan causing reduction in agriculture performance. In this 
context, the study was conducted to assess water use efficiency, different components of 
water cycle, soil physical quality index, soil organic carbon pool and sequestration, and soil 
physical properties for sustainable wheat and maize production under different soil and water 
management regimes. Furthermore, an economic analysis was also carried out. Two Studies 
were conducted, Study-1 consisted of three irrigation levels and two sowing methods and 
Study-2 consisted of three mulching levels and two sowing methods. Irrigation levels were 
maintained fortnightly in wheat and weekly in maize on the basis of soil field capacity in 
combination with bed and flat sowing systems in Study-1. However, wheat straw and farm 
manure amendments were used as surface cover @ 8 Mg ha-1 in combination with bed and 
flat sowing systems in Study-2. In both studies, Randomized Complete Block Split Plot 
Design was used. Sowing methods, i.e. bed and flat sowing were kept in main plot, and 
amounts of irrigation and mulch levels were kept in sub plots.     

All the treatments showed maximum leaf area index (LAI) 75 and 60 days after 
sowing in wheat and maize crops, respectively, compared with earlier observation times 
(Study-2). However, Bed sowing + FC100 (T2) combination showed maximum LAI 4.55 
(wheat) and 6.50 (maize) which was 6.4 and 6.9 %, 5.3 and 3.7 %, 16.3 and 14.2 %, 9.3 and 
6.6 % and 14.8 and 10.4 % higher in wheat and maize, respectively, compared with Bed 
sowing + FC125 (T1), Bed sowing + FC75 (T3), Flat sowing + FC125 (T4), Flat sowing + FC100 
(T5) and Flat sowing + FC75 (T6), respectively. Treatment T2 also showed maximum 1000-
grain weight, i.e. 50.5 (wheat) and 439.2 g (maize) and minimum was noted in treatment T4, 
i.e. 30.7 (wheat) and 263.1 g (maize). Interactive effect of mulch and sowing methods was 
also found significant on grain yield of wheat and maize. Wheat straw and farm manure 
mulching materials showed 26.3 and 20.3 % and 43.2 and 25.7 % increase in grain yield of 
wheat and maize, respectively on bed sowing system compared with Bed sowing + 
Mulchcontrol (T1) treatment. 

 Furrow irrigated raised bed technique was found to be environmentally friendly in 
combination with farm manure compared to wheat straw having enhanced soil organic 
carbon contents. Wheat straw mulch depicted 14.4 and 6.8 % reduction in total amount of 
water applied; 8.6 and 2.2 % reduction in ETa; 58.2 and 33.1 % increase in soil water storage 
in comparison with control (no mulch) and farm manure mulch, respectively, in wheat 
season.  Wheat straw and farm manure mulching materials showed 47.0 and 35.5 %, and 57.7 
and 32.9 % increase in irrigation WUE of wheat and maize, respectively, on bed sowing 
system compared with treatment T1. Amendments wheat straw and farm manure mulch alone 
resulted in 3.49 and 2.11 % less Bulk density (BD); 6.28 and 4.50 % less Soil penetration 
resistance (SPR); 8.70 and 22.53 % more Soil organic carbon pool (SOC); 33.53 and 17.37 
% more Field saturated hydraulic conductivity (Kfs); 19.84 and 10.32 % more infiltration 
rate, respectively than control.  

 Bed sowing alone provided good soil physical health compared to flood irrigated flat 
sowing. In respective two studies, there were noted higher BD (6.02 %, 5.10 %), SPR (12.29 
%, 15.90 %), and less SOC contents (14.38 %, 22.98 %), Kfs (31.39 %, 39.09 %) and 
infiltration rates (33.45 %, 14.19 %) in flat sowing compared to bed sowing.  In Study-1, 
total amount of water applied under bed sowing system was 384.6 and 712.8 mm which 



showed 16.5 and 7.1 % reduction compared with flat sowing system in wheat and maize, 
respectively. Bed sowing showed 16.0 and 7.9 % lower ETa, i.e. 346.4 (wheat) and 533.8 mm 
(maize) in relation to flat sowing system. Soil water storage was higher, i.e. 22.2 and 30.1 % 
than that of flat sowing in wheat and maize, respectively. In Study-2, Bed sowing also 
revealed saving of water compared with flat sowing system. It was revealed that bed sowing 
system also made improvement in growth and yield components of wheat and maize 
compared with flat sowing system. Beds showed maximum 1000-grain weight, i.e. 43.1 
(Study-1) and 46.5 g (Study-2), i.e. 27.1 and 30.6 % increase over flat sowing system in 
wheat crop. Beds also enhanced the grain yield of wheat (4311.9 kg ha-1) by 37.1 % and of 
maize (9.5 Mg ha-1) by 48.4 % in relation to flat sowing (Study-1). Enhanced harvest index 
on beds was noted 18.6 % over flat sowing system in wheat crop.  

Amounts of irrigation water levels based on soil water holding capacity were assessed 
for their effects on soil physical health indicators. Increases in BD, SPR and SOC, and 
decreases in Kfs and infiltration rate were found as the amount of irrigation water increased. 
Positive but poor correlation (r = 0.32) was noted between SOC and Kfs in Study-1. Higher 
amount of irrigation, i.e. 633.3 mm was observed at FC1 irrigation level (125 % field 
capacity), followed by 403.9 and 230.7 mm at FC2 (100 % field capacity) and FC3 (75 % 
field capacity) irrigation levels, respectively, in wheat season. During the maize season FC1 
irrigation level showed 985.6 mm water, which was 33.8 and 98.1 % higher compared with 
FC2 and FC3 irrigation levels, respectively.  

 Irrigation level equivalent to 100 % FC under bed sowing method yielded optimum 
soil physical environment that resulted in enhanced grain yield of wheat by 4.6 and 10.8 % 
and of maize by 13.8 and 25.9 % compared with T1 and T3, respectively. The FC2 and FC3 
irrigation levels showed 12.5 and 20.4 % decrease, respectively, in wheat grain yield, and 
25.9 and 38.3 % decrease, respectively, in maize grain yield, compared with FC1 irrigation 
level under flat sowing system. However, treatment T2 showed maximum grain yield of 
wheat, i.e. 4526.0 kg ha-1 and of maize, i.e. 10.7 Mg ha-1 in Study-1. This treatment (T2) also 
depicted maximum harvest index, i.e. 38 % and 1000-grain weight, i.e. 46.9 g compared with 
all other treatments in wheat crop. Similar results were depicted in maize crop. In case of 125 
% FC, water use efficiency decreased in comparison with 100 % FC under both sowing 
methods. Irrigation level equivalent to 75 % FC could not fulfill the crop water requirement 
under both sowing methods, consequently the yield of wheat and maize decreased.     

When soil physical quality quantification was assessed in Study-1 using ‘S’ Index, 
bed sowing yielded 15.9 and 7.2 % higher soil physical quality index than flat sowing at 0-15 
and 15-30 cm soil depths, respectively, in April. During the November, bed sowing showed 
18.2 % increase compared with flat sowing at 0-15 cm soil depth but at lower soil depths, it 
showed no effect. Irrigation levels also showed significant effect on soil physical quality 
index, S. There were 3.8 and 8.0 %, and 3.4 and 6.2 % high values of the index, S, noted in 
FC2 and FC3, respectively in comparison to FC1 irrigation level in April and November 
seasons, respectively. In 0-15 cm depth, wheat straw and farm manure mulches showed 9.8 
and 3.4 % (April) and 9.1 and 3.6 % (November) more S value compared to no mulch plots, 
whereas in Study-2, bed sowing yielded 13.1 and 12.1 % high soil physical quality index in 
relation to flat sowing in April and November, respectively at 0-15 cm depth. As in case of 
mulching, bed sowing showed no difference compared with flat sowing system at lower soil 
depths.  



Based on this study, bed sowing along with an irrigation level of 100 % FC using an 
irrigation schedule of fifteen days in wheat and week in maize is recommended to save water 
and optimize yield of these crops. Wheat straw was found better than farm manure in terms 
of yield and water harvesting. However, higher levels of farm manure as surface mulch 
instead of incorporation are recommended to increase the soil fertility and food production. 
Future research should focus on the crop water requirement based on soil water holding 
capacity. 
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CHAPTER 1                                                     INTRODUCTION 

Owing to arid and semi arid climate, crop production in Pakistan depends on 

availability of irrigation water. Despite its one of the largest irrigation system, Pakistan has 

become a water deficit country due to loss in surface storage, drought and shift of fresh water 

from agriculture to more pressing domestic and industrial needs. Agriculture, industry and 

domestic uses will increase to 15 % of the available water resources by 2025 compared to the 

present use of 3 % (Afzal, 1999). Irrigated agriculture makes a major contribution to food 

security and is a mainstay of the economy, employing 60 % of the labour force and 

accounting for 26 % of GDP. Irrigated area is more than 80 % of cultivated area in Pakistan 

and provides more than 90 % of food production (GOP, 2000-01). The scope of further 

irrigation storage development to meet food requirements in the coming years is severely 

constrained by decreasing water resources and growing competition among agriculture, 

industrial and domestic sectors.  

The water availability at canal heads was 103.5 MAF during 2000 which decreased to 

92.3 MAF during 2009-10. Due to shortage of water supplies, canal water can only meet less 

than 40 % of the total water requirement of crops in irrigated Indus plain (Anonymous, 2009-

10). To supplement the canal supplies more than 53,000 tube wells are pumping about 62 

billion cubic meters of groundwater annually, up to 70-80 % of which is hazardous (WSIPS, 

2000). Pakistan has moved to a situation where it will not be able to meet its growing 

requirements for water in 2025 (PWP, 2001). Rising population and industry will create dual 

burden on agriculture, i.e. large population will need more food and fiber and agriculture will 

have a less reliable supply of irrigation water to meet these rising demands. The rainfall is 

also not sufficient to fulfill the water requirements for most of the crops which ranges from 

10 mm in southern parts to more than 500 mm in northern parts.  

One of the biggest water problems worldwide is its scarcity (Jury and Vaux, 2005). 

There is also a significant uncertainty about the level of water supply for future generations. 

Efficient use of water resources through improved irrigation techniques has been the focus of 

investigations during the past two decades. Thus, irrigation water management in an era of 

water scarcity will have to be carried-out most efficiently to save water and maximize its 
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productivity (Unger and Howell, 1999). To have more production with less water is one of 

the issues to be faced in the future (Sander et al., 2004). 

  Under the prevailing conditions, the need of the hour is to search new water and soil 

management strategies which could improve soil characteristics leading towards improved 

water harvesting. Soil water has high degree of temporal and spatial variability which are 

controlled by many factors such as weather, soil texture, vegetation and organic matter 

(Richard et al., 2004). An understanding of soil water balance and its variability is important 

for soil water conservation to have sustainable crop production (Doran and Parkin, 1994., 

Karlen et al., 1997). The amount of water effectively utilized by the crops is less than 20 % 

of the total water (Saeed, 1994). Therefore, conservation, sustainable and efficient use of 

water is of paramount importance for successful crop production (Balasubramaniyan and 

Palaniappan, 2001). 

Microclimate around a plant is directly affected by mulches as it modifies the 

radiation budget of the surface and decreases the soil water loss (Liakatas et al., 1986). 

Mulching is a desirable management practice which regulates farm environment and thereby 

enhances crop production through regulating soil temperature, by reducing leaching and 

evapotranspiration (Liu et al., 2000), by increasing the soil organic matter contents (Roldan 

et al., 2003) and by reducing nutrient loss due to run off (Smart and Bradford, 1999). 

Mulching with different materials e.g. straw, sand, gravel and plastic film have been applied 

to reduce evapotranspiration (Chen et al., 2007).  Wang et al. (2001) found that wheat straw 

mulch reduced evaporation by 50 % under winter wheat, and saved about 80 mm of water 

during its growth season. Moreover, it enhances yield by improving soil physical conditions, 

including improved stability in the topsoil (De Silva and Cook, 2003) and improves quality 

of wheat grain (Tiwari et al., 2003). It increases infiltration and storage of water in the 

rhizoshpere and improves structure and macro-porosity of soil (Acharya and Kapur, 1993). It 

regulates the influence of environmental factors on soil by controlling diurnal seasonal 

fluctuations in soil temperature (Lalitha et al., 2001). 

 Besides moderating soil water and temperature, mulch residue affects the dynamics 

of soil organic matter (Chantigny, 2003) and consequently, affects the environment in 

relation to loss of carbon due to varying composition. Soil organic carbon contents increase 

under crop residue mulch (Havlin et al., 1990; Saroa and Lal, 2003). However, the 
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maintenance of soil organic matter is a problem under the intense climate that aggravates the 

decomposition process. It causes loss in soil physical fertility, i.e. poor soil structure stability 

and also affects global climate change due to increasing carbon dioxide concentration. 

Different organic materials evolve CO2 in varying concentration owing to different C: N ratio 

(Gaur et al., 1971)       

 Under the prevailing high temperature, increasing soil water and carbon loss owing 

to arid and semi-arid environment, there is a need to develop and evaluate different types of 

mulches with high soil water storage and assess their relative threat regarding carbon loss to 

the environment. 

For optimum production of maize, sufficient amount of water is required, but there is 

a shortage of fresh water in Pakistan. Thus, for sustainable production of crops scientists are 

trying to explore new techniques to remediate this situation. Furrow-bed method of irrigation 

could save considerable quantity of water (Choudhry et al., 1994) and permits more efficient 

use as compared to other surface irrigation systems (Khan et al., 1998). Selvaraju and 

Iruthayaraj (1993) reported that application of irrigation water in furrows gave higher leaf 

area index, net assimilation rate, crop growth rate, and grain yield of maize than alternate or 

paired skip furrow irrigation. According to Kemper et al. (1975) irrigation by flooding water 

over the entire field results in leaching down the nitrates from the root zone causing loss of 

fertilizer. Over irrigation often leads to greater leaching loss of fertilizer and thereby reduces 

the final plant height, dry matter accumulation and grain yield of maize (Mahal et al., 2000). 

Under current water shortage situation and decreasing crop productivities, there is a need to 

develop and evaluate improved planting methods with higher water use efficiencies and 

provide more water for crop production. Some early work in Pakistan on non-permanent beds 

and furrow irrigation has reported yield increases of 20 % for wheat (Hameed and Solangi, 

1993) and 48 % for cotton (Berkhout et al., 1997). 

Both excessive and restricted supplies, of water to crops are equally harmful. Thus, 

the adoption of effective irrigation methods for crop production is required (Mahal et al., 

2000). Planting patterns significantly influence growth and yield of maize (Tollenaar and 

Aguilera, 1992). Furrow irrigation improves water use efficiency and fertilizer use efficiency 

compared to other surface irrigation systems (Choudhry et al., 1994; Khan et al., 1998). Bed 

planting reduces soil compaction by confining traffic to the furrows (Fahong et al., 2004). 
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Efficient use of irrigation water not only saves available water supplies, but also has direct 

impact on alleviating salinity and water logging. Choudhury et al. (2007) observed water 

saving of 25-35 % for rice-wheat under furrow bed over basin with an increase in yield of 6-

52 %. Conventionally, Pakistani farmers use flat sowing technique with flood irrigation. 

However, crops planted on beds gave higher grain yield e.g. yield of maize was enhanced by 

37.4 %, wheat by 6.4 %, rice by 6.4 %, pigeon pea by 46.7 % and gram by 37.0 % compared 

to flat planting (Connor et al., 2003).  

Above discussion showed that bed planting could save water compared to flat planting 

but quantifying and understanding the water balance components behavior under these 

planting systems is essential with different irrigation levels based on soil water holding 

capacity for grain crop.   Monitoring soil water status under different mulching materials 

along with sowing methods is also needed for better water management (Seckler, 1996). 

Keeping in view the above facts, effects of sowing methods, types of mulches and irrigation 

levels were evaluated with the following objectives: 

 To compute soil physical quality index, S (It is equal to the slope of the soil water 

retention curve at its inflection point) of raised bed sowing versus flat sowing under 

different amounts of water and mulching materials 

 To make quantifications regarding soil organic carbon pool, carbon sequestration and 

other soil physical properties, i.e. Kfs, infiltration rate, soil penetration resistance and 

bulk density in both the sowing methods under different irrigation and mulch levels 

 To evaluate the effect of wheat straw, organic manure (surface application), sowing 

methods and irrigation levels on water use efficiency and yield of wheat and maize 

 To study the different components of the water cycle under different soil and water 

management regimes  

 To evaluate the economics of different soil and water management regimes. 
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CHAPTER 2                                  REVIEW OF LITERATURE 

2.1 Effect of irrigation on water use efficiency and yield of crops 

2.1.1 Irrigation criteria 

The effects of irrigation on crop production are quantified using a relationship 

between crop yield and amount of water applied (English and Raja, 1996). Crop water 

productivity (CWP) is a useful indicator for quantifying the impact of irrigation with regard 

to water management (Igbadun et al., 2006). Different technologies are used to increase the 

yield of crops like fertilization at adequate amount of water (Al-Kaisi and Yin, 2003) which 

is a numerator component in CWP, consequently, results in enhanced water use efficiency 

(WUE). Another way to increase WUE is to assess the crops’ yield with deficit irrigation 

which is a denumerator component in CWP. This component is facing a problem of water 

scarcity (Jury and Vaux, 2005). A group of scientists is working to have more production 

with less water using appropriate irrigation scheduling setup (Sander et al., 2004). Rising 

population and industry is creating dual burden on agriculture. First, a large population needs 

more food and fiber; second, agriculture has a less reliable supply of irrigation water to meet 

these rising demands.  

Both excessive and under irrigation effects on crop production are equally harmful 

(Mahal et al., 2000). Therefore, adoption of appropriate irrigation scheduling is required. It is 

an important tool for decision making process that deals with when and how to irrigate; thus, 

it helps in optimizing water resources (Rodrigues and Pereira, 2009).  The judicious use of 

available water resources is necessary to increase the grain yield (Huang et al., 2005), and its 

injudicious use causes detrimental effects on crop production like delayed maturity and 

harvesting, and yield reduction (Jin et al., 2007). 

 Different criteria have been investigated to optimize the yield in relation to irrigation 

applied like pan evaporation (Tariq and Usman, 2009), crop evapotranspiration; ETc based 

experiment to identify suitable irrigation schedules for winter wheat suggested 300 mm, an 

optimal amount of irrigation, corresponding to an ET value of 426 mm (Sun et al., 2006). Al-

Kaisi and Yin (2003) also evaluated irrigation levels on the basis of estimated 

evapotranspiration (ET), i.e. 60, 80 and 100 % of ET in combination with different nitrogen 

fertility rates. There was no significant difference between 80 and 100 % of ET in water 
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extraction from soil profile and soil water contents at harvest. From this, 80 % of ET 

irrigation level was suggested superior to 100 % of ET. Similarly, Nagaz et al. (2008) 

evaluated four treatments consisting of Etc, i.e. 100, 85, 70, and 50 % of ETc with fixed 

irrigation intervals of 10 days. Full irrigation (100-ETc) and 85-ETc deficit irrigation 

treatments showed no difference statistically in growth and yield parameters of barley crop. 

However, the 70-ETc and 50-ETc deficit irrigation treatments caused significant reductions in 

values of yield attributes in comparison with full irrigation. The lowest WUE values (8.1 kg 

ha-1 mm-1) occurred under the 100-ETc treatment, while the highest values (8.6 kg ha-1 mm-1) 

were obtained under 50-ETc deficit irrigation treatment. Similarly, the yield responses of 

maize under different irrigation levels based on ETc, i.e. 100, 75 and 50 % of ETc were 

assessed. The 75 % ETc irrigation level was suggested feasible with 10 % reduction of grain 

yield but with increased water use efficiency, i.e. 1.6 g m-2 mm-1 as compared to other ETc 

irrigation levels (Ko and Piccinni, 2009). In another study, Wajid et al. (2007) concluded 

from the relationship between yield and ETc that each mm of crop ETc produced 3.3 g m-2 

total dry matter.  

 Missing irrigation on specified growth stages was another criterion that was explored 

earlier to find out more sensitive growth stages of crops to irrigation resultantly, irrigation 

water was reported to be saved (Igbadun et al., 2004). Similarly, Yenesew and Tilahun 

(2009) evaluated different growth stages in response to irrigation. He concluded that 

stressing the crop by 75 % deficit irrigation throughout the growing season caused highest 

reduction in yield however, water use efficiency was highest (2.9 kg m-3) at this level. In the 

case of stress by 75 % at a specific stage, i.e. early and maturity stage showed a limited effect 

on yield but the mid season stage was found more sensitive to water stress. Although, having 

maximum yield, is possible only when the crop is fulfilled with full water requirement, 

irrigation water stress could increase the irrigated area in response to high water use 

efficiency. Similarly, Waraich et al. (2007) conducted a field study to assess the sensitivity of 

the different growth stages of wheat in combination with different nitrogen levels. Four 

irrigation levels, i.e. one irrigation at tillering stage, two irrigations at tillering and anthesis 

stages, three irrigations at tillering, anthesis and grain development  stages, four irrigations at 

tillering, stem elongation, anthesis and  grain development stages. Each irrigation level was 

tested at four nitrogen levels, i.e. 0, 50, 100 and 150 kg N ha-1. Mean grain yield in four, 
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three and two irrigation treatments increased by 47, 23 and 9 % as compared to one irrigation 

treatment during 2002-03 and 91, 84 and 23 % in 2003-04, respectively. Grain yield 

reduction under less irrigation treatment is the result of reduction in number of effective 

tillers. Another study was conducted by Khan et al. (2001) to study the effect of water stress 

on growth and yield of maize. The study is comprised of six treatments viz., control (six 

irrigations), five, four, three, two and one irrigation only. With increasing water stress, there 

was significant decrease in growth and yield of crop. However, maximum grain yield (3.5 t 

ha-1) was obtained in control treatment (six irrigations) and minimum grain yield (0.4 t ha-1) 

was obtained by applying one irrigation. Sani et al. (2008) evaluated the three irrigation 

regimes, i.e. full, three quarter and half application of the consumptive use at each stage of 

growth. The results indicate that irrigation treatments affected grain yield significantly. The 

highest grain yield (3348 kg ha-1) was recorded by the full consumptive use irrigation 

treatment which was significantly higher than that recorded by the 0.50 consumptive use 

irrigation regime (2372 kg ha-1). However, 0.75 consumptive use irrigation treatment yielded 

a grain yield of 2724 kg ha-1 which was about 25 % less than that of the full consumptive use 

irrigation treatment. However, the irrigation treatments, i.e. full, three quarter and half 

application of the consumptive use used 504.9, 411.9 and 344.9 mm of water, respectively. 

Limited or regulated deficit irrigation is also one of the ways of maximizing 

productivity of total applied water (PAW). Tavakkoli and Oweis (2004) evaluated four 

irrigation levels, i.e. rainfed, 1/3, 2/3 and full irrigation, in combination with different N rates 

viz. 0, 30, 60, 90 and 120 kg ha-1 on wheat crop. The 1/3 of full supplemental irrigation with 

nitrogen rate, i.e. 60 kg N ha-1 showed maximum yield and maximum water use efficiency. 

Zhang et al. (2006) also evaluated the effects of regulated deficit irrigation on yield of spring 

wheat (Triticum aestivum L.) as compared to the no-soil water deficit treatment. Grain yield, 

biomass, harvest index and water use efficiency in spring wheat were all greatly improved by 

16.6-25.0, 12.4-19.2, 23.5-27.3 and 32.7-39.9 % under regulated deficit irrigation, but 

irrigation water was profoundly decreased by 14.0-22.9 %. The agronomic response of 12 

maize hybrids cultivars under full and limited irrigation levels was checked and found a yield 

loss of 17 % on an average under limited irrigation. Full and limited irrigation consisted of 5 

to 7 and 3 furrow irrigations (90 mm), respectively. The limited irrigation treatment reached 

a higher productivity of total applied water (2.7 kg m-3) than full irrigation (1.9 kg m-3) 
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(Aguilar et al., 2007). Consequently, one can conclude that limited irrigation can perform 

better in enhancing the yield and WUE if it is combined with appropriate management. 

  On the other hand, irrigation scheduling of field crops on the basis of soil water 

holding capacity has scanty information in literature, i.e. the information about soil specific 

crop water requirement is limited in the literature, it usually results in over irrigation or stress 

to the field crops (Ashraf et al., 2002). Over irrigation causes water and nutrients loss as 

drainage and restricted irrigation results in water stress to the crop. The pattern of nutrient 

distribution is also related to the method of irrigation, interval between the successive 

irrigations and the amount of water (Tariq and Usman, 2009). Frequency and amount of 

water for irrigation are solely dependent on soil characteristics and this demands that 

research orientation ought to be based on soil water holding capacity.  Other scientists also 

described that soil water contents monitoring based irrigation can avoid water and nutrients 

loss as drainage below the root zone (Fares and Alva, 2000).    

In this context, many scientists started working on irrigation scheduling based on soil 

water holding capacity, like Shaozhong et al. (2000) who studied mild (50-60 % of field 

capacity) and severe (40-50 % of field capacity) deficit irrigation levels at the seedling and 

stem elongation stages of maize. Under these scarce conditions of water, root growth 

increased and as a result, water use efficiency was also enhanced. It was also concluded that 

plants were better adapted when they were subjected to drought at the seedling stage 

compared to stem elongation stage without grain yield reduction. A similar water deficit 

study was conducted by Shaaban (2006) keeping three irrigation levels, i.e. 40, 60 and 80 % 

soil water holding capacity. The WUE values for grain and straw of wheat were 2.46 and 

3.91 kg m-3 at 60 % FC irrigation level when chicken manure (40 units) in combination with 

mineral nitrogen (80 units) was used. 

A greenhouse study was conducted by Mbagwu and Osuigwe (2005) on a soil having 

low soil water retention capacity. In this study, four irrigation amounts, i.e. 400, 300, 200 and 

100 cm3 equivalent to 100, 75, 50 and 25 % of field capacity, respectively and four irrigation 

frequencies, i.e. daily, 2-day, 3-day and 4-day intervals were tested in a factorial randomized 

design with three replications. Irrigation amounts equivalent to 100 % field capacity at daily 

or 2-day interval yielded optimum yield and nutrient uptake of crops. Optimum water use 

efficiency was also achieved at this level of irrigation with an amount equivalent to 100 % 
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field capacity at a 2-day interval. Irrigation amounts equivalent to 50 or 25 % field capacity 

at any interval resulted in various degrees of moisture stress and poor crop performance was 

observed. Panda et al. (2004) also evaluated five irrigation treatments, i.e. 10, 30, 45, 60 and 

75 % of maximum allowable depletion (MAD) of available soil water (ASW). There was 

observed marginal moisture stress and rising trend of WUE from T1 to T3 that is 10-45 % 

MAD. Consequently, grain yield reduction was also marginal. However, the decline in grain 

yield was more prominent beyond the depletion level of 45 %. Highest field water use 

efficiency was attained at 45 % depletion of ASW (T3). Water scarcity conditions beyond 45 

% depletion of ASW must be avoided to have high water use efficiency and net return. 

Different soil moisture depletion (SMD) levels, i.e. 50 and 70 % SMD on loamy sand 

soil having 13 % field capacity and 4.0 % permanent wilting point were also studied to 

evaluate the different wheat genotypes. The amount of water applied to wheat at 50 % and 70 

% SMD was 214.8 and 251.4 mm, respectively. Water use efficiency, grain yield and harvest 

index were greater (13.8 kg ha-1mm-1) for 50 % SMD treatment and were lesser (9.3 kg ha-

1mm-1) for 70 % SMD treatment (Mahmood and Ahmad, 2005). Adeniran (2003) also 

studied the treatments comprising of 100, 80 and 60 % of FC. Irrigation level, i.e. 80 % FC 

produced the maximum yield (7.5 Mg ha-1), while the lowest (3.1 Mg ha-1) was observed at 

60 % FC irrigation level. No significant difference in yield for T1 (7.5 Mg ha-1) and T2 (6.1 

Mg ha-1) shows that the yield was not affected by the water stress at these levels. The effects 

of water deficit on maize yield and water use efficiency were also evaluated by Dagdelen et 

al. (2006) who designated treatments as T-100 full irrigation; T-70, T-50, T-30 and T-00, 

receiving 70, 50, 30 and 0 % times the soil water depletion in the treatment T-100 on the 

same day. Maximum average corn yield was obtained from the T-100 full irrigation. The 

WUE ranged from 1.7 to 2.2 kg m−3 for corn and from 2.3 to 3.5 kg m−3 in case of irrigation 

water use efficiency. 

Al-Naeem (2008) studied the effect of four irrigation treatments viz. T1, T2, T3 and T4 

(irrigation at field capacity, 15, 30 and 45 % soil moisture depletion level of available water 

at field capacity of soil, respectively) on barley, grown on a loamy sand soil. Mean barely 

grain yield ranged from 4.5-6.7 Mg ha-1. The WUE based on total grain yield ranged from 

0.9-1.5 kg m-3 of water. There was no significant difference in WUE between T1 (1.4 kg m-3) 

and T2 (1.5 kg m-3). Therefore, appreciable grain yield can be obtained by irrigating at 15 % 
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soil moisture depletion level. Kara and Biber (2008) evaluated the effect of drip irrigation 

treatments, i.e. A: no irrigation, B: irrigation at 50 % of available soil water capacity, C: 

irrigation at 30 % of available soil water capacity and D: irrigation at 15 % of available soil 

water capacity, on field corn (Zea mays L.). The average grain yields varied from 7.9 to 29.2 

Mg ha-1. The treatment D recorded significantly higher corn grain yield 29.2 Mg ha-1 

compared to B (21.6 Mg ha-1), C (19.2 Mg ha-1) and A (7.9 Mg ha-1), respectively. The 

maximum corn grain yield was obtained when corn plants were irrigated at 15 % of available 

soil water capacity to field capacity. 

2.1.2 Irrigation frequency  

Given the soil water holding capacity, it is important to decide the number of 

irrigations and interval between successive irrigations so that crop may not suffer from water 

stress. In this context, many scientists performed experiments for investigating plant water 

stress. Filintas et al. (2003) studied an irrigation interval of 9, 12 and 15 days for 

investigation of plant water stress in maize. The results showed highest yield (13.8 t ha-1) 

with an irrigation interval of 9 days, followed by the yield of 12 and 15 days (12.1 and 10.3 t 

ha-1), respectively. The irrigation interval negatively affected the yield in 12 and 15 days. 

Khan et al. (2003) also evaluated the response of maize varieties under four levels of 

irrigation (4, 5, 6 and 7 irrigations), sown in 75 cm apart furrows. The irrigation levels were 

applied at 10, 8, 7 and 5 days intervals starting from 25 days after sowing. Different 

irrigation levels significantly affected the grain yield. The application of 6 irrigations with an 

irrigation interval of 7 days produced significantly the higher grain yield (6.5 t ha-1) and 

1000-grain weight (275.2 g) in comparison to 4 irrigations with an irrigation interval of 10 

days. Same effect was reflected while studying the growth and yield of maize in response to 

different irrigation levels, i.e. 0, 3, 4, 5 and 6 irrigations and planting patterns. Planting 

patterns showed non-significant effect on growth and grain yield but different irrigation 

levels significantly affected 1000-grain weight, biological yield and grain yield. Maximum 

grain yield (7.5 t ha-1) was produced when crop was irrigated 6 times while the lowest grain 

yield (0.4 t ha-1) was recorded in control (Ullah et al., 2003). For better productivity of water, 

the effects of deficit irrigation scheduling on maize were also studied by Igbadun et al. 

(2004). They suggested skipping every other irrigation during vegetative growth stage (crop 

establishment to tasseling initiation), followed by 7 days irrigation interval. This scheduling 
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showed the highest productivity of water. The crop yield was not significantly different from 

the treatment that received regular irrigation each after 7 days throughout the crop growing 

season.  Igbadun et al. (2006) investigated in another irrigation experiment that withholding 

every other week irrigation at vegetative and grain filling and following weekly irrigation at 

flowering growth stages yielded maximum crop water productivity. 

Li et al. (2005) conducted an experiment to optimize irrigation scheduling for high 

wheat yield and water use efficiency (WUE), at the Wuqiao experiment station of China 

Agriculture University. Eleven, four and six irrigation treatments, consisting of frequency of 

irrigation (zero to four times) were employed for 1994-95, 1995-96 and 1996-97 seasons, 

respectively. Regression analyses showed that relationships between ET and grain yield or 

WUE could be described by quadratic functions. Grain yield and WUE reached their 

maximum values of 7423 kg ha-1 and 1.7 kg m-3 at the ET rate of 509 and 382 mm, 

respectively. The IWUE was negatively correlated with irrigated water volume. 

Abbas et al. (2005) investigated the effect of irrigation schedules and nitrogen rates 

on yield and yield components of maize. Irrigation schedules were I1 (control, weekly 

irrigation), I2 (- 4 bars), I3 (- 8 bars) and I4 (-12 bars) and nitrogen rates were N0 (control), N1 

(100 kg N ha-1), N2 (200 kg N ha-1) and N3 (300 kg N ha-1). The I2 (- 4 bars) irrigation 

treatment gave significantly higher grain yield than all other treatments. The average grain 

yield was 4.4, 6.1, 6.0 and 4.9 Mg ha-1 in I1, I2, I3 and I4 treatments, respectively. The 

relationships between limited irrigation and ET or WUE have been a major focus of 

agricultural research in arid and semi-arid areas. 

2.1.3 Irrigation methods  

The forthcoming challenge for an irrigator is to find out an appropriate method of 

application of an amount of water. This fulfills an important aspect of irrigation scheduling, 

i.e. how to irrigate. Initially the soil structure what we get after seed bed preparation is 

subjected to soil physical degradation in different degrees owing to varying amounts and 

methods of irrigation, which ultimately affects root growth and consequently water use 

efficiency. Irrigation application method is also important as the pattern of nutrient 

distribution within the soil profile is associated with it (Bai and Li, 2003). In this scenario, 

Sayre (2000) reported furrow irrigated raised bed sowing of wheat and maize. He also 

reported six countries (Sri Lanka, India, China, Oman, Bangladesh and Iran) of Asia and 
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mentioned that bed planting on average saved 29 % of water as compared to flat. Derpsch 

(2001) also reported Yaqui valley of Mexico where 95 % of farmers plant all crops on beds 

with furrow irrigation. He also reported about China Shandong province where bed planting 

started from a few test plots in 1998 to more than 26000 ha today.  

Hossain et al. (2001) studied furrow irrigated bed planting technique with 

conventional planting using wheat as test crop under two nitrogen managements, i.e.  

nitrogen between rows and nitrogen broadcast and three levels of nitrogen, i.e. 50, 100 and 

150 kg ha-1. Maximum grain yield, i.e. 3.4 and 3.5 t ha-1 was observed in bed planting alone 

and in combination with150 kg N ha-1, respectively. Similar study was carried out by 

Hsamar and Saxena (2002) to assess the influence of different sowing methods on 

productivity of maize (Zea mays L.). Maize sowing on the raised beds showed significantly 

higher grain yield (5.2 t ha-1) than flat sowing (4.7 t ha-1) and ridge sowing (5.1 t ha-1). There 

was also noted high lodging on ridge sowing (15.1 %), followed by    flat sowing (8.7 %) and 

raised beds (2.2 %). There was an easy, effective and economical irrigation method with 

saving of 2 irrigations in the case of raised beds compared with flat beds. Similarly, furrow 

irrigated raised bed sowing produced 24, 45 and 68 % increase in total biomass, dry straw 

and grain yield than basin irrigation. There were 3.2 and 6.6 kg mm-1 ha-1 values for water 

use efficiency in basin and furrow irrigated raised bed irrigation systems, respectively. There 

was 42 % less irrigation water requirement for furrow bed irrigation system than that of basin 

(Shafiq et al., 2002). In 2003, Shafique et al. also noted, while evaluating the effects of two 

planting methods on maize yield, 68 % greater water use efficiency and 35 % less weed 

infestation under furrow bed in comparison to basin planting pattern.   

Another experiment comprising of planting maize in six patterns (flat planting, flat 

planting irrigated in each furrow, flat planting irrigated in alternate furrows, ridge planting 

irrigated in each furrow, ridge planting irrigated in alternate furrows and 60 cm and 90 cm 

planting pattern) was conducted by Shah et al. (2003) who observed maximum water use 

efficiency (14.6 kg ha-1 mm-1) when the crop was planted in 60 cm and 90 cm planting 

pattern and lowest (8.0 kg ha-1 mm-1) when the crop was ridge planted and irrigated in 

alternate furrows. Fahong et al. (2004) also evaluated wheat varieties, planted on flat and 

raised beds with flood and furrow irrigation, respectively for their water use efficiency and 

grain yield. The maximum WUE, i.e. 1.96–1.99 kg grain m-3 was observed for bed planting 



 13

in comparison to flat planting with flood irrigation, i.e. 1.51–1.67 kg grain m-3. There was 

observed 17 % savings of irrigation water in case of raised beds with furrow irrigation 

compared to that with flood irrigated  flat beds. Fahong et al. also noted increased water use 

efficiency by 40 to 90 % on raised beds in 2005. It is largely because of more water used by 

flat planting with flood irrigation and improved microclimate within the crop canopy in 

raised bed planting, and this results in a reduction in disease and lodging. He also noted 

thicker and shorter basal internode, thus noticeably increased the lodging resistance in wheat. 

Raised bed technology for water productivity and lodging of wheat was also assessed by 

Ahmad and Mahmood (2005). There was observed 15 % less lodging of wheat and 40 % 

higher water productivity in raised bed technology as compared to flat method. There was 

reported 30 and 13 % yield increase; 32 and 36 % water saving;  65 and 50 % water 

productivity; 54 and 35 % net economic benefit for maize and wheat as compared to flat 

basin (Hassan et al., 2005). Similarly, the yield was increased on raised beds by 34-46 % 

over that on flats under irrigation amounts of 2100-2850 m3 ha-1
.  There was reported more 

saving of irrigation water, i.e. 750 m3 ha-1 in case of beds than that of flat (Zhongming et al., 

2005). Different soil moisture conservation treatments effects on wheat yield and soil 

moisture storage were evaluated. Among these shallow tillage, deep tillage, 75 % of 

inorganic fertilizer + farm manure and raised bed treatments showed  12, 30, 35 and 45 % 

more soil moisture storage in comparison to farmers conventional practice for sowing of 

wheat. Wheat yield was 34, 13.9 and 27.0 % higher in raised bed sowing, shallow tillage and 

deep tillage compared with the farmers practice (Hadda and Arora, 2006). Similarly, Patel et 

al. (2006) observed improvement in growth and yield attributes of maize under flat beds 

owing to better soil moisture conditions. To characterize the response of maize, Bakht et al. 

(2006) compared bed planting with flat planting in combination with different nitrogen 

levels. Bed planting yielded maximum number of leaves per plant, taller plants, higher grain 

and straw yield in combination with 120 kg N ha-1 than that of other treatments under the 

climatic conditions of Peshawar. 

The potentials of permanent raised beds in wheat-maize cropping pattern showed 5.8 

and 4.5 % increases in yield of wheat and 33 and 31 % increases in yield of maize crop on 

wide (130 cm) and narrow (65 cm) beds, respectively, when compared with conventional flat 

flooding. There was 35 and 9.6 % water saving for wide and narrow beds as compared to flat 
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basin (Akbar et al., 2007). Bed planting system showed higher grain N concentrations in 

cereals and out yielded the conventionally planted system having more grain yield. This 

clearly indicates an advantage of bed planting over flat planting system (Freeman et al., 

2007). There was also noted lower water consumption in the case of furrow irrigated raised 

bed planting (FIRB) and mulched ridge (MRFP) than flat planting (FP) largely because of 

decrease in irrigation amount and control of evaporation from top soil. The water 

consumption for FIRB and FIRB were 354.5 mm and 323.6 mm, which were 12.3 and 20.0 

% lower than that in flat planting, respectively. The WUE was 20.2 and 14.9 % higher in 

FIRB and MRFP, respectively. In this context, it was concluded that FIRB system has sound 

opportunity for sustainable farming (Zhang et al., 2007). Abdullah et al. (2008) also reported 

higher values for water use efficiency, growth and yield attributes of maize on beds owing to 

better nutrient availability, good soil condition and weed control. Similarly, Quanqi et al. 

(2008) and Li et al. (2008) found the beds yielding higher grain yield and Pramanik et al. 

(2009) observed improvement in the economics and water use efficiency of leguminous crop 

by having increase in number of nodules. There was observed lower sterile tiller production 

of wheat and higher benefit-cost ratio in bed than conventional method (Mollah et al., 2009). 

Root mass density was observed 20-46 % higher in bed sowing than flat sowing and 

Nutrients use efficiency was noted higher as well (Singh et al., 2010). 

In order to increase the water-use efficiency of winter wheat, Chen et al. (2003) 

presented a unique model, i.e. the narrow row is 20 cm and the wide row is 40 cm. He used 

three planting patterns to explain this model, i.e. bed planting (BP), furrow planting (FP), and 

wide-narrow row planting (WP). In the case of BP, the bed widths at the bottom and peak 

were 40 and 20 cm, respectively, the height of bed was 15 cm, the bed to bed distance was 

20 cm. In this way, a 40 cm row-spacing of winter wheat was maintained between the two 

beds. In case of FP, winter wheat was planted in the furrow between two beds. In this way, 

20 cm row-spacing was maintained. All other parameters were similar to that of the bed 

planting pattern. In the case of WP, winter wheat was planted in a flat field by keeping the 

wide row at 40 cm and the narrow row at 20 cm. The yield and water use efficiency in the 

case of BP and FP were observed more compared to the wide- narrow row planting pattern. 

2.2 Effect of mulching materials on water use efficiency and yield of crops 

2.2.1 Evaluation of different types of mulches 
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Among the management practices for increasing water use efficiency is mulching. 

Different types of materials like wheat straw, rice straw, plastic film, grass, wood, sand etc. 

are used as mulch. Mulching has potential to bring improvement in plant available water in 

varied textured soils (Tisdall and Adam, 1986), to moderate soil temperature, increase water 

infiltration during intensive rain and retain better root growth in corn in the case of coarse 

textured soil (Gajri et al., 1994) and to increase WUE, grain yield and above ground biomass 

as compared with bare soil treatment (Tolk et al., 1999). The yield increases are generally 

credited to the increase in water content in the soil due to reduced evaporation and which has 

potential for increasing soil water storage (Shanging and Unger, 2001). Wheat straw mulch 

significantly affected the growth and yield of maize by increasing the leaf area index and 

water use efficiency (Iqbal et al., 2003).  

A field study was performed on a loamy sand soil to know the effect of wheat straw 

mulch on soil temperature, crop growth and soybean yield. Reduced soil temperature, 

improved leaf area index, better chlorophyll content of leaves, enhanced soybean grain yield 

by 4.4 to 68.3 %, increased biological yield by 17 to 122 % and nodulation by 8 to 220 % 

were observed as compared to control mulch level (Sekhon et al., 2005). Contrary to this, 

Doring et al. (2005) observed non significant influence on tuber yield and tuber size 

distribution when mulch was applied at the rate of 2.5-5 t ha-1, but nitrogen losses were 

significantly reduced by straw mulching. There was no significant effect on number of 

weeds, weed cover and above ground biomass of weeds under mulching. It might be due to 

relatively low amount of mulch applied. But Rahman et al. (2005) showed a significant effect 

on conserving initial soil moisture and reducing weed growth when rice straw mulch was 

applied at 4.0 Mg ha-1. Root growth was influenced positively by straw mulching and 

nitrogen levels. The N uptake was also found higher in mulch treatments as compared to M0. 

The M1 and M2 treatments were equally effective in suppressing the growth of weed flora, in 

promoting the development of root and consequently, grain yield of no-till wheat was 

improved. In the same context, Yang et al. (2006) compared different mulching materials (no 

mulch, mulch with plastic film, mulch with corn straw and mulch with concrete slab between 

the rows) in their effect on winter wheat production. Straw mulch was found effective in 

conserving the soil moisture compared to plastic film mulch which increased soil 

temperature. However, concrete mulch showed reduction in surface soil salinity in 
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comparison to other mulches used. Probably due to low temperature, Straw mulch decreased 

wheat grain yield compared to other mulches. Concrete and plastic film mulch reflected 

similar effect on promoting winter wheat development and growth.  

As increase in soil temperature, moisture loss retardation and weed growth check 

under mulching are the key factors contributing to the production of actual crop. Therefore, 

the effect of polythene, rice straw and chemical as mulching application was assessed on 

weed infestation, soil temperature, soil moisture and pod yield was studied. Both polythene 

and straw mulches were found effective in suppressing the weed infestation but showed 

different effects on soil temperature. Polythene mulch showed 6 °C increase in temperature at 

5 cm depth and 4 °C at 10 cm depth. Groundnut plants were generally tall, vigorous and 

reached early flowering in polythene and straw mulched plots (Ramakrishna et al., 2006). 

Similarly, Zhang et al. (2007) used five types of soil management regimes to conserve the 

soil moisture and minimize the soil temperature fluctuation, making environment conducive 

for improving the growth and yield of wheat. All soil management regimes significantly 

influenced the water balance components. Mulching limited soil evaporation and increased 

transpiration and deep percolation compared to other regimes, consequently, wheat yield and 

WUE were improved. Ker and Kumar (2007) also investigated the effects of straw mulching 

on water use efficiency and yield of crop. Results revealed higher yield along with 

significantly more leaf area index, water use efficiency and intercepted photosynthetically 

active radiation under mulched plots compared to the non mulched plots which might be due 

to storage of soil moisture and decrease in soil temperature by 4-6 °C. There was also 

observed significantly increased available phosphorus and potassium in the soil under straw 

mulching.  

Zhang et al. (2009) evaluated the effects of different field management regimes at an 

upland, bottom and terrace sites on soil water and wheat production in a winter wheat. Field 

management regimes were: the conventional practice (winter wheat followed by a ploughed 

summer bare fallow); conventional management, but a catch crop growing for certain time 

during fallow period used as green manure); wheat straw mulch (0.8 kg m-2) covering the soil 

throughout the year. Different responses were noted for the three land sites. At the upland 

site, soil temperatures at 10 cm depth were decreased in the warmer period by 0-4 0C and 

increased in the colder period by 0-2 0C under mulched plots compared with non-mulched 
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plots. On an average 28 and 20 mm more water was observed at upland and bottom land 

sites, respectively when mulch was used than conventional practice. However, mulching 

showed little effect on soil water storage and wheat grain yield at the terrace relative to 

conventional practice. Mulching proved more effective at upland and bottom sites than 

terrace site in this study. In the same context, Shulan et al. (2009) evaluated the effects of 

mulching on thermal and soil water status in winter wheat (Triticum aestivum L.) system at 

upland, terrace and bottom sites and found similar observations as above.  

The use of organic mulches is an effective way for improving the quality of soil and 

increasing the crop yield, particularly in organic farming. For assessing the mulching effect 

on soil quality and crop yield, five treatments were used: no mulching (control) chopped 

wheat straw, peat, sawdust and grass. It was noted that organic mulches reduced soil 

temperature, enhanced soil moisture content throughout the research period. It was also 

observed, a higher amount of available soil phosphorus, a minimized weed density under 

mulched plots as compared to control (Sinkeviciene and Jodaugiene, 2009). Similarly, 

Sadeghi and Bahrani (2009) noted enhancement in soil organic matter under crop residue 

mulch. Murungu et al. (2011) also assessed oat, grazing vetch, faba bean, lupin and forage 

pea mulches effect on maize grown at two fertilizer levels (0 and 60 kg N ha-1). Grazing 

vetch and forage pea mulch enhanced soil inorganic N at 0-5 cm soil depth compared with 

other treatments at planting. Oat and grazing vetch mulch reduced weed biomass compared 

to plots where lu pin mulch was used, and the control. Generally, maize yield is reduced 

under lacking of maize fertilization but maize that was grown on grazing vetch mulch yielded 

7477 kg ha-1 yield owing to increased soil inorganic nitrogen. After considering the mulching 

role in improving the growth and yield of crops, it can be concluded that, first, mulch 

changes the soil environment that cause positive changes in root growth; consequently water 

use efficiency is enhanced and ultimately, crops yield is increased.  

2.2.2 Mulching effect in conjunction with staying duration 

 Sharma et al. (1998) assessed the effects of leucaena leaf mulch on soil water use 

and wheat performance. He applied air-dried leucaena leaves as a surface mulch at the rate of 

0 (no mulch), 2, 4 and 6 t ha−1 as main plot treatments and  timings of soil incorporation 15, 

30 and 45 days immediately after harvest of maize crop, were kept as subplot treatments. 

More moisture was available in mulched plots (0-15 cm) at the time of wheat sowing. 
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Mulching also increased moisture extraction, water use efficiency and grain yield of wheat 

crop. Timing of incorporation of the mulch at 30 days after harvesting of maize crop showed 

more moisture for wheat sowing. Mulching significantly increased leaf area index and water 

use efficiency of the maize crop and it was concluded that increased WUE was the result of 

water being used by crop growth and yield attributes (Tolk et aI., 1999). The causes of 

enhanced yield of spring wheat (Triticum    aestivum) under mulching were assessed by Li et 

al. (1999) using plastic film mulching. He used three mulching treatments, i.e. 20 d (M1), 

40 d (M2), and 60 d (M3) and compared with a non-mulch control (CK). There was observed 

increased temperature and moisture in the top soil (5 cm) and shoot emergence was 8 days 

earlier than in CK. Photosynthesis rate and soluble sugar content were also higher in the 

vegetative period but lower in the grain filling period under mulching relative to CK. When 

plastic film was removed after 20 d mulching, grain yield was greatest (8207 kg ha−1). 

However, it decreased gradually as the mulching period increased largely because of adverse 

soil environment for later on stages. Similarly, Li et al. (2004) studied mulching effect with 

varying duration, i.e. M30: mulching for 30 days after sowing; M60: mulching for 60 days 

after sowing; Mw: mulching for the whole growth period, as well as the control; M0: without 

mulching. There was no significant difference in yield among the mulched treatments but 

significant over control. However, M60 produced more promising results in terms of 

increased mineral nitrogen, soil water and the efficiency of water being used by the crop. 

Mulching also avoided the over decomposition of soil organic matter that resulted in 

increased yield. Different types of mulches (plastic, straw and sawdust, excluding, control) 

with mulching duration for one month and a whole season were assessed, observing the 

effect on growth and yield of garlic. It was recorded that both mulches (straw and plastic) 

increased the bulb yield irrespective of their duration. However, Jamil et al., (2005) 

considered the straw mulch best in favour of higher garlic production for being cheaper and 

organic in nature than the others. 

2.2.3 Mulching effect in conjunction with till practices  

Jalota et al. (2001) reported that a significant part of mechanically harvested wheat 

straw is burnt in the field, which is causing nutrients loss and environmental pollution and 

also had negative effects on soil quality. Therefore, this surplus straw could be used as 

mulch. When mulching technique is used with another proper practice like sowing method, 
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its effect is boosted up; as Jan et al. (2001) reported higher grain and straw yields under 

mulching along with line sowing. Khurshid et al. (2006) also noted that integrated use of 

tillage and mulch was beneficial in improving the growth and yield of maize. Such a similar 

combination was also studied by Bhagat (1990); there were observed higher water retention, 

enhanced nutrient uptake, root growth and grain yield of wheat when mulch (whether crop 

residue or farm manure) was applied in combination with conventional tillage rather than 

zero tillage as Ghuman and Sur. (2001) suggested crop residue mulch in conjunction with 

minimum tillage a promising practice to improve crop production. Minimum tillage + crop 

residue mulch treatment performed efficiently in enhancing the yield of wheat and maize as 

compared to MT (minimum tillage + without crop residue mulch) and CT (conventional 

tillage + without crop residue mulch). Bhatt et al. (2004) also found promising results when 

mulch was used with tillage practices and noted 60.5 and 138 % higher grain and dry matter 

yield, respectively as compared to control plots. Mupangwa et al. (2007) also determined the 

effect of mulching and minimum tillage on maize (Zea mays L.) yield and soil water content. 

Mulch rates were 0, 0.5, 1, 2, 4, 8 and 10 t ha−1 and tillage methods were planting basins, 

ripper tine and conventional plough. Improved soil water contents in soil with maximum 

benefits were observed when maize residues were used as mulch at 4 t ha−1. It was concluded 

that minimum tillage in combination with mulching performs well. Similarly, Dahiya et al. 

(2007) concluded after investigating the effect of straw mulching and rotary hoeing on the 

soil water and thermal regimes of a loess soil that soil hydrothermal regime could be 

optimized if mulch is used with rotary hoeing. Because mulching decreased soil water loss 

by an average of 0.39 mm d−1 and rotary hoeing increased water loss by an average of 

0.12 mm d−1 compared to control, each practice was used alone. Varied soil water regime has 

varied influence on soil temperature that ultimately affects growth and yield of crop. Ahmed 

et al. (2007) also investigated the effect of mulching in combination with varying planting 

geometry on soil moisture, weed control and growth parameters of wheat under rainfed 

conditions. Mulching significantly increased soil moisture contents at tillering (6-21 %), 

booting (4-16 %) and grain (2-24 %) formation stage with increasing mulch rate compared to 

control treatment. Similarly, emergence count (24-42 %), number of tillers (26-52 %) and 

plant height (10-37 %) increased and weed biomass (3-17 %) decreased under mulch 

compared to control. Different soil management practices including sub soiling with mulch, 
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no till with mulch, reduced tillage and conventional tillage as control (CT) were evaluated in 

their effect on water balance, precipitation use efficiency and crop yield. Sub soiling with 

mulch performed good compared to other treatments owing to have the highest precipitation 

storage and use efficiency, and crop yield as well (Jin et al., 2007). Keeping the same pace, 

four mulch levels (control, polythene, straw and soil) were evaluated under conventional, 

minimum, raised bed and no till tillage practices; soil water status and grain yield of wheat 

and maize were recorded higher under mulch over control (no mulch); however, polythene 

and straw mulches showed prominent effect on soil water contents, growth and yield of 

wheat and maize when were used in conjunction with minimum tillage. Both (polythene and 

straw) mulches were equally valuable in wheat and maize sequence (Sharma et al., 2011). In 

the same context, Zhang et al. (2011) conducted a three years experiment to explore the 

influence of traditional tillage, no-till + crop residue mulch, alternating ridges mulched with 

plastic film + bare furrows and alternating ridges mulched with plastic film + furrows 

mulched with crop residue. They found crop residue mulch + traditional tillage, and 

alternating ridges mulched with plastic film + furrows mulched with crop residue best for 

spring sown maize mainly due to more soil water storage and maize yield under the climatic 

conditions of China. These measures were also considered efficient to improve soil fertility. 

2.2.4 Mulching effect in conjunction with irrigation practices  

Iqbal et al. (2003) evaluated the effect of mulching vs irrigation on biomass and water 

use efficiency of forage maize on clay and loam soils. Irrigation effect was pronounced and 

reinstated when mulch was applied at 6.7 Mg ha-1. However, the highest mean value was 

noted in I0 (100 % CWR), i.e. 21.3 kg ha-1 mm-1. Straw mulch vs irrigation influence on 

wheat yield and water-use efficiency was also checked by Huang et al. (2005) who noted 

variation in biomass and grain yield due to varied growing season rainfall. Straw mulch 

increased wheat yields by 52 and 26 %, respectively in 1997 and 1998 compared to no mulch 

control. It also caused in cut of evapotranspiration and soil water depletion. Water-use 

efficiency for biomass and grain yield was also increased with increasing amount of 

irrigation. The results revealed that higher crop productivity could be achieved by using a 

proper combination of straw mulch and irrigation. Under arid climate where crop water 

requirement is generally high due to increased evapotranspiration owing to warm climate and 

where there is also water scarcity constraint for sustainable crop production, Zhong et al. 
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(2005) conducted field experiments by maintaining minimum soil water contents under 

plastic mulch for assessing the evapotranspiration, evaporation, growth, yield and water use 

efficiency of spring wheat. He maintained minimum soil water content to different levels, i.e. 

85, 70, 60, 50 and 40 % of field capacity in rooting depth under plastic mulch and a non-

mulched replication was used as control. The study indicated higher ET under plastic mulch 

than non-mulched plots due to increase of LAI. Decreased evaporation from soil by 55 % 

was noted under plastic mulch in comparison with non-mulched for the treatment of 60 % 

minimum soil water content. Reduced water use efficiency of the plastic-mulched treatment 

was also observed with increase in minimum soil water content. Increases of 0.9-30.8 % in 

ET and 4.0-110.3 % in yield for all plastic-mulched treatment were noted over non-mulch. It 

was revealed from the results that low soil water content under mulching yielded higher 

WUE and net income than non-mulch (control) which makes it suitable for deficit irrigation 

in arid circumstance. Debashis et al. (2008) also compared deficit and adequate irrigation 

practices with and without mulch, respectively. Synthetic (transparent and black 

polyethylene) and organic (rice husk) mulches under deficit irrigation showed improvement 

in soil and plant water status compared with adequate irrigation with no mulch (conventional 

practices by farmers). Rice husk amendment was superior in maintaining optimum soil water 

condition for crop use but the residual soil water was minimum indicating effective 

utilization of water by the crop. There was also noted higher leaf weight, root length density 

and dry biomass along with optimum soil thermal environment with partial fluctuations 

under organic mulch, even during dry periods. Similarly, Chakraborty et al. (2008) suggested 

organic mulch superior over synthetic mulch due to having improved soil and plant water 

status. Organic residues retain more water when are applied on the soil surface rather than 

incorporated into the soil (Unger and Wiese, 1979; Unger, 1984; Jones and Popham, 1997). 

In this respect, different kinds of organic mulches like wheat straw, rice straw etc have been 

used as surface cover with an idea to conserve moisture and moderate soil temperature to 

make soil environment conducive for the betterment of crop production. Eneji et al. (2008) 

used farm manure as surface mulch and incorporated into the soil for evaluating its effect on 

soil water conservation and physiological growth of wheat (Triticum aestivum L.) at 20 Mg 

ha-1 under both adequate and deficit irrigation. The mulched manure treatment saved 15 and 
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64 % more water under adequate and deficit irrigation, respectively than the control and the 

incorporated manure treatment. 

2.3 Effect of irrigation and irrigation methods on soil characteristics 

Soil physical degradation (physical quality) is an important aspect because our soils 

are deficient in organic matter contents that make soils structurally unstable. Aggregate 

breakdown by water is mainly related to slaking in organic matter deficient soils, and it 

influences seedling emergence and root growth (Annabi et al., 2007). Soil crusts and seals 

are formed due to low organic matter, high silt and/or exchange sodium percentage (ESP) 

which is a serious problem in Pakistan for causing reduction in food crop output (Khan, 

2000). Nizami and Khan (1989 and 1991) reported reduction in seed germination, yield and 

plant population due to soil crusting. A linear decrease in seed germination with increasing 

soil compaction was noted by Sheikh (1976). The growth of Eucalyptus Camaldulensis was 

also found poor on more compacted soils due to negative effect on infiltration rate of soil, 

nutrient availability and root penetration (Aslam et al., 1998). The loss of soil aggregate 

stability, soil compaction, soil crust formation or sealing are examples of soil physical 

degradation (Dexter and Czyz, 2007; Khan, 2000). This factor is also causing reduction in 

food production which can be explained by monitoring the soil physical properties.  

Soil structure instability due to low organic matter was reported to be further 

deteriorated by irrigation (Dexter and Czyz, 2007). Sial et al. (2006) noted inefficiency of 

conventional irrigation system and Smith et al. (1983) reported a structural decline when area 

is brought under flood irrigation. Structurally unstable soils collapse to a dense mass on 

wetting and then become stronger as they dry (Mullins et al., 1990).  Barber et al. (2001) 

found evidence of clay migration away from drip irrigation emitters and suggested that this 

migrated fine material may block the soil pores. The soil structure degradation due to 

irrigation is related to the energy state of water that comes in contact with the aggregates. 

Capillary wetting of raised beds from furrows is a less destructive process than simple flood 

irrigation. But in the field, progressive hardening of well-prepared, irrigated raised beds was 

also observed by Cockroft and Olsson (2000). This suggests that water management is an 

important factor by which our agriculture production has always been under strain.  

Regarding irrigation methods, Fahong et al. (2004) observed decreased surface soil 

crusting due to decreased soil surface exposed to flooding by 40 %.  In addition, there was 
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observed lower soil bulk density and larger porosity for bed planting over the conventional 

flat plating especially at 0–10 cm soil depth. This effect is further pronounced over time with 

additional irrigations. Hassan et al. (2005) also reported soil physical parameters like bulk 

density, infiltration and organic matter while comparing bed sowing with conventional 

sowing method. They noted improvement in these soil physical parameters under raised bed 

as compared to flat basin. They reported 2 % increase in bulk density in the upper soil layer 

and 6 % increase in compaction in the lower layer in basins compared to raised beds. The 

conductivity and cumulative infiltration was 4.3 and 3.6 times higher, respectively, in raised 

beds than in basins and 8.7 and 9 times higher, respectively in raised beds than in furrows. 

They also noted 3  times higher sorptivity in  raised beds  than  in basins  and  10  times  

higher  than  in  furrows, after  20 minutes  of  reading. 

2.4 Effect of mulching materials on soil characteristics  

Wheat straw mulching effects on soil salinity and cotton productivity were 

investigated by Bezborodov et al. (2010) in Central Asia. Significant low soil salinity was 

observed under wheat straw mulching compared with non-mulched soil. There was 20 % 

increase in surface soil salinity under control treatment (no mulch) compared to the mulching 

treatments. Materechera (2009) evaluated different amendments, i.e. phosphogypsum 

(3.0 t ha−1), polymer gel (1.0 t ha−1), grass mulch (3.0 t ha−1) and cattle manure mulch 

(5.0 t ha−1) by applying to the top soil (0-15 cm) on soil physical condition. He noted the 

variations in aggregation under field conditions for two consecutive seasons. Improved soil 

aggregation and enhanced soil water contents especially under mulching were observed 

compared with control and this was related to lower soil penetration resistance in the latter. 

This improvement in soil structure contributed to more grain yields of bambara groundnut 

(Vigna subterranean) and it was also concluded that significant improvements in soil 

aggregation can be obtained over a relatively short time which can increase the yield of 

crops. Pervaiz et al. (2009) also investigated increased soil organic matter (1.32 g kg-1) and 

soil water contents (17 %) and decreased bulk density (1.35 Mg m-3) and soil strength (464 

kPa) under mulch compared to control. 

Sharma et al. (2009) evaluated different levels of leaves mulch, i.e. no mulch (M0), 2 

(M1), 4 (M2) and 6 (M3) t ha−1 as main treatments. Decreased bulk density was noted under 

mulch levels of 6 t ha−1 (1.40 gm cm-3) compared with no mulch (1.44 gm cm-3). Infiltration 
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rate and soil organic carbon contents increased from 0.65 cm hr−1 and 0.55 %, (control) to 

0.72 cm hr−1 and 0.72 %, respectively (6 t ha−1). Relative status of total nitrogen, available 

phosphorus and available K was 0.07 %, 30.8 and 169 ppm, respectively with 6 t ha−1 mulch 

as compared to 0.05 %, 29 and 160 ppm, respectively with no mulch. Soil pH was also 

decreased from 6.8 (no mulch) to 6.4 (6 t ha−1). Lukman et al. (2008) studied the mulching 

effects on soil physical properties. They sampled from 0 to 10 cm soil depth, 11 years after 

establishing the plots and noted increased available water holding capacity by 18-35 %, total 

porosity by 35-46 % and soil moisture retention at low suctions from 29 to 70 % under 

mulching. They obtained high correlations between mulch rate and soil mean weight 

diameter (R2 = 0.87) and percent stable aggregates (R2 = 0.84). However, mulch rates 

showed non significant effects on soil bulk density. Jordan et al. (2010) also found that 

mulching application significantly improved physical and chemical properties of the studied 

soil with respect to control. They noted enhanced soil organic matter and improved bulk 

density, porosity and aggregate stability with increasing mulching rates. Low mulching rates 

did not show significant effect on water properties with respect to control. It was also noted 

that mulching enhance infiltration rate compared to bare soil. Obalum and Obi (2010) also 

observed improved SOM up to 1.5 % and total phosphorus 46 % under mulch.  

2.5 Effect of mulching on soil organic carbon sequestration 

Soil fertility is mainly connected to a great extent with soil organic carbon quantity 

and quality and it has been a main objective of agricultural research at all times. Today, the 

greatest global environmental problems are climate change and global warming due to 

increasing concentration of green house gases. One of the main options for carbon dioxide 

mitigation is the sequestration of carbon in biological systems e.g. forests and soils (Dersch 

and Bohm, 2001). Soils represent the world’s fourth greatest carbon stock (Houghton and 

Well, 1989). The rate of soil organic carbon sequestration depends on soil texture and 

structure, rainfall, temperature, farming system, and soil management with adoption of 

recommended technologies. Strategies proposed to increase the soil carbon pool are: no-till 

farming, cover crops, nutrient management, manuring and sludge application, improved 

grazing, water conservation and harvesting, efficient irrigation, agro-forestry practices, and 

growing energy crops on spare lands. Crops yield may increase by 20 to 40 kg ha-1 for wheat, 

10 to 20 for maize and 0.5 to 1 kg ha-1 for cowpeas by sequestering 1 ton of soil carbon. 
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Carbon sequestration has the capacity to compensate fossil fuel emissions by 0.4 to 1.2 Giga 

tons of carbon per year, or 5 to 15 % of the global fossil-fuel emissions (Lal, 2004).  

 In this context, Canqui and Lal (2007) evaluated crop residues in their effects on 

sequestering soil organic carbon, controlling soil erosion and improving soil health. Three 

levels, i.e. 0, 8 and 16 Mg ha−1 on a dry matter basis, of wheat straw were applied annually. It 

was noted that the soil organic carbon pool was 16.0, 25.3 and 33.5 Mg ha−1 under no straw, 

8 and 16 Mg ha−1 straw mulch, respectively. Increased soil organic carbon contents under 

crop residue mulch were also reported by Havlin et al. (1990) and Saroa and Lal (2003). 

Mulching effects on rainfall interception, soil physical characteristics and temperature were 

assessed by Cook et al. (2006). Organic waste, wheat straw and soybean straw mulches 

applied at different thickness were evaluated in glasshouse and field conditions in southern 

England. They found that mulching had a beneficial effect on soil water and temperature 

regimes. Their findings were found worthy for identifying mulching practices under 

scenarios of climatic change that predict lower rainfall and higher temperatures in summer. 

Sarkar and Singh (2007) demonstrated that soil porosity and organic matter content influence 

the hydrology, thermal status and productivity of agricultural soils. They evaluated three 

mulch management practices, i.e. no mulch, soil dust mulch and rice straw mulch. Soil 

organic carbon, soil temperature with productivity and water use pattern of barley were 

measured. Straw mulch saved 19-21 mm of moisture in the profile (1.2 m) over the un-

mulched condition.  

2.6 Review on economic aspects with different management practices 

Tahir. ( 2012) calculated economic analysis of wheat and manure. He found  for 

wheat crop maximum value cost ratio (VCR) obtained in manure @ 0 Mg ha-1 with irrigation 

level 47.5 cm followed by manure @ 0 Mg ha-1 with 32.5 cm irrigation level and with 

manure @ 50 Mg ha-1 with 32.5 cm, while it reached minimum in case of manure @ 50 Mg 

ha-1 with 47.5 cm.  Results showed that application of high dose of manure was not 

economical for a single wheat crop; however, its residual effect increased the value cost ratio 

of succeeding maize crop. At maize harvest maximum VCR (2.20) was observed in treatment 

combination where manure was applied @50 Mg ha-1 with irrigation level of 32.5 cm 

followed by 2.08 for same manure level with irrigation level 47.5 cm. Marginal analysis also 

indicated that maximum marginal rate of return (239.26 %) was observed in treatment 
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combination of manure @50 Mg ha-1 with irrigation level 47.5 cm followed by same manure 

rate with irrigation level of 32.5 cm (205.06 %) and without manure with irrigation level 47.5 

cm (159.45 %), considering no manure with irrigation level of 32.5 cm as check treatment. 

Similarly, Yaduvanshi (2003) also reported a higher profit with organic manures in 

combination with inorganic fertilizer.  
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CHAPTER 3                              MATERIALS AND METHODS 

3.1 Experimental site and climate   

The research study was conducted at Research Farm of Institute of Soil and 

Environmental Sciences, University of Agriculture, Faisalabad (31°-26' N and 73°-06' E; 

altitude, 184.4 m).  The climate of Faisalabad is subtropical. The mean maximum 

temperature is 27 °C and minimum is 17 °C during the summer. In winter these temperatures 

are 21 and 6 °C, respectively. May, June and July are the three hottest months of the year. 

The average annual precipitation is about 200 mm and half of which in the months of July 

and August. June is usually the hottest month with a mean maximum temperature of 34.1 °C 

while January is the coolest month with a mean minimum temperature of 6.01 °C. The 

highest monthly potential evaporation (ET0) is 9.9 mm d-1, it occur during May while the 

lowest value of ET0 is 1.2 mm d-1 and occur in January (http://en.wikipedia.org 

/wiki/Faisalabad). 

3.2 Site soil characterization   

Prior to experimentation, site soil was characterized for physical, chemical and 

hydraulic properties (Appendix 1). The soil of the experimental area was calcareous 

comprising of alluvial deposits mixed with loess. It is classified as well-drained Hafizabad 

loam, mixed, semi-active, isohyperthermic Typic Calciargids having pH 7.8. The soil was 

structurally unstable owing to the low level of organic matter.  

3.3 Wheat bed planter and drill machines    
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3.4 Treatment combinations 

Two studies were conducted to evaluate the effect of irrigation and sowing methods 
(Study-1); mulching and sowing methods (Study-2) on water use efficiency and soil 
characteristics for sustainable wheat and maize production with the following treatment 
combinations. 

 
Table 1.  
 
Treatment combinations (Study-1) Description 

T1 BI1.25 Bed sowing + 125 % of field capacity 

T2 BI1.00 Bed sowing + 100 % of field capacity 

T3 BI0.75 Bed sowing + 75 % of field capacity 

T4 FI1.25 Flat sowing + 125 % of field capacity 

T5 FI1.00 Flat sowing + 100 % of field capacity 

T6 FI0.75 Flat sowing + 75 % of field capacity 

Treatment combinations (Study-2) Description 

T1 BMo Bed sowing + no mulch 

T2 BMwst Bed sowing + mulch (wheat straw @ 8 Mg ha-1) 

T3 BMmn Bed sowing + mulch (farm manure @ 8 Mg ha-1) 

T4 FM0 Flat sowing + no mulch 

T5 FMwst Flat sowing + mulch (wheat straw @ 8 Mg ha-1) 

T6 FMmn Flat sowing + mulch (farm manure @ 8 Mg ha-1) 

 

3.5 Schematic diagram of raised bed 

 



 29

3.6 Specifications of Study-1 and Study-2 

Specifications Study-1 Study-2 

Crop rotation wheat maize wheat Maize 

Statistical design 
Split Plot Randomized Complete Block Design Split Plot Randomized Complete Block Design 

Main plot Sowing methods Sowing methods 

Sub plot 
Amounts of irrigation  Mulching materials 

)
1-

NPK (kg ha 105 – 85 - 62 300 – 150 - 125 105 – 85 - 62 300 – 150 – 125 

Varieties Sehar-2006 Pioneer 31R88 Sehar-2006 Pioneer 31R88 

Sowing time 16, 10 Dec. 2008- 09 12, 22 Aug. 2009-10 16, 10 Dec. 2008-09 12, 22 Aug. 2009-10 

Harvesting time 22, 19 Apr. 2009-10 17, 25 Nov. 2009-10 22, 19 Apr. 2009-10 17, 25 Nov. 2009-10 

Row to row distance (cm)
23.1 46.3 23.1 46.3 

Plant to plant distance (cm)
----- 20 ----- 20 

Seed rate 

)
1-

kg acre( 55 10 55 10 

)
2

Plot size (m 55.8 55.8 55.8 55.8 
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3.7 Mulching materials’ characterization 

Mulching materials were characterized for NPK and organic carbon contents 

(Table 2). The farm manure and wheat straw samples (ground < 2 mm) were analyzed for 

organic carbon and NPK contents following the standard analytical techniques. Mulching 

materials were first digested using the wet-digestion method (nitric acid and perchloric 

acid) as described by Kuo (1996). Then total N was measured by the Kjeldhal method as 

described by Bremner and Mulvaney (1982). For determination of total P and K, the 

samples Phosphorus and potash in the digest were measured by a spectrophotometer and 

a flame photometer, respectively. Organic carbon contents were measured using methods 

described by Nelson and Sommers (1996).  

Table 2. Analysis of wheat straw and farm manure used in Study-2 

Parameter Unit Wheat straw Farm manure 
N  % 0.65 ± 0.05 1.60 ± 0.03 
P2O5  % 0.35 ± 0.03 0.49 ± 0.02 
K2O  % 1.30 ± 0.04 1.25 ± 0.04 
Organic carbon  % 47.6 ± 1.65 38.2 ± 1.42 

 

3.8 Wheat-maize trials 

Wheat-maize crops were cultivated by two sowing methods (flat sowing and 

raised bed sowing) and three irrigation levels (0.75 FC, 1.0 FC, and 1.25 FC). Irrigation 

levels were maintained fortnightly in wheat and weekly in maize. In the other study, there 

were two sowing methods (flat and raised bed sowing) with two types of mulches (wheat 

straw and farm manure), which were applied @ 8 Mg ha-1 on the surface at completion of 

germination. No mulch was applied in control. In the 2nd year, each study was performed 

again with the same cropping rotation, i.e. wheat-maize.   

For the irrigation trials of wheat-maize, the depths of water required for each 

layer, i.e. 0-15 cm, 15-30 cm and 30-45 cm to meet the said irrigation levels, were 

determined one day before irrigation (Hassanli et al., 2009) using the following 

relationship:  

                                       (FCi – θi) 
                                    Di = -------------------  * Ri                         [1] 
                                                        100 
Where Di is the depth of water required (m) at ith layer, FCi is the water content at field 

capacity for ith layer, θi is the soil water for ith layer at the time of irrigation, Ri is the 
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relative depth (m) for ith layer. The total depth of water required for irrigation for the total 

depth, i.e. 0-45 cm of the root zone was calculated by sum up the depths of water for each 

layer: 

                               D (0-45 cm) = D1 (0-15 cm) + D2 (15-30 cm) + D3 (30-45 cm)    [1 A]  

 The exact amount of water to be applied was ensured using the following relationship:  

                                              Qt = AD                                                           [2] 
Where, Q is flow rate (m3/min), t is time (min.), A is plot area (m2) and D is depth of 

water to be applied (m). 

Water balance  

For the soil water balance study, all the necessary meteorological data was taken 

from the Crop Physiology Department Weather Station which is very near to the 

Research Area of ISES in the University of Agriculture, Faisalabad. 

Drainage calculation 

Drainage was calculated using the following water balance equation: 

                                 DSETIP a                                                [3] 

Here, I = Depth of irrigation applied (mm), which was calculated using cut throat flume, 

ETa= actual evapotranspiration (mm day-1) 

P = Rainfall (mm), 

ΔS = Change in water storage (mm) of the soil profile upto required depth. Water 

contents were measured at each depth before each irrigation, before start and at the end of 

trial.  

D = Drainage or deep percolation (mm) 

Actual evapotranspiration was calculated by the following relation: 

                                     ETmKET sa                                    [4] 

where Ks is the stress factor and ETc is the crop potential evapotranspiration under 

standards or no stress conditions. 

Stress factor (Ks) or evapotranspiration reduction factor (ETred.) was calculated by the 

relationship between the relative evapotranspiration reduction 
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yield reduction 
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Y
1  determined using the method given by Doorenbos and Kassam 

(1979) as follows: 
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where Ya is the actual harvested yield, Ym is the maximum potential yield and ky is the 

yield response factor. According to Doorenbos and Kassam (1979) the values of Ky for 

wheat and maize are 1.15 and 1.20, respectively. ETm is the maximum potential 

evapotranspiration, Yred was relative yield reduction and ETred is the relative 

evapotranspiration reduction. 

ETc was calculated using following equation: 

                                         0ETKETm c              [7] 

Where Kc is crop coefficient and ET0 is potential evapotranspiration 

The crop coefficients, i.e. Kc ini, Kc dev, Kc mid and Kc end were calculated as follows:   

Here Kc ini, Kc dev, Kc mid and Kc end are crop coefficients at initial, developing, mid and end 

stages, respectively. 

Value of the Kc ini was taken from the tabulated value of Kc initial for wheat crop 

calculated by Doorenbos and Kassam (1979) and set according to the ET0 values and 

wetting intervals during initial stage.  

Kc mid and Kc end were calculated using the following equations: 

           
3.0

min2)( 3
)]45..(004.0)2(04.0[.)( 








h
HRuTabKK

Tabmidcmidc         [8] 

                  
3.0

min2)( 3
)]45..(004.0)2(04.0[ 








h
HRuKK

Tabendcendc        [9] 

where u2 is the mean daily wind speed at 2 m height (m s-1), R.H.min. is the daily 

minimum relative humidity and h is the plant height, Kcmid (Tab) and Kcend (Tab) were 

taken from Doorenbos and Pruitt (1977). The daily Kc for developing stage was 
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interploted linearly between Kc ini and Kc mid within the course of the crop development 

stage.  

Daily reference/potential evapotranspiration (ET0) for a hypothetical crop was calculated 

using Penman-Monteith Equation (Allen et al., 1998) as follows: 

                            
)34.01(

)(
273

900
)(408.0

2

2

0 u

eeu
T

GR

ET
as

mean
n












       [10] 

where ET0 is the reference/potential evapotranspiration (mm day-1), Rn the net radiation 

reaching the crop surface (MJ m-2day-1), G the soil heat flux density (MJ m-2day-1), γ is 

the psychrometric constant (kPa °C-1), Tmean the average daily air temperature measured 

at 2 m height (°C), u2 the wind speed at 2 m height (m s-1), es-ea the saturation vapour 

pressure deficit (kPa), ea the actual vapour pressure (kPa), es the saturation vapour 

pressure (kPa) and ∆ the slope of the vapour pressure curve (kPa °C-1). 

3.9 Meteorological data 

 Figures, 1, 2, 3 and 4 represent the meteorological data recorded during wheat 

(2008-09), maize (2009), wheat (2009-10) and maize (2010) seasons, respectively in 

Faisalabad region at an altitude of 184.0 m, which was used for calculating the soil water 

balance components. 

 

 

 

 

 

 

 

 

 

 

 



 34

 

Fig. 1 Meteorological data during wheat season (2008-2009).  
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Fig. 2 Meteorological data during maize season (2009).  
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Fig. 3 Meteorological data during wheat season (2009-10).  
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Fig. 4 Meteorological data during maize season (2010).  
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3.10.1 Water use efficiency 

Water-use efficiency (WUE) was measured as described by Hussain et al. (1995): 

                                              
ETa

GY
WUE                                   [11] 

Where WUE (kg m-3) is the water use efficiency, GY is the grain yield (kg ha-1) and ETa 

(m-3) which was calculated by the Equation [4]. 

3.10.2 Irrigation water use efficiency 

Irrigation water use efficiency (WUEi) was calculated as follows: 

                                               [12]                              

                                                                                

Where I (m-3) is the irrigation depth applied. 

3.11 Soil chemical analysis  

3.11.1 Soil organic carbon (SOC) 

Soil organic carbon was determined following the method described by Ryan et 

al. (2001). One-gram air-dry soil sample was taken in a 500 mL beaker and 10 mL 1N 

potassium dichromate solution was added to the beaker. Afterward 20 mL concentrated 

sulfuric acid was added; the beaker was swirled to mix the suspension and then allowed 

to stand for 30 minutes. 200 mL de-ionized water and 10 mL concentrated 

orthophosphoric acid were, then, added to it. The mixture was allowed to cool after 

adding 10-15 drops of diphenylamine indicator. Then the contents were titrated against 

0.5 M ferrous ammonium sulfate solution, until the color changed from violet blue to 

green. Two blank readings were obtained by following the above procedure except 

adding soil.                                                    

Calculations 

% Oxidizable organic carbon = ﴾(Vblank - Vsample) x 0.3 x M﴿ / ﴾weight of soil (g)﴿ 

% Total organic carbon (w/w) = 1.33 x % oxidizable organic carbon 

SOC concentration (g kg-1) = % total organic carbon x 10 

M = Molarity of ferrous sulphate solution 

Vblank = Volume of ferrous ammonium sulphate solution used for blank (mL) 

Vsample = Volume of ferrous ammonium sulphate solution with soil sample (mL). 

 

I

GY
WUEi 
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3.11.2 Soil organic carbon pool 

Soil organic carbon pool was calculated from soil organic carbon concentration (g 

kg-1) for each soil depth in Mg ha-1 using the following equation: 

                      C-Pool (Mg ha-1) = A x D x BD x SOC x 10-3            [13] 

Where A is area (ha = 104 m2); D is the depth (m); BD is the bulk density (Mg m-3) (Lal 

et al., 1998). 

3.11.3 Soil pH  

Soil pH was measured with a digital pH meter, after making a saturated soil paste 

and standardizing pH meter with 4.0 and 9.2 pH buffer solutions (Dellavalle, 1992). 

3.11.4 Electrical conductivity of saturated soil extract (ECe) 

After obtaining the extract from saturated soil paste with the help of a vacuum 

pump ECe was measured using a digital Jenway electrical conductivity meter (Dellavalle, 

1992).    

3.11.5 Calcium plus Magnesium   

Soil extract was titrated against 0.01 N EDTA (Ethylene diamine tetra acetic acid) 

solution using Eriochrome Black T indicator in the presence of NH4Cl-NH4OH buffer 

solution (Method 7, p. 94).  

3.11.6 Sodium  

Soluble sodium ions were determined by using Corning Flame photometer-410 

after calibrating with standard solution of Na (Method 10a and 11a, p. 96-97). 

 3.11.7 Soil NPK  

 Total N concentration was measured by digesting a known weight of soil with 98 

% pure, concentrated H2SO4 and digestion mixture was followed by distillation 

(Reacator) using Kjeltec autosystem. The available P was measured after extracting soil 

with 0.5 M NaHCO3 (pH 8.5) followed by measuring the absorbance of the blue color of 

the solution at 880 nm (Olsen and Sommers. 1982) using a spectrophotometer. The K 
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was extracted with 1 M neutral ammonium acetate and determined by using flame 

emission spectroscopy.                                                                                                                                        

3.12 Leaf area index 

The leaf area index (LAI) was measured by formula reported by Dwyer and 

Stewart (1986):  

                                      Leaf area = L × W × A          [14]       

Where L is leaf length, W is the greatest leaf width and A is factor having value of 0.75 

for maize and 0.80 for wheat crop. 

Leaf area index of wheat and maize crop was measured at 15 days interval upto 

harvesting stage. 

3.13 Harvest index (HI %)  

It is defined as the ratio of grain weight to the total plant weight at harvest, and 

was calculated following Sinclair (1998) procedure. 

                                    HI = (GY/TPW) x 100                     [15] 
Where, GW is the grain weight (kg) and TPW is the total plant weight in kilo grams.  

3.14 Soil Physical parameters measurements 

3.14.1 Bulk density 

Soil bulk density from 0-15, 15-30 and 30-45 cm depths were determined. The 

core sampler was pressed in the soil far enough depth to fill the core. Carefully removed 

the sampler and   trimmed the soil extending out of the core with a sharp knife. Soil was 

oven-dried at 105oC to a constant weight, cooled and weighed. Soil volume was taken 

equal to inner volume of core sampler (Blake and Hartge, 1986).    

 

Bulk density    = (Mass of oven-dry soil) / (Volume of soil including pore spaces)                    

 3.14.2 Particle-size analysis   

Percentage of sand, silt and clay was determined by Bouyoucos hydrometer 

methods. Soil (50 g) was soaked overnight with 1 % sodium hexameta-phosphate 

solution plus distilled water. This mixture was dispersed with electric stirrer, transferred 

to 1-L graduated cylinder, and then silt and clay particles (%) were determined using 

Bouyoucos hydrometer. Textural class was determined by following the International 

Textural Triangle (Ryan et al., 2001).     
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3.14.3 Infiltration rate  

Infiltration rate was measured with a double ring infiltrometer. The inner and the 

outer rings were driven about 10 cm into the soil by means of an impact absorbing 

hammer and a driving plate and then they were filled with water. The water flowing 

through the inner ring into the soil was noted until a constant rate was achieved (Klute, 

1986). 

3.14.4 Field saturated hydraulic conductivity (Kfs) 

Field saturated hydraulic conductivity (Kfs) was measured by Guelph 

Permeameter (Model 2800 KI), taking three steady-state readings. The Kfs was then 

calculated from the following formula: 

           Kfs = (0.0041) (X) (R2) – (0.0054) (X) (R1)         [16] 

Where R1 and R2 are the steady-state rates of water fall (cm s-1) in the reservoir at the first 

(h1) and second head (h2) of water (cm), respectively and X (35.5 cm2) is the reservoir 

constant which is related to the cross sectional area of the combined reservoir (cm2). 

3.14.5 Soil penetration resistance  

        Soil strength was measured by Eijkelkamp Cone penetrometer. The 

penetrometer was operated by placing the cone on the soil surface with the shaft oriented 

vertically. The cone was then pressed into the soil until it just becomes buried (i.e. soil 

surface was level with the base of the cone). Then reading was noted. Each plot was 

repeated three times. 

3.14.6 Soil physical quality index, S 

  Soil physical quality quantification was assessed using index of soil physical 

quality, S, proposed by Dexter (2004) in terms of the parameters of the van Genuchten 

(1980) equation as: 
                             S = -n (s – r). [1 + 1/m]- (1+m)          [17] 

to which the Mualem (1986) constraint, m = 1- 1/n was applied. Pedotransfer functions 

proposed by Wosten et al. (1999) were used for the parameters of the van Genuchten 

(1980) equation. 
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Fig. 5 Water, soil physical and physiological measuring sketches 

3.14.7 Water release curve and soil hydraulic parameters 

Water retention curve was measured for soil layers of 0-15, 15-30 and 30-45 cm 

from field trials. Retention capacity of soil was measured by determining water contents 

at pre-defined matric potential (Dane and Hopmans, 2002) with the help of suction plates 

at the 0.2, 0.6, 1.1, 2.7 and 4.2 bar pressure and a linear regression equation was 

determined by taking ln(h) versus lnθ/θs to get water contents at permanent wilting point 

(θWP) and field capacity (θFC) of different soils (Williams et al., 1983). The following 

linear regression equation was developed by taking ln θ/θs versus ln(h) to get θWP, θFC, 

θAWC etc. 

                                    )/ln(lnln se bPP            [18] 

P is the matric potential (kPa), “Pe” (intercept) is air entry value/bubbling pressure which 

is inversely related to “α”, and “b” is the slope of ln P vs ln θ/θs water retention curve. 

3.14.8 RETC-fit software description for modeling of soil water retention curve and 

hydraulic properties  

Single porosity model was used to predict better fit of soil water retention curve to 

the measured data. RETC-fit version 6.02 software model was fitted to retention using 

van Genuchten-Mualem (van Genuchten et al., 1992) model. Units for length and time 

selected were cm and days, respectively. Maximum number of iterations was 50 while 
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number of retention data points was 15. Default value for θr selected was 0.027 (Rawls et 

al., 1982) and the values for α and n were 0.012 and 1.43, respectively that were 

predicted by pedotransfer function code with Rosetta Lite v. 1. 1999. (Schaap et al., 

2001) according to sand, silt and clay proportion. Then mean values of water fraction 

from recorded data were put against their respective matric potential to get results from 

the RETC-fit software. Model fitness was relied on R squared for regression of observed 

versus fitted values. 

Recorded data were fitted to single porosity (Durner, 1994) using the RETC code 

to find out hydraulic parameters in the three main layers of the experimental site using 

RETC-fit version 6.02 software. 

Single porosity model 

For the equilibrium conditions (single-porosity) one of the most popular model van 

Genuchten’s equation (van Genuchten, 1980; Geo and Liu, 2010) was applied to find out 

VG parameters. 

According to this model   
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Hydraulic conductivity can be written as (Maulem, 1976) 
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Fig. 6 Pressure membrane apparatus used for WRC 
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3.15 Physiological parameter 

 The physiological parameter, i.e. transpiration rate (E) was measured by portable 

infra-red gas analyzer [IRGA (LCA-4). This parameter was taken in the morning at 

photosynthetic photon flux density of 1200-1400 micro mole m-2 s-1 (Ben-Asher et al., 

2006). Two fully expanded leaves from one plant in each experimental unit at mid stage 

of crop growth were selected for the measurement of the data regarding the above 

parameter.  

3.16 Agronomic parameters  

Yield and yield contributing parameters (total plant biomass, grain yield and 1000 

grain weight) of wheat and maize were recorded at crop maturity from sub plots. A strip 

of square meter was taken from each experimental unit and measurements were recorded.  

Plant height of both crops was determined at mid stage when crops get its maximum 

height with a meter stick at ten random sites in each plot. The harvest index was derived 

by using Equation [16].  

3.17 Economic analysis 

The data collected from Study-1 and Study-2 for wheat and maize crops were 

subjected to an economic analysis on average costs basis of two year. The total input 

costs (variable and fixed costs) for all the treatments were calculated in Pakistani rupees 

after determining their prices. Net benefit for each treatment was noted by subtracting the 

total input cost from the total benefits (Byerlee, 1988).  Marginal and dominance analysis 

was carried out using the following relationships: 

Marginal cost = the increase in variable cost which occurs in changing from one    

                           production alternative to another 

Marginal net benefits = the increase in net benefit which can be obtained by  

                           changing from one production alternative to another 

                                                    Marginal net benefits 

Marginal rate of return (%) =   --------------------------- x 100 

                                                         Marginal costs 

           D = Dominated treatments that have high cost and low net field benefits. 
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3.18 Statistical analysis 

The data collected was statistically analyzed using ANOVA (analysis of variance) 

techniques following Randomized Complete Block Design with split plot arrangement 

for both field trials. Sowing methods were kept in main plot in both studies, irrigation 

levels were kept in sub plot in Study-1 and mulching materials were kept in sub plots in 

Study-2. The correlations were also developed for soil physical properties, i.e. field 

saturated hydraulic conductivity, bulk density, and soil organic carbon for both studies 

using Microsoft Excel 2007. The t-test was performed to see the significance of each soil 

physical parameter using the grand mean for wheat and maize growing seasons separately 

in 1st year over 2nd year. The means were compared by LSD (least significant difference) 

test at p≤ 0.05. (Steel et al., 1997). The software packages STATISTIX 8.1 (StatSoft, 

Inc., 2001), STATISTICA (Version 8, www.statsoft.com, OK 74104, US), was used for 

statistical analysis.  
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CHAPTER 4                                                                       RESULTS 

Two studies were conducted to evaluate the effect of sowing methods, mulching 

materials and irrigation levels on water use efficiency (WUE) and soil characteristics for 

sustainable crop production at the Research Area, Institute of Soil and Environmental 

Sciences, University of Agriculture, Faisalabad, following randomized complete block split 

plot design. Sowing methods were kept in main plots while irrigation levels were in sub-plots 

(Study-1). In the second study, sowing methods were kept in main plots again, and mulching 

materials were in sub plots (Study-2). Sowing methods were flat sowing (FS) and bed sowing 

(BS), while irrigation levels were 0.75 FC, 1.00 FC and 1.25 FC on the bases of field 

capacity (FC). Mulching materials’ levels were no mulch (control-M1), wheat straw (M2), 

farm manure (M3). The same studies were repeated during 2nd year as well. The results are 

presented under different titles. 

4.1 Simulated and measured water retention capacity 

 Fig.1 indicates the relations between ln θ/θs and ln (P), mathematically; these 

relations were represented in the following regression equations for three different layers, i.e. 

0-15 cm (D1), 15-30 cm (D2) and 30-45 cm (D3);  

ln P = -3.98 ln θ/θs + 1.75      Eq. 1 (D1) 

ln P = -3.45 ln θ/θs + 1.91      Eq. 2 (D2) 

ln P = -3.35 ln θ/θs + 2.14      Eq. 3 (D3) 

that were further used to find out water content at field capacity and permanent wilting point. 

It is clear from Fig. 1 that, there was a good linear relationship with regression coefficients 

(R2) 0.988, 0.975 and 0.968 for depths D1, D2 and D3, respectively and negative slope was 

observed ranging from -3.98 to -3.35 with an air entry value/bubbling pressure (intercept) 

value ranging from 1.75 to 2.14. While Appendix 1b indicates the measured and simulated 

values regarding field capacity (FC), permanent wilting point (PWP) and available water 

contents. Data showed similar trend for FC and PWP down the soil profile in both measured 

and simulated values that reinstates the reliability of measured data. Down the soil profile, 

decreasing trend for FC and PWP might be due to increasing sand proportion, decreasing silt 

proportion (Appendix 1a) and decreasing soil organic carbon (Appendix 1d) with almost 

similar clay contents 
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Appendix 1c depicts residual water contents of the soil according to VG (van 

Genuchten) model along with other van Genuchten parameters like α, n and m while 

resulting water retention curves (column-1) and effective water contents versus pressure head 

(column-2) are shown in Fig. 2. It is obvious from r2 and sum of square residual values that 

data fitted well to the VG model. Alpha (α) showed highest value in D3 and lower value in 

case of D1 that might be due to highest and lower sand proportion in D3 and D1, respectively 

(Schaap et al., 2001). However, no change was observed in “n” parameter. Residual water 

contents (θr) ranged from 0.048 to 0.073 also showed corresponding trend as was observed in 

silt with almost similar clay contents and increasing sand proportion from top layer (D1) to 

bottom layer (D3) as shown in Appendix 1a.  Our results showed consistency with Gupta and 

Larson (1979) observations who observed a similar behavior while studying correlation 

between soil water retention capacity and soil particle-size fractions. 
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Fig. 1 Measured soil water characteristics curve for the three main layers of the experimental site. 
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Fig. 2 (Left column) Simulated soil water characteristics curve, (Right column) effective water contents, for the three main layers of 
the experimental site according to single porosity model (SPM) using RETC-fit model. 
Note: Data are average of three repeats 
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4.2 Growth and yield attributes of wheat and maize 

4.2.1 Effect of irrigation and sowing methods on leaf area index (LAI) 

 Fig. 3 depicts that difference among the treatments is minimal on 15 and 30 DAS but 

with a small inclination. After this, there was observed sharp increase in all treatments up to 

75 DAS with increasing difference among the treatments. However, T1 treatment showed 

maximum LAI 4.52 (wheat) which was 5.4, 6.5, 9.4, 15.0 and 16.5 % higher compared with 

T2, T3, T4, T5 and T6, respectively. LAI ranged from 3.88 to 4.52 (wheat), this minimum LAI 

was revealed in T6 treatment, which was a combination of flat sowing and irrigation 

equivalent to 75 % field capacity 75 DAS. LAI decreased in the respective treatments till 105 

DAS, i.e. from 4.52 to 2.18 (T1), 4.29 to 1.96 (T2), 4.24 to 1.89 (T3), 4.13 to 1.74 (T4), 3.93 to 

1.58 (T5) and 3.88 to 1.53 (T6) for wheat crop. On average in wheat crop, irrigation showed 

53.9 and 59.5 % decrease in LAI under bed and flat sowing respectively. However, for maize 

crop, Fig. 4 reveals that LAI increased with increasing difference among the treatments 

sharply up to 45 DAS and then increased gradually up to 60 DAS. On observation at 60 

DAS, LAI ranged from 5.57 to 6.21, here, maximum and minimum LAI was in T1 (Bed 

sowing + irrigation equivalent to 125 % FC) and T6 (Flat sowing + irrigation at 75 % FC) 

treatments, respectively. After this, LAI decreased gradually till 90 DAS in each treatment, 

on average, irrigation based on field capacity, showed 40.0 and 41.6 % decrease under bed 

and flat sowing, respectively.  However, on harvesting, i.e. 90 DAS in maize crop, treatment 

T1 depicted maximum LAI, i.e. 3.74 and T6 revealed minimum LAI, i.e. 3.23.   

4.2.2 Effect of irrigation and sowing methods on 1000-grain weight (g) 

It is evident from Fig. 5 that all irrigation levels showed significant effect on 1000-

grain weight (GW) under bed sowing but irrigation level equivalent to 125 (T4) and 75 % 

(T6) field capacity under flat sowing system showed at par significance in case of wheat crop. 

Maximum 1000-GW (46.9 and 38.3 g) was noted in irrigation level equivalent to 100 % FC 

under bed and flat sowing systems, respectively. Although, a higher level of irrigation, i.e. 

125 % FC and lower level of irrigation, i.e. 75 % FC, under bed sowing system showed 7.9 

and 16.4 % decrease, respectively in comparison with treatment T2, and under flat sowing 

system showed 13.6 and 20.6 % decrease, respectively in comparison with treatment T5. 
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Fig. 3 Effect of irrigation and sowing methods on leaf area index of wheat 
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Fig. 4 Effect of irrigation and sowing methods on leaf area index of maize. 

Note:  B (Bed sowing), F (Flat sowing), I (Irrigation), 1.25 (125 % of field capacity), 

1.00 (100 % of field capacity), 0.75 (75 % of field capacity) 
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Given the effect of sowing methods alone, it was revealed from the data that bed sowing 

system showed maximum (43.1 g) 1000-GW by 27.1 % over flat sowing system. Regarding 

irrigation levels FC2 (100 % FC) showed 11.8 % increase over FC1 and 22.4 % increase over 

FC3. However, maximum 1000-GW (42.6 g) was noted in FC2 irrigation level.  For maize 

crop (Fig. 6), significant effect of treatments on 1000-GW was observed. Treatment T2 

performed statistically different from the rest of the other treatments with maximum 1000-

GW, i.e. 426.0 g. It showed 5.8, 8.0, 20.2, 13.6 and 22.5 % increase over T1, T3, T4, T5 and 

T6, respectively. Minimum 1000-GW (347.7 g) was observed in treatment T6 (flat sowing + 

irrigation level at 125 % FC) which showed at par significance with T4, i.e. 1000-GW 354.3 

g (Flat sowing + irrigation level equivalent to 75 % FC). Similarly, these two irrigation 

levels, i.e. 75 and 125 % FC, showed at par significance under bed sowing system.  

4.2.3 Effect of irrigation and sowing methods on grain yield of wheat (kg ha-1) and maize (Mg ha-1)  

Fig. 7 and 8 indicates that sowing methods and irrigation levels and their interactions 

showed significant effect on grain yield of wheat and maize, respectively. There was 

observed 37.1 and 48.4 % increase in grain yield of wheat (4311.9 kg ha-1) and maize (9.5 

Mg ha-1), respectively on bed sowing system than flat sowing system. Irrigation level FC2 

(100 % FC) showed maximum yield, i.e. 4029.2 kg ha-1 and 9.4 Mg ha-1 for wheat and 

maize, respectively which is clearly evident in Figure 19. However, irrigation levels, i.e. FC1 

(125 % FC) and FC3 (75 % FC) depicted 8.0 and 14.4 % decrease in wheat grain yield and 

18.1 and 27.7 % decrease in maize grain yield, respectively in comparison with FC2 

irrigation level. Irrigation level FC2 (100 % FC) yielded 4.6 and 10.8 % increase in wheat 

grain yield and 13.8 and 25.9 % increase in maize grain yield under bed sowing system 

compared with T1 and T3, respectively. Similarly, under flat sowing system, FC2 and FC3 

irrigation levels showed 12.5 and 20.4 % decrease, respectively in wheat yield and 25.9 and 

38.3 % decrease, respectively in maize yield, compared with FC1 irrigation level under flat 

sowing system. However, treatment T6, (75 % FC irrigation + flat sowing), depicted 

minimum grain yield, i.e. 2811.5 (wheat) and 5.0 (maize) compared with all other treatments.  
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Fig. 5 Effect of irrigation and sowing methods on 1000-grain weight of wheat. 
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Fig. 6 Effect of irrigation and sowing methods on 1000-grain weight of maize. 

Note: BS (Bed Sowing), FS (Flat Sowing) FC1 (125 % of field capacity), FC2 (100 % of field 

capacity), FC3 (75 % of field capacity), 
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Fig. 7 Effect of irrigation and sowing methods on wheat grain yield.  
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Fig. 8 Effect of irrigation and sowing methods on maize grain yield.  

Note: BS (Bed Sowing), FS (Flat Sowing) FC1 (125 % of field capacity), FC2 (100 % of field 

capacity), FC3 (75 % of field capacity), 
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4.2.4 Effect of irrigation and sowing methods on harvest index (%) 

Fig. 9 indicates the significance of harvest index among the treatments (wheat). 

Maximum (38.0 %) harvest index (HI) was noted in T2 treatment whereas, minimum (27.4 

%) HI was observed in T4 treatment. The T2 showed 27.8 % increase in HI over T4 treatment. 

Both irrigation levels, i.e. lower (75 % FC) and higher (125 % FC) depicted 13.3 and 11.4 % 

decrease under bed sowing, and 6.0 and 14.4 % decrease under flat sowing systems 

compared with irrigation level equivalent to 100 % FC under bed and flat sowing systems, 

respectively. Whereas, bed sowing alone enhanced harvest index (HI) over flat sowing 

system by 18.6 %. The FC2 irrigation level also performed significantly different from other 

two irrigation levels and it showed 13.9 and 9.0 % increase in harvest index compared with 

FC1 and FC2 irrigation levels. Similarly, in case of maize crop (Fig. 10), treatment T2 (Bed 

sowing + irrigation level at 100 % FC) showed maximum harvest index (35.8 %) by 18.5, 

25.5, 43.6, 11.6 and 58.2 % increase compared with T1, T3, T4, T5 and T6, respectively. Bed 

sowing and flat sowing system showed 31.5 and 26.5 % harvest index, respectively. 

Whereas, irrigation level FC2 (100 % FC) showed enhancement in harvest index by 23.0 and 

32.5 % compared with FC1 and FC3 irrigation levels, respectively. 

4.2.5 Effect of mulching and sowing methods on leaf area index (LAI) 

 All the treatments showed maximum LAI on 75 and 60 days after sowing in wheat 

(Fig. 11) and maize (Fig. 12) crops, respectively, compared with earlier observation times. 

However, T2 treatment showed maximum LAI 4.55 (wheat) and 6.50 (maize) which was 6.4 

and 6.9 %, 5.3 and 3.7 %, 16.3 and 14.2 %, 9.3 and 6.6 % and 14.8 and 10.4 % higher in 

wheat and maize, respectively, compared with T1, T3, T4, T5 and T6, respectively. The LAI 

ranged from 3.91 to 4.55 in wheat and 5.69 to 6.50 in case of maize. The minimum LAI was 

revealed in T4 treatment (No mulch (control) + flat sowing) on 75 and 60 DAS in wheat and 

maize crops, respectively. After this, LAI decreased in the respective treatments till 

harvesting, i.e. from 6.08 to 3.29 (T1), 6.50 to 3.59 (T2), 6.27 to 3.40 (T3), 5.69 to 2.89 (T4), 

6.10 to 3.07 (T5) and 5.89 to 2.96 (T6) in case of maize crop. On average in maize crop, 

mulching materials showed 45.5 and 49.5 % decrease under bed and flat sowing respectively. 

However, for wheat crop, T1, T2, T3, T4, T5 and T6 treatments showed 52.4, 48.8, 51.1, 57.2, 

52.1 and 56.5 % decrease from 75 DAS to 105 DAS. On average, 50.8 and 55.3 % decrease 

was noted in bed and flat sowing under different mulching materials. 
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Fig. 9 Effect of irrigation and sowing methods on harvest index of wheat. 
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Fig. 10 Effect of irrigation and sowing methods on harvest index of maize. 

Note: BS (Bed Sowing), FS (Flat Sowing) FC1 (125 % of field capacity), FC2 (100 % of field 

capacity), FC3 (75 % of field capacity), 
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On harvesting, i.e. 105 and 90 DAS in wheat and maize crop, respectively, the treatment T4 

depicted minimum LAI, i.e. 2.89 in maize and 1.68 in wheat.  

4.2.6 Effect of mulching and sowing methods on 1000-grain weight (g) 

It is evident from Fig. 13 and 14 that all mulching levels showed significant effect on 

1000-grain weight (GW) under bed and flat sowing system. Maximum 1000-GW, i.e. 50.5 

(wheat) and 439.2 g (maize) was noted in treatment T2 which was a combination of wheat 

straw mulch and bed sowing system and minimum was noted in treatment T4 (Mulch control 

+ flat sowing), i.e. 30.7 (wheat) and 263.1 g (maize). Treatment T4 showed 39.2 and 40.1 % 

decrease in 1000-GW of wheat and maize, respectively over T2 treatment. Wheat straw and 

farm manure mulches showed similar significance under bed sowing and flat sowing system 

except under flat sowing system in case of maize crop. Although, wheat straw mulch showed 

4.8 and 4.1 % increase over farm manure mulch under bed sowing system; 9.9 and 14.5 % 

increase over farm manure mulch under flat sowing system in 1000-GW of wheat and maize, 

respectively. Given the effect of sowing methods alone, it was revealed from the data that 

bed sowing system showed maximum (46.5 (wheat) and 414.3 g (maize)) 1000-GW by 30.6 

and 25.3 % over flat sowing system in case of wheat and maize, respectively. Regarding 

mulching levels, wheat straw mulch (M2) showed 26.6 and 23.5 % increase over M1 (control) 

and 7.1 and 8.5 % increase over farm manure mulch (M3) in 1000-GW of wheat and maize, 

respectively. Maximum 1000-GW, i.e. 45.2 and 398.2 g was noted in M2 mulching level, 

followed by M3, i.e. 42.2 and 367.0 g and M1, i.e. 35.7 and 322.4 g in wheat and maize 

cropping pattern, respectively.  

 4.2.7 Effect of mulching and sowing methods on grain yield of wheat (kg ha-1) and maize (Mg ha-1) 

Bed sowing yielded promising results by enhancing 33.3 % (Fig. 15) wheat yield and 

46.8 % (Fig. 16) maize yield over flat sowing method. However, the yield of wheat and 

maize was 4589.1 kg ha-1 and 9.1 Mg ha-1, respectively on bed sowing system and 3442.9 kg 

ha-1 and 6.2 Mg ha-1, respectively on flat sowing system. Regarding mulching materials’ 

levels, wheat straw and farm manure showed similar significance in case of wheat but 

significant effect in case of maize, however, wheat straw mulch depicted maximum yield of 

both crops compared with farm manure mulch and control. Mulching levels, i.e. M1, M2 and 

M3 depicted 3467.5 kg ha-1 and 6.4 Mg ha-1, 4364.8 kg ha-1 and 8.9 Mg ha-1 and 4215.7 kg 

ha-1 and 7.8 Mg ha-1 wheat and maize yield, respectively. 
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Fig. 11 Effect of mulching and sowing methods on leaf area index of wheat. 
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Fig. 12 Effect of mulching and sowing methods on leaf area index of maize. 

Note:  B (Bed sowing), F (Flat sowing), Mo (No Mulch), Mw.st (Wheat straw mulch), 

Mmn (Farm manure mulch), 
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Fig. 13 Effect of mulching and sowing methods on 1000-grain weight of wheat. 
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Fig. 14 Effect of mulching and sowing methods on 1000-grain weight of maize. 

 

Note: BS (Bed Sowing), FS (Flat Sowing), M1 (No Mulch), M2 (Wheat straw mulch), M3 

(Farm manure mulch),  
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The M2 and M3 mulching levels showed 25.9 and 21.6 % increase in yield of wheat over M1, 

respectively. Similarly maize yield was also increased, i.e. 39.1 and 21.9 % in M2 and M3 

amendments compared to M1. 

Interactive effect of mulch and sowing methods was also found significant on grain 

yield of wheat and maize. Wheat straw and farm manure mulching materials showed 26.3 

and 20.3 %, and 43.2 and 25.7 % increase in grain yield of wheat and maize, respectively on 

bed sowing system compared with treatment T1; 25.3 and 23.3 % and 34.0 and 18.9 % 

increase in grain yield of wheat and maize, respectively on flat sowing system compared with 

treatment T4. Treatment T4 (Flat sowing + no mulch) depicted minimum grain yield of wheat 

and maize by 40.9 and 50.0 %, respectively over T2 treatment (Bed sowing and wheat straw 

mulch) that showed maximum wheat and maize yield.   

4.2.8 Effect of mulching and sowing methods on harvest index (%) 

Fig. 17 indicates the significance of harvest index among the treatments (wheat). 

Maximum (39.9 %) harvest index (HI) was noted in T2 treatment whereas, minimum (26.9 

%) HI was observed in case of T4 treatment. The T2 showed 48.3 % increase in HI over T4 

treatment. Both mulching types, i.e. wheat straw and farm manure depicted 21.4 and 17.5 % 

increase under bed sowing, and 29.7 and 16.0 % increase under flat sowing systems 

compared with no mulch control plots under bed and flat sowing systems, respectively. 

Whereas, bed sowing system alone enhanced harvest index (HI) over flat sowing system by 

19.8 %. Mulching materials also performed significantly different from no mulch control, i.e. 

M1, however wheat straw mulch showed maximum HI (37.4 %) by 25.1 and 7.2 % increase 

over M1 and M3, respectively. Similarly, in case of maize crop (Fig. 18), treatment T2 (Bed 

sowing and wheat straw mulch) showed maximum (36.3 %) harvest index  by 26.6, 12.5, 

48.8, 20.7 and 33.8 % increase compared with T1, T3, T4, T5 and T6, respectively. Bed 

sowing and flat sowing showed 32.4 and 27.2 % harvest index, respectively. Whereas, wheat 

straw mulch showed enhancement in harvest index by 25.3 and 11.7 % compared with M1 

(control) and M3 (farm manure) mulching levels, respectively. 
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Fig. 15 Effect of mulching and sowing methods on wheat grain yield. 
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Fig. 16 Effect of mulching and sowing methods on maize grain yield. 

 

Note: BS (Bed Sowing), FS (Flat Sowing), M1 (No Mulch), M2 (Wheat straw mulch), M3 

(Farm manure mulch),  
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Fig. 17 Effect of mulching and sowing methods on harvest index of wheat. 
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Fig. 18 Effect of mulching and sowing methods on harvest index of maize. 

Note: BS (Bed Sowing), FS (Flat Sowing), M1 (No Mulch), M2 (Wheat straw mulch), M3 

(Farm manure mulch),  
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Fig. 19 A pictorial view of maize sowing on beds, left most indicates FC1-irrigation level, 

centre sketch indicates FC2-irrigation level and right sketch indicates FC3-irrigation level. 

 

 

 

 

Fig. 20 A sketch of wheat sowing on beds and flat, left most indicates germination, centre 

sketch indicates an irrigation level of 125 % FC on beds and right sketch indicates irrigation 

level of 125 % FC on flat.  
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4.3 Soil characteristics 

4.3.1 Effect of sowing methods on bulk density (Mg m-3), soil penetration resistance (kPa), 

infiltration rate (mm hr-1), field saturated hydraulic conductivity Kfs (mm hr-1) and soil organic 

carbon (%) 

 Data pertaining to the effect of sowing methods revealed statistical significance. Bed 

sowing showed significant effect over flat sowing. Flat sowing yielded 31.4 and 39.1 % less 

Kfs; 33.4 and 14.2 % less infiltration rate; 6.0 and 5.1 % higher bulk density (0-15 cm) and 

12.3 and 15.9 % higher soil penetration resistance in Study-1 (Appendix 2) and Study-2 

(Appendix 3), respectively in relation to bed sowing. There was found no statistical 

difference between the bed and flat sowing method for lower soil profile depths dealing with 

bulk density. However, soil organic carbon (SOC) was significantly high in bed sowing 

technique in relation to flat sowing method. Bed sowing showed 3.57 g kg-1 (Study-1) and 

4.22 g kg-1 (Study-2) SOC contents and flat sowing showed 3.06 g kg-1 (Study-1) and 3.25    

g kg-1 (Study-2) SOC contents (0-15 cm). The Study-1 and Study-2 showed 14.4 and 23.0 % 

less soil organic carbon contents in flat sowing compared to bed sowing technique, 

respectively in the surface soil, i.e. 0-15 cm. For lower depths, there was also observed 

significant difference between the sowing methods in the both studies except 30-45 cm soil 

depth (Study-2). However, along the soil profile from 0 to 45 cm, the decreasing trend was 

observed in SOC contents in both the sowing methods.  

4.3.2 Effect of irrigation levels on bulk density (Mg m-3), soil penetration resistance (kPa), 

infiltration rate (mm hr-1), field saturated hydraulic conductivity Kfs (mm hr-1) and soil organic 

carbon (%) 

Irrigation levels’ effects on bulk density were found significantly different from each 

other in the surface soil (0-15 cm) but non significant in subsurface soil (30-45 cm). In 

between soil profile layer (15-30 cm), FC2 (100 % FC) and FC3 (75 % FC) irrigation levels 

were non significant between each other but significantly different from FC1 (125 % FC) 

irrigation level. The bulk densities for FC2 and FC3 were 1.08 and 2.17 % less, respectively 

compared to FC1 (1.384 Mg m-3) in the 0-15 cm soil depth. In the subsurface layers of soil 

profile, the bulk density was non significant among the irrigation levels. The soil penetration 

resistance (SPR) showed consistency with bulk density, i.e. FC1 > FC2 > FC3. However, FC2 

and FC3 irrigation levels showed 2.39 and 3.89 % less SPR, respectively as compared to FC1 

(992.6 kPa). The irrigation levels, i.e. FC2 and FC3 showed 6.94 and 19.07 % more Kfs in 
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comparison to FC1 (17.3 mm hr-1). Average data for two years showed statistically the same 

tendency in infiltration rate as was observed in Kfs. In the surface layer, SOC contents were 

significantly different among irrigation levels but non significant in subsurface layers. 

However, in the surface layer, FC2 and FC3 irrigation levels revealed 6.02 and 13.65 % less 

SOC, respectively compared to FC1 irrigation level (Appendix 4).  

4.3.3 Effect of mulching on bulk density (Mg m-3), soil penetration resistance (kPa), infiltration rate 

(mm hr-1), field saturated hydraulic conductivity Kfs (mm hr-1) and soil organic carbon (%) 

Data regarding mulching materials revealed significant difference statistically 

(Appendix 5). In the surface layer, lowest bulk density was reported in M2 (wheat straw 

mulch), i.e. 1.326 Mg m-3, followed by M3 (farm manure mulch), i.e. 1.345 Mg m-3 and M1 

(control-no mulch), i.e. 1.374 Mg m-3. Mulching levels, i.e. M2 and M3 showed 3.49 and 2.11 

% less bulk density, respectively compared to M1. In the subsurface layers, i.e. 15-30 and 30-

45 cm, there was noted non significant effect among mulching levels. Same impact was 

reflected in SPR, i.e. 6.27 and 4.49 % less SPR was observed in M2 (827.2 kPa) and M3 

(842.9 kPa), respectively compared to M1 (882.6 kPa). Mulching effect on SOC contents was 

pronounced, leading towards more storage and showing statistical significance. The M2 and 

M3 mulching levels showed 8.70 and 20.72 % more SOC compared to M1 (3.38 g kg-1). 

Similarly, Kfs and infiltration rate were high in experimental plots where mulching material 

was applied and low in control plots where no mulch was applied. Maximum Kfs (22.3 mm 

hr-1) and infiltration rate (59.2 mm hr-1) were observed in M2, followed by M3 and M1 

mulching levels. The Kfs was 33.53 and 13.00 % more in M2 and M3, respectively than M1. 

Infiltration rate was 19.84 and 8.61 % more in M2 and M3, respectively than M1 mulching 

levels.  

4.3.4 Effect of irrigation and sowing methods on bulk density (Mg m-3), soil penetration resistance 

(kPa), infiltration rate (mm hr-1), field saturated hydraulic conductivity Kfs (mm hr-1) and soil 

organic carbon (%) 

Treatment combination’s data showed significant effect on bulk density in the surface 

layer, and showed non significant effect in the subsurface layers. Treatment T3 performed 

significantly different from the rest of the other treatments with lowest bulk density (1.311 

Mg m-3), followed by T2, T1, T6, T5 and T4 treatments (0-15 cm). Treatment T3 (Bed sowing 

and irrigation level at 75 % FC) showed 2.5, 1.4, 7.9, 6.9 and 6.1 % decreases in bulk density 

compared to T1, T2, T4, T5 and T6 (Fig. 21). The SPR results (Fig. 22) were found consistent 
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with bulk density. Treatment T4 was with highest soil penetration resistance (1052.4 kPa), 

followed by T5 (1023.8 kPa), T6 (1008.0 kPa), T1 (932.8 kPa), T2 (913.9 kPa) and T3 (899.9 

kPa). Treatment T3 revealed maximum (24.5 mm hr-1) Kfs (Fig. 24) and infiltration rate, i.e.  

59.4 mm hr-1 (Fig. 23) and Treatment T4 (Flat sowing and irrigation level equivalent to 125 

% FC) revealed minimum Kfs (14.0 mm hr-1) and infiltration rate (33.7 mm hr-1) which was 

42.8 and 43.3 % less, respectively, compared to T3. Maximum soil organic carbon contents 

(Fig. 25) were observed in T1 (3.86 g kg-1) and minimum in T6 (2.86 g kg-1) which was 25.9 

% less compared to T1 (0-15 cm). However, there was observed decreasing trend in soil 

organic carbon contents down the soil profile. Whereas in subsurface layer, i.e. 15-30 cm, 

only T1 (2.25 g kg-1) was found with significant difference from T5 (1.98 g kg-1) and T6 (1.93 

g kg-1), and in 30-45 cm soil depth, all treatments were found at par.    

Pearson correlations between bulk density and Kfs, bulk density and soil organic 

carbon and Kfs and soil organic carbon are shown in the following Fig. 33 (b), and Fig. 34 (b) 

and (d), respectively. Negative correlation was found between bulk density and Kfs (r = 

0.76); bulk density and soil organic carbon (r = 0.55) but positive and poor correlation was 

observed between Kfs and soil organic carbon (r = 0.32).  
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Fig. 21 Effect of irrigation and sowing methods on soil bulk density. 

Note:  B (Bed sowing), F (Flat sowing), I (Irrigation), 1.25 (125 % of field capacity), 

1.00 (100 % of field capacity), 0.75 (75 % of field capacity), D1 (0-15cm depth), D2 (15-30 

cm depth), D3 (30-45 cm depth) 
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Fig. 22 Effect of irrigation and sowing methods on soil penetration resistance. 
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Fig. 23 Effect of irrigation and sowing methods on infiltration rate. 

Note: BS (Bed Sowing), FS (Flat Sowing), FC 1.25 (125 % of field capacity), FC 1.00 (100 

% of field capacity), FC 0.75 (75 % of field capacity) 



 
 

68

10

15

20

25

30

35

BS FS

Sowing Methods

K f
s (

m
m

 h
r-1

 ) 

FC 1.25 FC 1.00 FC 0.75

 

Fig. 24 Effect of irrigation and sowing methods on field saturated hydraulic conductivity. 

Note: BS (Bed Sowing), FS (Flat Sowing), FC 1.25 (125 % of field capacity), FC 1.00 (100 

% of field capacity), FC 0.75 (75 % of field capacity) 
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Fig. 25 Effect of irrigation and sowing methods on soil organic carbon. 

Note:  B (Bed sowing), F (Flat sowing), I (Irrigation), 1.25 (125 % of field capacity), 

1.00 (100 % of field capacity), 0.75 (75 % of field capacity), D1 (0-15cm depth), D2 (15-30 

cm depth), D3 (30-45 cm depth) 
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4.3.5 Effect of irrigation and sowing methods on SOC pool (Mg ha-1) and its 

sequestration (Mg ha-1 y-1) 

 Treatment T2 showed 29.4 % decrease compared with T1 treatment (bed sowing + 

irrigation level at 125 % FC). Whereas, T3 treatment depicted 52.3 and 32.4 % decrease 

compared with T1 and T2 treatments, respectively. Similarly, under flat sowing system, 

irrigation level (75 % FC) showed 55.6 and 34.69 % decrease compared with T4 and T5 

treatments. Under bed and flat sowing system, irrigation levels equivalent to 125 and 75 % 

FC showed maximum and minimum SOC-pool, i.e. 5.20 and 3.60 Mg ha-1 and 2.48 and 1.60 

Mg ha-1, respectively (Fig. 26). Bed sowing alone showed more soil organic carbon pool 

compared with flat sowing system by 48.2 % depths, respectively. However, there was 

observed 3.78 and 2.55 Mg ha-1 soil organic carbon pool on bed and flat sowing method   

(Appendix 6). The irrigation levels, i.e. FC2 and FC3 showed at par significance but were 

significant over FC1 irrigation level. However, FC1, FC2 and FC3 irrigation levels depicted 

4.40, 3.06 and 2.04 Mg ha-1 soil organic carbon pool, respectively. 

 In the 0.45 m soil depth (Fig. 27), treatments T1 and T6 depicted maximum and 

minimum SOC sequestration, i.e. 2.60 and 0.80 Mg ha-1 y-1, respectively. The other 

treatments showed at par significance, however, there was observed 1.84, 1.24, 1.80 and 1.23 

Mg ha-1 y-1 SOC sequestration in treatments T2, T3, T4 and T5, respectively. Bed sowing 

alone showed maximum (1.89 Mg ha-1 y-1) SOC sequestration compared with flat sowing 

system (1.27 Mg ha-1 y-1) by 48.82 %. Irrigation levels equivalent to 100 and 75 % FC 

showed at par significance with 1.53 and 1.02 Mg ha-1 y-1 SOC sequestration. But FC2 and 

FC3 irrigation levels were significantly different from irrigation level equivalent to 125 % 

FC. However, FC2 and FC3 irrigation levels showed 30.45 and 53.64 % decrease compared 

with FC1, irrigation level, respectively.    
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Fig. 26 Effect of irrigation and sowing methods on SOC pool.  
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Fig. 27 Effect of irrigation and sowing methods on SOC sequestration.  

Note: BS (Bed Sowing), FS (Flat Sowing), FC 1.25 (125 % of field capacity), FC 1.00 (100 

% of field capacity), FC 0.75 (75 % of field capacity) 
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4.3.6 Effect of mulching and sowing methods on bulk density (Mg m-3), soil penetration resistance 

(kPa), infiltration rate (mm hr-1), field saturated hydraulic conductivity Kfs (mm hr-1) and soil 

organic carbon (%) 

There was found significant effect of different treatment combinations on soil 

physical properties. In the surface soil layer, i.e. 0-15 cm, treatment T2, which was a 

combination of wheat straw mulch and bed sowing system, was found with lowest bulk 

density (1.292 Mg m-3), and T4 showed highest bulk density (1.411 Mg m-3). Treatment T2 

showed 6.9, 1.8, 8.4, 4.9 and 6.0 % decreases in bulk density compared to T1, T3, T4, T5 and 

T6, respectively. In 15-30 cm soil depth, treatment T4 was found with highest bulk density 

(1.461 Mg m-3) which was at par with T1, T5 and T6 but showed significance over T2 and T3. 

In 30-45 cm soil depth, there was no significant difference among the treatments (Fig. 28). 

Soil penetration resistance (SPR) showed consistency with bulk density and ranged from 

757.7 (T2) to 933.7 kPa (T4). Treatment T2 showed 8.9, 2.3, 18.8, 15.5 and 16.8 % decreases 

in SPR compared to T1, T3, T4, T5 and T6, respectively (Fig. 29). 

Minimum Kfs was noted in T4 where flat sowing in combination with no mulch was 

used, i.e. 12.4 mm hr-1 and maximum in T2 where bed sowing in combination with wheat 

straw mulch was used, i.e. 27.9 mm hr-1 (Fig. 31). Similarly, Fig. 30 indicates that minimum 

infiltration rate was observed in T4 (46.1 mm hr-1) and maximum in T2 (64.5 mm hr-1). 

Treatment T2 showed 32.2, 16.7, 125.0, 67.1 and 83.6 % increases in Kfs compared to T1, T3, 

T4, T5 and T6, respectively. There was increasing trend in SOC contents from T1 (3.9 g kg-1) 

to T3 (4.5 g kg-1) and then from T4 (2.9 g kg-1) to T6 (3.7 g kg-1) in the surface layer, i.e. 0-15 

cm. Treatment T3 showed 17.8, 7.1, 57.0, 46.5 and 21.6 % increases in SOC compared to T1, 

T2, T4, T5 and T6, respectively. In the 15-30 cm soil depth, only T3 (3.1 g kg-1) performed 

significantly different from the rest of the treatments except T2 (3.0 g kg-1), whereas in 30-45 

cm soil depth, all treatments showed at par performance (Fig. 32).  

Pearson correlations between bulk density and Kfs, bulk density and soil organic 

carbon and Kfs and soil organic carbon are shown in Fig. 33 (a), Fig. 34 (a) and (c), 

respectively. Negative correlation (r = 0.84) was found between bulk density and Kfs, soil 

organic carbon and bulk density (r = 0.72), whereas positive correlation (r = 0.60) of soil 

organic carbon was noted with Kfs. 
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Fig. 28 Effect of mulching and sowing methods on soil bulk density. 

Note:  B (Bed sowing), F (Flat sowing), Mo (No Mulch), Mw.st (Wheat straw mulch), 

Mmn (Farm manure mulch), D1 (0-15cm depth), D2 (15-30 cm depth), D3 (30-45 cm depth) 
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Fig. 29 Effect of mulching and sowing methods on soil penetration resistance. 

Note: M1 (No Mulch), M2 (Wheat straw mulch), M3 (Farm manure mulch), BS (Bed 

Sowing), FS (Flat Sowing) 



 
 

73

 

25

30

35

40

45

50

55

60

65

70

75

BS FS

Sowing Methods

In
fil

tr
at

io
n 

ra
te

 (m
m

 h
r-1

 ) 

M1 M2 M3

 

Fig. 30 Effect of mulching and sowing methods on infiltration rate. 
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Fig. 31 Effect of mulching and sowing methods on field saturated hydraulic conductivity. 

Note: M1 (No Mulch), M2 (Wheat straw mulch), M3 (Farm manure mulch), BS (Bed 

Sowing), FS (Flat Sowing) 
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Fig. 32 Effect of mulching and sowing methods on soil organic carbon. 

Note:  B (Bed sowing), F (Flat sowing), Mo (No Mulch), Mw.st (Wheat straw mulch), 

Mmn (Farm manure mulch), D1 (0-15cm depth), D2 (15-30 cm depth), D3 (30-45 cm depth) 
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Fig. 33 (a) Pearson correlation between Kfs and bulk density (Study-2), (b) Pearson 

correlation between Kfs and bulk density (Study-1). 
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Fig. 34 (a) Pearson correlation between bulk density and SOC (Study-2), (b) between bulk density and SOC (Study-1),  

(c) between Kfs and SOC (Study-2), and (d) between Kfs and SOC (Study-1). 
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4.3.7 Seasonal variations in measured parameters 

First year data (Table 3), for Study-1 and Study-2 revealed higher Kfs in summer 

season (April-09) by 11.4 and 19.6 %, respectively compared to winter season (Nov-09). 

Same trend was observed during the second year in Study-1 and Study-2, i.e. 12.7 and 9.8 % 

increases in Kfs, respectively. Same trend in case of infiltration rate was observed as in Kfs in 

terms of seasons and 8.11 and 9.41 % increases in 1st year, and 8.26 and 9.02 % increases 

during 2nd year were noted in Study-1 and Study-2, respectively.  

However, during 1st year, Study-1 and Study-2 showed 6.14 and 8.70 % higher SPR, 

respectively in summer compared to winter season. Similarly, during the 2nd year both 

studies indicated the similar trend with 3.46 and 3.86 % increases, respectively. Study-1 

revealed 0.39 and 0.90 % increases and Study-2 revealed 0.78 and 0.60 % increases in bulk 

density during 1st year and 2nd year, respectively. However, in Study-1 during summer 

season, 7.21 and 9.25 % less SOC contents were observed compared to winter season in 1st 

year and 2nd year, respectively. Similarly, in Study-2, 15.96 and 17.32 % less soil organic 

carbon contents during summer were noted during both years, respectively. 

 

Table 3. Seasonal variations in soil physical properties 

 Study-1 Study-2 
Year-1 Year-2 Year-1 Year-2

W M W M W M W M 
Kfs (mm hr-1) 17.0 15.2 22.8 20.3 18.2 15.2 23.5 21.4 
IR (mm hr-1) 42.9 39.7 54.4 50.2 50.5 46.2 63.0 57.8 
SPR (kPa) 1011.7 953.2 977.6 944.8 901.1 829.0 852.6 820.9 
BD (Mg m-3) 1.387 1.381 1.360 1.348 1.368 1.357 1.338 1.330 
OC (g kg-1) 3.13 3.36 3.23 3.53 3.29 3.81 3.61 4.23 
 

4.3.8 Soil organic carbon dynamics under wheat straw and farm manure mulches 

All the mulching materials showed temporal changes in soil organic carbon contents 

(Fig. 35). However, M1 (no mulch control) mulching level showed data range from 0.541 to 

0.631 %, M2 (wheat straw mulch) and M3 (farm manure mulch) showed range from 0.601 to 

0.718 % and 0.575 to 0.835 % soil organic carbon contents. When soil data was analyzed 

after the 2nd year wheat harvest, i.e. in April, farm manure mulch, wheat straw mulch and no 

mulch control plots, depicted 3.2, 5.7 and 9.1 % decrease, respectively compared with soil 

organic carbon content data taken after the 1st year maize harvest, i.e. in November in their 
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respective mulching level. When soil organic carbon data taken after the 2nd year of the 

maize harvest, i.e. in November, compared with soil organic carbon data taken after the 1st 

year of wheat harvest, i.e. in April, maximum % increase, i.e. 45.2 % was observed under 

farm manure mulch, followed by 19.5 % under wheat straw mulch and 16.6 % under no 

mulch control in their respective mulching levels.    
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Fig. 35 Effect of mulching materials on soil organic carbon dynamics. 

Note: M1 (No Mulch), M2 (Wheat straw mulch), M3 (Farm manure mulch), W (Wheat crop), 

M (Maize crop) 
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4.3.9 Effect of mulching and sowing methods on SOC pool (Mg ha-1) and its sequestration (Mg ha-1 

y-1) 

 In the 0.45 m soil depth, treatment T3 (Bed sowing + farm manure mulch) showed 

maximum soil organic carbon pool, i.e. 10.32 Mg ha-1 and treatment T4 (Flat sowing + no 

mulch) depicted minimum soil organic carbon pool, i.e. 2.65 Mg ha-1. Farm manure depicted 

47.6 and 24.6 % increase in SOC-pool compared with no mulch and wheat straw mulch 

under bed sowing system. However, under flat sowing system, no mulch and wheat straw 

mulch showed 54.2 and 36.4 % decrease in SOC-pool compared with farm manure mulch 

(Fig. 36). Flat sowing system showed less soil organic carbon pool compared with bed 

sowing system by 52.6 % at 0-45 cm soil depth. However, there was observed 8.53 and 4.04 

Mg ha-1 soil organic carbon pool under bed and flat sowing systems, respectively (Appendix 

6). Mulching levels also showed significant effect on soil organic carbon pool. Farm manure 

mulch depicted maximum soil organic carbon pool, i.e. 8.05 Mg ha-1 followed by M2, i.e. 

5.98 Mg ha-1 and M1 mulching levels, i.e. 4.82 Mg ha-1 (Appendix 7). 

 In the 0.45 m soil depth (Fig. 37), treatment T3 depicted maximum SOC 

sequestration, i.e. 5.16 Mg ha-1 y-1, followed by T2, T1, T6, T5 and T4 treatments. Farm 

manure and wheat straw mulch showed 47.9 and 18.6 % and 118.9 and 39.4 % more SOC 

sequestration under bed and flat sowing systems, respectively compared with T1 and T4 

treatments, respectively. Flat sowing alone (Appendix 6) showed minimum, i.e. 2.02 Mg ha-1 

y-1) SOC sequestration compared with bed sowing system, i.e. 4.26 Mg ha-1 y-1) by 52.6 %. 

Mulching levels equivalent to no mulch, wheat straw and farm manure mulch also showed 

significant effect on SOC sequestration. The M2 and M3 mulching levels showed 2.99 and 

4.02 Mg ha-1 y-1 SOC sequestration which was 23.4 and 65.2 % more compared to no mulch 

level (Appendix 7). The results depicted higher values compared with literature because 

particulate organic matter (POM) was not separated from the samples.  
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Fig. 36 Effect of mulching and sowing methods on SOC pool.  
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Fig. 37 Effect of mulching materials and sowing methods on SOC sequestration.  

Note: M1 (No Mulch), M2 (Wheat straw mulch), M3 (Farm manure mulch), BS (Bed 

Sowing), FS (Flat Sowing) 
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4.3.10 Effect of irrigation and sowing methods on soil physical quality index, S 

Maximum index of soil physical quality, S, was observed 0.040 in T3 which was 8.0, 

5.2, 25.9, 19.6 and 16.1 % high compared to T1, T2, T4, T5 and T6 (Fig. 38) after wheat 

harvest (April). Same treatment, i.e. T3 yielded higher value (0.042) of soil physical quality 

index, S, compared with all other treatments (Fig. 39) after maize harvest (November). FC1 

and FC3 irrigation levels under bed sowing system showed 2.6 % decrease and 5.2 % 

increase, respectively compared with irrigation level equivalent to 100 % FC under bed 

sowing after wheat harvest (April), similarly, 3.5 % decrease and 3.3 % increase after maize 

harvest (November) were observed in relation to FC2 irrigation level (equivalent to 100 % 

FC) under bed sowing system. Under flat sowing system in seasons, i.e. April (wheat 

harvesting time) and November (maize harvesting time), same irrigation levels, i.e. FC1 and 

FC3 depicted 5.0 and 3.0 % decreases and 3.0 and 1.8 % increases, respectively, compared 

with irrigation level equivalent to 100 % FC under flat sowing system in the both seasons, 

respectively. However, there was non significant effect among the treatments at 15-30 and 

30-45 cm soil depths. 

When soil physical quality quantification was assessed using ‘S’ Index, bed sowing 

yielded 15.9 and 7.2 % high soil physical quality index in relation to flat sowing at 0-15 and 

15-30 cm soil depths, respectively in April. In November, bed sowing showed 18.2 % 

increase compared with flat sowing at 0-15 cm soil depth. However, the subsurface soil 

layers showed at par significance (Appendix 8). Irrigation levels also showed significant 

effect on soil physical quality index, S. Higher values of soil physical quality index, S were 

noted, i.e. 3.8 (FC2) and 8.0 % (FC3); 3.4 (FC2) and 6.2 % (FC3) compared with FC1 

irrigation level in April and November, respectively (Appendix 10).  

Sensitivity of soil physical quality index, S to soil organic matter and bulk density 

was assessed using Pearson correlation coefficients, ‘S’ index was found less sensitive to soil 

organic matter and more sensitive to bulk density as 0.49 and 0.91 coefficients, respectively 

were observed (Fig. 42 a and b). Negative correlation was observed between bulk density and 

soil physical quality index, S, and positive but poor correlation was found between soil 

organic carbon and soil physical quality index, S. 
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Fig. 38 Effect of irrigation and sowing methods on soil physical quality index, S (wheat). 
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Fig. 39 Effect of irrigation and sowing methods on soil physical quality index, S (maize). 

Note:  B (Bed sowing), F (Flat sowing), I (Irrigation), 1.25 (125 % of field capacity), 

1.00 (100 % of field capacity), 0.75 (75 % of field capacity), D1 (0-15cm depth), D2 (15-30 

cm depth), D3 (30-45 cm depth) 
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4.3.11 Effect of mulching and sowing methods on soil physical quality index, S 
 

Mulching effect was also pronounced on the index of soil physical quality, S, when 

values of S were calculated for M2, M3 and M1 mulching levels (Appendix 11) at 0-15 cm 

soil depth in both April and November months. But in the subsurface soil depths, i.e. 15-30 

and 30-45 cm, there was no significant difference among the mulching levels, however, farm 

manure and wheat straw mulch depicted improved soil physical quality index, S, compared 

with control. In the surface soil, i.e. 0-15 cm, wheat straw and farm manure mulches showed 

9.8 and 3.4 % (April) and 9.1 and 3.6 % (November) more S compared to no mulch control 

plots. Whereas, bed sowing yielded 13.1 and 12.1 % high soil physical quality index in 

relation to flat sowing in April and November, respectively (Appendix 9). Similar to 

mulching levels, bed sowing also showed at par significance with flat sowing system at 

subsurface soil depths.  

Maximum index of soil physical quality, S, was observed in T2, i.e. 0.041 which was 

5.1, 7.8, 10.7, 19.0 and 24.0 % high compared to T3, T1, T5, T6 and T4 (Fig. 40) after wheat 

harvest (April). Same treatment, i.e. T2 (0.042) yielded higher value of soil physical quality 

index, S, compared with all other treatments (Fig. 41) after maize harvest (November). 

Wheat straw and farm manure mulches under bed sowing system showed 7.8 and 2.6 % 

increase compared with treatment T1 after wheat harvest (April), similarly 7.7 and 1.6 % 

increases after maize harvest (November) under wheat straw and farm manure mulches were 

observed in relation to treatment T1. Under flat sowing system in both seasons, i.e. April 

(wheat harvesting time) and November (maize harvesting time), wheat straw and farm 

manure mulches also showed increases in percentage compared with treatment T4. However, 

there was non significant effect among the treatments at 15-30 and 30-45 cm soil depths. 

Fig. 42 c and d indicates the correlations between ‘S’ and soil organic carbon, and ‘S’ 

and bulk density, here coefficients were 0.55 and 0.94, respectively. In this study, Soil 

physical quality index, S, was also found more sensitive to bulk density (r = 0.94) and less 

sensitive to soil organic carbon (r = 0.55). Negative correlation was observed between bulk 

density and soil physical quality index, S, and positive but poor correlation was found 

between soil organic carbon and soil physical quality index, S. 
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Fig. 40 Effect of mulching and sowing methods on soil physical quality index, S (wheat). 
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Fig. 41 Effect of mulching and sowing methods on soil physical quality index, S (maize). 

Note:  B (Bed sowing), F (Flat sowing), Mo (No Mulch), Mw.st (Wheat straw mulch), 

Mmn (Farm manure mulch), D1 (0-15cm depth), D2 (15-30 cm depth), D3 (30-45 cm depth) 
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Fig 42 (a and b) “S” Sensitivity to organic carbon and bulk density (Study-1), (c and d) “S” Sensitivity to organic carbon and bulk 

density (Study-2). 
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4.4 Irrigation water management 
 
4.4.1 Effect of irrigation and sowing methods on water use efficiency (WUE) and 
irrigation water use efficiency WUEi (kg m-3) of wheat and maize (Study-1)  
 

Sowing methods and irrigation levels and their interactions as well showed significant 

effect on WUE (Table 4) and WUEi (Table 5) of wheat and maize. There was observed 65.6 

and 64.3 % increase in WUEi of wheat (1.32 kg m-3) and maize (1.43 kg m-3), respectively, 

and 62.0 and 64.9 % increase  in WUE of wheat (1.28 kg m-3) and maize (1.83 kg m-3), 

respectively on bed sowing system over flat sowing system. Irrigation level, i.e. FC3 (75 % 

FC) showed maximum WUEi, i.e. 1.53 (wheat) and 1.37 kg m-3 (maize) and WUE, i.e. 1.21 kg 

m-3 in wheat. For maize, maximum WUE, i.e. 1.64 kg m-3 was observed at FC2 irrigation 

level. Whereas, irrigation level, i.e. FC1 (125 % FC) depicted 44.0 (wheat) and 39.4 % 

(maize) decrease, and 61.1 (wheat) and 42.5 % (maize) decrease compared with FC2 (100 % 

FC) and FC3 (75 % FC), respectively in case of WUEi. Like wise, FC1-irrigation level 

showed 20.0 (wheat) and 28.7 % (maize) decrease, and 30.6 (wheat) and 27.3 % (maize) 

decrease compared with FC2 and FC3 irrigation levels, respectively in case of WUE.   

Irrigation level equivalent to 75 % FC yielded maximum WUEi, i.e. 1.87 and 1.76 kg 

m-3 in wheat and maize, respectively under bed sowing system, and irrigation level 

equivalent to 125 % FC showed minimum WUEi, i.e. 0.46 (wheat) and 0.59 kg m-3 (maize) 

under flat sowing system. Treatment T3 showed 37.1 (wheat) and 12.6 % (maize) increase 

compared with T2 and 158.5 (wheat) and 90.2 % (maize) increase in relation to treatment T1. 

Similarly, Treatment T6 (irrigation level at 75 % FC + flat sowing) depicted 56.2 % increase 

and 5.5 %  decrease in wheat and maize crop, respectively compared with treatment T5 

(irrigation level at 100 % FC + flat sowing). However, treatments T5 and T6 were at par 

statistically. Same treatment, i.e. T6 showed 154.0 (wheat) and 65.7 % (maize) increase in 

comparison with T4 treatment (FC1 + flat sowing). 

Similarly, in case of WUE, treatment T3 depicted maximum water use efficiency, i.e. 

1.48 (wheat), followed by T2, T1, T6, T5 and T4 treatments and 2.08 kg m-3 (maize), followed 

by T2, T1, T5, T6 and T4 Treatments. The T1, T2, T4, T5 and T6 treatments showed 29.7, 10.1, 

56.1, 48.6 and 35.8 % decrease in case of wheat, respectively and 30.3, 5.3, 57.7, 37.0 and 

45.2 % decrease in case of maize crop, respectively, compared with T3 treatment (irrigation 

level at 75 % FC + bed sowing). 



 
 

86

Table 4. Effect of irrigation and sowing methods on WUE (kg m-3) of wheat and maize 
 
  Sowing Methods Irrigation levels 
  BS FS LSD FC1 FC2 FC3 LSD 
Wheat 1.28 A 0.79 B 0.2852 0.84 B 1.05 A 1.21 A 0.1756 
Maize 1.83 A 1.11 B 0.2356 1.17 B 1.64 A 1.61 A 0.1575 
  Treatments 
  T1 T2 T3 T4 T5 T6 LSD 
Wheat 1.04 b 1.33 a 1.48 a 0.65 c 0.76 bc 0.95 b 0.3336 
Maize 1.45 b 1.97 a 2.08 a 0.88 d 1.31 bc 1.14 c 0.2837 

Note: BS Bed Sowing, FS Flat Sowing, FC1 125 % of field capacity, FC2 100 % of field capacity, FC3 75 % 
of field capacity 
 
Table 5. Effect of irrigation and sowing methods on WUEi (kg m-3) of wheat and maize 
 
  Sowing Methods Irrigation levels 
  BS FS LSD FC1 FC2 FC3 LSD 
Wheat 1.32 A 0.80 B 0.3371 0.59 C 1.06 B 1.53 A 0.2007 
Maize 1.43 A 0.87 B 0.0643 0.79 B 1.3 A 1.37 A 0.1748 
  Treatments 
  T1 T2 T3 T4 T5 T6 LSD 
Wheat 0.72 cd 1.37 b 1.87 a 0.46 d 0.75 c 1.18 b 0.39 
Maize 0.98 b 1.56 a 1.76 a 0.59 c 1.04 b 0.98 b 0.2097 

Note: BS Bed Sowing, FS Flat Sowing, FC1 125 % of field capacity, FC2 100 % of field capacity, FC3 75 % 
of field capacity 
 
4.4.2 Effect of irrigation and sowing methods on soil water balance components (S-1) 
during the wheat and maize season 
  
4.4.2.1 Effect of sowing methods on soil water balance components during the wheat 
and maize season 
 
 Table 6 reveals the soil water balance components of bed and flat sowing systems. 

There was observed significant effect of sowing methods on total amount of water applied, 

actual evapotranspiration (ETa), soil water storage (∆ S) and drainage (D). Total amount of 

water applied under bed sowing system was 384.6 and 712.8 mm which showed 16.5 and 7.1 

% reduction compared with flat sowing system in wheat and maize, respectively. Bed sowing 

showed 16.0 and 7.9 % less ETa, i.e. 346.4 (wheat) and 533.8 mm (maize) in relation to flat 

sowing system. There was also observed 21.3 and 14.4 % less drainage but soil water storage 

was higher, i.e. 22.2 and 30.1 % than that of flat sowing in wheat and maize, respectively. 

Bed sowing showed 21.3 and 14.4 % saving of water in wheat and maize season, respectively 

by avoiding drainage over flat sowing system. Comparatively, there was observed higher 
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drainage in maize season along with higher and positive soil water storage in relation to 

wheat season.   

Table 6. Effect of sowing methods on soil water balance components during the wheat 
and maize season 
 

  BS  FS 

  I + P   ETa   ∆ S   D  I + P  Etc  ∆ S   D 

Wheat  384.6 B  346.4 B   42.2 A (‐)  80.4 B  460.6 A  412.6 A  54.2 B (‐)  102.1 A 

Maize  712.8 B  533.8 B  54.0 A  125.0 B  766.9 A  579.3 A  41.5 B  146.1 A 

Note: I + P Irrigation + Precipitation (mm), ETa Actual evapotranspiration (mm), ∆ S Soil water storage 
(mm), (‐) sign indicates negative soil water storage, i.e. all values are with negative sign, D Drainage 
(mm), BS Bed Sowing, FS Flat Sowing  
 
4.4.2.2 Effect of irrigation on soil water balance components during the wheat and 
maize season 
 
 Irrigation also depicted pronounced effect on soil water balance components in wheat 

and maize seasons (Table 7). Higher amount of irrigation, i.e. 633.3 mm was observed at FC1 

irrigation level (125 % FC), followed by 403.9 and 230.7 mm at FC2 and FC3 irrigation 

levels, respectively in wheat season. Whereas, in maize season, FC1, irrigation level showed 

985.6 mm total amount of water, which was 33.8 and 98.1 % higher compared with FC2 and 

FC3 irrigation levels, respectively. Least amount of irrigation (75 % FC) yielded least values 

of ETa, ∆ S, and D  in both wheat and maize seasons. However, in wheat season, there was 

observed negative soil water storage and in maize season, there was observed positive soil 

water storage. There was also observed higher drainage in maize season in comparison to 

wheat season in their respective irrigation levels. However, maximum ETa in wheat and 

maize season was 445.8 and 663.2 mm, respectively; maximum drainage was 218.7 and 

265.9 mm, respectively at irrigation level equivalent to 125 % FC. Minimum drainage, i.e. 

11.7 and 36.4 mm was noted at FC3 irrigation level in wheat and maize seasons, respectively. 

Irrigation level at 75 % FC showed saving of 31.7 (73.0 %) and 207.0 mm (94.7 %) water in 

wheat season; 67.9 (65.1 %) and 229.5 mm (86.3 %) in maize season compared with FC2 and 

FC1 irrigation levels by avoiding drainage.   
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 4.4.2.3 Effect of irrigation and sowing methods on soil water balance components 
during the wheat and maize season 
  
 Data pertaining to the effect of irrigation and sowing methods on total amount of 

water applied (I + P), actual evapotranspiration (ETa), soil water storage (∆ S) and drainage (D) 

is  shown  in  Table  8.  There  was  observed  significant  effect  of  different  treatment 

combinations on soil water balance components. 

Table 7. Effect of irrigation on soil water balance components during the wheat and 
maize season 
 

    FC1  FC2  FC3  LSD 

W
h
e
at
 

I + P  633.3 A  403.9 B  230.7 C  45.208 

ETa  445.8 A  404.2 B  288.4 C  26.132 

∆ S (‐)  31.2 A  43.7 B  69.5 C  2.6138 

D  218.7 A  43.4 B  11.7 B  33.283 

M
ai
ze
 

I + P  985.6 A  736.5 B  497.5 C  80.379 

ETa  663.2 A  582.9 B  423.5 C  48.423 

∆ S   56.5 A  49.3 B  37.5 C  1.438 

D  265.9 A  104.3 B  36.4 C  63.297 

Note: I + P Irrigation + Precipitation (mm), ETa Actual evapotranspiration (mm), ∆ S Soil water storage 
(mm), (‐) sign indicates negative soil water storage, i.e. all values are with negative sign, D Drainage 
(mm), FC1 125 % of field capacity, FC2 100 % of field capacity, FC3 75 % of field capacity 

 
Table 8. Effect of irrigation and sowing methods on soil water balance components 
during the wheat and maize season 
  

    Treatments   

    T1  T2  T3  T4  T5  T6  LSD 

W
h
e
at
  I + P   601.0 b  334.6 d  218.2 e  665.6 a  473.1 c  243.1 e  60.589 

ETa  417.0 a  345.6 b  276.5 c  474.7 a  462.8 a  300.4 bc  59.464 

∆ S (‐)  25.0 a  35.5 b  66.0 d   37.5 b  52.0 c  73.0 e  6.0628 

D  208.9 a  24.6 bc  7.7 c  228.4 a  62.3 b  15.7 bc  41.870 

M
ai
ze
 

I + P  962.7 a  690.8 b  485.0 c  1008.5 a  782.1 b  509.9 c  114.36 

ETa  647.5 a  545.0 b  408.0 c  678.9 a  620.9 a  438.1 c  66.040 

∆ S   62.5 a  55.0 b  44.5 d  50.5 c  43.5 d  30.5 e  3.0381 

D  252.7 a  90.8 b  31.5 c  279.1 a  117.8 b  41.3 c  49.515 

Note: I + P Irrigation + Precipitation (mm), ETa Actual evapotranspiration (mm), ∆ S Soil water storage 
(mm), (‐) sign indicates negative soil water storage, i.e. all values are with negative sign, D Drainage 
(mm)  
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Total amount of water  ranged  from 218.2  to 665.6 mm; ETa  ranged  from 276.5  to 474.7 

mm; Drainage ranged from 7.7 to 228.4 mm in T3 (Bed sowing + irrigation level at 75 % FC) 

and  T4  (Flat  sowing  and  irrigation  level  at  125 %  FC)  treatments,  respectively  in wheat 

season. Similarly,  in maize  season, T3  treatment  showed minimum  total amount of water 

applied (485.0 mm), actual evapotranspiration (408.0 mm) and drainage (31.5 mm) and T4 

treatment  showed  maximum  total  amount  of  water  applied  (1008.5  mm),  actual 

evapotranspiration  (678.9 mm)  and  drainage  (279.1 mm). However, minimum  soil water 

storage,  i.e.  ‐73.0 mm  was  observed  at  irrigation  level,  i.e.  75  %  FC  under  flat  sowing 

system; maximum (62.5 mm) at 125 % FC irrigation level under bed sowing system in wheat 

and maize season, respectively. FC3  irrigation  level saved 68.7 and 96.3 % water, and 74.8 

and  93.1  %  water  by  avoiding  drainage  compared  with  FC2  and  FC1  irrigation  levels, 

respectively under bed and  flat sowing system,  respectively  in wheat season. Similarly,  in 

maize season under bed and flat sowing system, FC3  irrigation  level showed 65.3 and 87.5 

%,  and  64.9  and  85.2 %  saving  of water,  in  relation  to  FC2  and  FC3  irrigation  levels  by 

avoiding drainage, respectively.   

4.4.3 Effect of irrigation and sowing methods on transpiration rate (mmol m-2 S-1) of 
wheat and maize 
 
 Regarding the effect of bed and flat sowing under varying amount of irrigation on 

transpiration rate of wheat and maize, data indicated significant difference among the 

treatments (Table 9). Maximum transpiration rate, i.e. 2.88 (wheat) and 3.49 mmol m-2 S-1 

(maize) was recorded in response to treatment T2 (a combination of bed sowing and irrigation 

level equivalent to 100 % field capacity), that showed 14.7 and 29.7 % increase in wheat, and 

12.6 and 35.3 % increase in maize in comparison with 125 and 75 % field capacity irrigation 

levels, respectively, under bed sowing. Same irrigation level, i.e. 100 % field capacity 

depicted enhanced transpiration rate by 14.8 (wheat) and 14.7 % (maize) in comparison with 

125 % field capacity irrigation level under flat sowing method. However, treatment T6 

revealed minimum transpiration rate, i.e. 1.14 (wheat) and 2.03 (maize) mmol m-2 S-1, which 

was a combination of flat sowing and irrigation level equivalent to 75 % field capacity.  

 Bed sowing alone showed increased transpiration rate in relation to flat sowing 

statistically. However, transpiration rate was 2.53 (wheat) and 3.06 (maize) mmol m-2 S-1 on 
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beds and there was 1.83 (wheat) and 2.33 (maize) mmol m-2 S-1 transpiration rate on flat 

sowing system. Irrigation also depicted pronounced effect on transpiration rate of wheat and 

maize. Maximum transpiration rate, i.e. 2.60 (wheat) and 3.07 (maize) mmol m-2 S-1 was 

observed at irrigation level equivalent to 100 % field capacity, followed by 125 % field 

capacity and 75 % field capacity. 

Table 9. Effect of irrigation and sowing methods on transpiration rate (mmol m-2 S-1) of 
wheat and maize 
 
  Sowing Methods Irrigation levels 
  BS FS LSD FC1 FC2 FC3 LSD 
Wheat 2.53 A 1.83 B 0.6815 2.27 B 2.60 A 1.68 C 0.2884 
Maize 3.06 A 2.33 B 0.4834 2.70 A 3.07 A 2.31 B 0.3857 
  Treatments 
  T1 T2 T3 T4 T5 T6 LSD 
Wheat 2.51 ab 2.88 a 2.22 b 2.03 b 2.33 ab 1.14 c 0.7280 
Maize 3.10 ab 3.49 a 2.58 bcd 2.31 cd 2.66 bc 2.03 d 0.6279 

Note: BS Bed Sowing, FS Flat Sowing, FC1 125 % of field capacity, FC2 100 % of field capacity, FC3 75 % 
of field capacity 
 
4.4.4 Effect of mulching and sowing methods on water use efficiency (WUE) and irrigation water 
use efficiency WUEi (kg m-3) of wheat and maize (Study-2) 
 

Data pertaining to the effect of mulching and sowing methods on WUE and WUEi is 

shown in Table 10 and Table 11, respectively. Bed sowing yielded promising results by 

enhancing 73.6 (wheat) and 78.7 % (maize) water use efficiency, and 45.8 (wheat) and 55.1 

% (maize) irrigation water use efficiency over flat sowing method. However, WUE, i.e. 1.91 

(wheat) and 3.18 kg m-3 (maize) was noted on beds, and WUEi of wheat and maize was 1.80 

and 1.98 kg m-3, respectively on bed sowing system. Whereas on flat sowing system, 1.10 

(wheat) and 1.78 kg m-3 (maize) WUE was noted, and WUEi was 0.97 and 0.89 kg m-3 in 

wheat and maize, respectively. Regarding mulching materials’ levels, wheat straw and farm 

manure showed at par significance in case of wheat but significant effect in case of maize, 

however, wheat straw mulch depicted maximum WUE and WUEi of both crops compared 

with farm manure mulch and control (no mulch). Mulch levels, i.e. M1, M2 and M3 depicted 

1.10, 1.60 and 1.46 kg m-3 and; 1.12, 1.72 and 1.46 kg m-3 irrigation water use efficiency in 

wheat and maize crops, respectively. And M2 and M3 showed 46.0 and 33.1 % increase in 

WUEi of wheat over M1, respectively. Similarly, maize irrigation WUE was also increased, 

i.e. 54.6 and 31.2 % in M2 and M3 amendments, respectively, compared to M1. Wheat straw 
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and farm manure mulch also showed similar behavior in water use efficiency compared with 

no mulch control. However, wheat straw mulch showed 37.4 (wheat) and 42.6 % (maize) 

increase in WUE compared with control (no mulch). Farm manure mulch also showed 

increasing trend in relation to control (no mulch) with 1.61 (wheat) and 2.56 (maize) kg m-3 

WUE.   

Interactive effect of mulch and sowing methods was also found significant on water 

use efficiency (WUE) and irrigation WUE of wheat and maize. Wheat straw and farm 

manure mulching material showed 47.0 and 35.5 % and 57.7 and 32.9 % increase in 

irrigation WUE of wheat and maize, respectively on bed sowing system compared with 

treatment T1, and 44.3 and 28.9 % and 47.9 and 27.7 % increase in irrigation WUE of wheat 

and maize, respectively on flat sowing system compared with treatment T4. Treatment T4, 

(Flat sowing + no mulch), depicted minimum irrigation WUE of wheat and maize, by 62.2 

and 78.4 %, respectively over T2 treatment (bed sowing + wheat straw mulch) that showed 

maximum irrigation water use efficiency.  

Both mulching materials, i.e. wheat straw and farm manure mulch depicted increase 

in WUE by 34.9 and 32.1 % (wheat); 43.4 and 27.8 % (maize), respectively under bed 

sowing compared with treatment T1, and 40.2 and 29.8 % (wheat) and 40.6 and 23.9 % 

(maize), respectively under flat sowing compared with treatment T4. However, wheat straw 

and farm manure mulch showed at par significance in both crops under both sowing 

methods. Minimum WUE was noted in T4 treatment, i.e. 0.89 (wheat) and 1.47 kg m-3 

(maize) which was a combination of no mulch and flat sowing. 

Table 10. Effect of mulching and sowing methods on WUE (kg m-3) of wheat and maize 
 
  Sowing Methods Mulching levels 
  BS FS LSD M1 M2 M3 LSD 
Wheat 1.91 A 1.10 B 0.3839 1.23 B 1.68 A 1.61 A 0.1904 
Maize 3.18 A 1.78 B 0.4914 2.02 C 2.88 A 2.56 B 0.3086 
  Treatments 
  T1 T2 T3 T4 T5 T6 LSD 
Wheat 1.56 b 2.10 a 2.06 a 0.89 c 1.25 b 1.15 bc 0.4228 
Maize 2.57 b 3.68 a 3.29 a 1.47 d 2.07 bc 1.82 cd 0.5787 

Note: BS (Bed Sowing), FS (Flat Sowing), M1 (No Mulch), M2 (Wheat straw mulch), M3 (Farm manure 
mulch) 
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Table 11. Effect of mulching and sowing methods on WUEi (kg m-3) of wheat and maize 
 
  Sowing Methods Mulching levels 
  BS FS LSD M1 M2 M3 LSD 
Wheat 1.80 A 0.97 B 0.0597 1.10 B 1.60 A 1.46 A 0.2522 
Maize 1.98 A 0.89 B 0.3084 1.11 C 1.72 A 1.46 B 0.1731 
  Treatments 
  T1 T2 T3 T4 T5 T6 LSD 
Wheat 1.41 b 2.07 a 1.91 a 0.78 c 1.13 bc 1.01 c 0.2960 
Maize 1.52 c 2.40 a 2.02 b 0.71 e 1.05 d 0.91 de 0.3506 

Note: BS (Bed Sowing), FS (Flat Sowing), M1 (No Mulch), M2 (Wheat straw mulch), M3 (Farm manure 
mulch) 
 
4.4.5 Effect of mulching and sowing methods on soil water balance components (S-2) 
during the wheat and maize season 
 
4.4.5.1 Effect of sowing methods on soil water balance components during the wheat 
and maize season 

Data pertaining to the effect of sowing methods on total amount of water applied (I + 

P), actual evapotranspiration (ETa), soil water storage (∆ S) and drainage (D) is shown in Table 

12.  There was  noted  significant  difference  between  sowing methods,  statistically.   Bed 

sowing yielded promising results in favour of saving water by cutting down 26.9 (wheat) and 

33.4 % (maize) total amount of water, and 37.5 (wheat) and 58.5 % (maize) drainage over flat 

sowing method. However, total amount of water, i.e. 260.2 (wheat) and 462.9 mm (maize) 

was applied on beds, and drainage of wheat and maize was 47.8 and 128.5 mm, respectively, 

on bed sowing system. Whereas on flat sowing system, 355.9 (wheat) and 695.1 mm (maize) 

total amount of water was applied, and drainage was 76.5 and 309.5 mm in wheat and maize, 

respectively. In this study, beds also showed more (-29.2 and 49.2 mm) soil water storage by 

18.6 and 17.7 % over flat sowing system in wheat-maize, respectively. However, there was 

observed lower ETa, i.e. 241.6 (wheat) and 285.2 mm (maize) on beds in comparison with 

flat sowing system.   

4.4.5.2 Effect of mulching on soil water balance components 

Regarding mulching materials’ levels, (Table 13) wheat straw and farm manure 

showed at par significance in terms of total amount of water applied and drainage in case of 

wheat, and actual evapotranspiration in maize, however, wheat straw mulch depicted 

maximum soil water storage and minimum (I + P), ETa, and D under both crops compared 

with farm manure mulch and control (no mulch). Wheat straw mulch depicted 14.4 and 6.8 
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% reduction in total amount of water applied; 8.6 and 2.2 % reduction in ETa; 58.2 and 33.1 

% increase in soil water storage; 57.9 and 39.7 % decrease in drainage in comparison with 

control (no mulch) and farm manure mulch, respectively in case of wheat season. Wheat 

straw mulch also showed reduction in total amount of water applied and drainage by 6.7 and 

2.8 % and; 26.7 and 15.8 %, respectively in relation to no mulch control and farm manure 

mulch, respectively in maize season.  M2 (wheat straw) and M3 (farm manure) mulching 

levels showed 50.8 and 26.4 mm (wheat); 67.4 and 32.8 mm (maize) saving of water by 

avoiding drainage compared with M1 (control) mulching level. 

Table 12. Effect of sowing methods on soil water balance components during the wheat 
and maize season 
 

  BS  FS 

  I + P   ETa  ∆ S  D  I + P  ETa  ∆ S  D 

Wheat  260.2 B 241.6 B 29.2 A (-) 47.8 B 355.9 A 315.4 A 35.9 B (-) 76.5 A 
Maize  462.9 B 285.2 B 49.2 A 128.5 B 695.1 A 343.8 A 41.8 B 309.5 A 

Note: I + P Irrigation + Precipitation (mm), ETa Actual evapotranspiration (mm), ∆ S Soil water storage 
(mm), (‐) sign indicates negative soil water storage, i.e. all values are with negative sign, D Drainage 
(mm), BS Bed Sowing, FS Flat Sowing 
 
Table 13 Effect of mulching on soil water balance components during the wheat and 
maize season 
 

    M1  M2  M3  LSD 

W
h
e
at
 

I + P  333.2 A  285.1 B  305.8 AB  34.57 

Eta  293.2 A  268.1 C  274.2 B  1.5966 

∆ S (‐)  47.8 C  20.0 A  29.9 B  3.9226 

D  87.8 A  37.0 B  61.4 AB  35.39 

M
ai
ze
 

I + P  600.6 A  560.1 C  576.3 B  0.3932 

Eta  315.5 A  314.6 A  313.5 A  14.209 

∆ S  32.8 C  60.5 A  43.2 B  1.2747 

D  252.4 A  185.0 C  219.6 B  13.647 

Note: I + P Irrigation + Precipitation (mm), ETa Actual evapotranspiration (mm), ∆ S Soil water storage 
(mm), (‐) sign indicates negative soil water storage, i.e. all values are with negative sign, D Drainage 
(mm), M1 (No Mulch), M2 (Wheat straw mulch), M3 (Farm manure mulch) 
4.4.5.3 Effect of mulching and sowing methods on soil water balance components  

Interactive effect of mulch and sowing methods (Table 14) was also found significant 

on soil water balance components in both wheat and maize seasons. Wheat straw and farm 
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manure mulching materials showed 16.3 and 13.5 %, 6.1 and 8.8 % and 73.9 and 40.3 % 

decrease, respectively in total amount of water applied, actual evapotranspiration and 

drainage in wheat, on bed sowing system, compared with treatment T1, and 8.9 and 5.3 %, 

and 0.1 and 1.2 %, and 44.2 and 19.8 % decrease in total amount of water applied, actual 

evapotranspiration and drainage in maize, on bed sowing system, compared with treatment 

T1. Treatment T4, which was a combination of flat sowing and no mulch, depicted maximum 

values and T2 treatment (a combination of bed sowing and wheat straw mulch) showed 

minimum values regarding total amount of water applied, ETa and drainage in both wheat 

and maize seasons. M2 (wheat straw) and M3 (farm manure) mulches showed 60.0 and 34.1 

% more soil water storage in case of wheat season; 81.9 and 27.8 % more soil water storage 

in case of maize season on beds, respectively in comparison with treatment T1. Mulching 

materials showed similar decreasing trend in total amount of water applied, ETa and 

drainage, and increasing trend in soil water storage on flat sowing system in relation to 

treatment T4. Wheat straw mulch showed saving of water, i.e. 56.9 and 25.8 mm (wheat-

season), 72.2 and 39.9 mm (maize-season) on beds; 44.7 and 23.0 mm (wheat season), 63.4 

and 30.7 mm (maize season) on flat sowing system as compared to control (no mulch) and 

farm manure under bed and flat sowing system, respectively.  

Table 14. Effect of mulching and sowing methods on soil water balance components 
during the wheat and maize season 
 

    Treatments   

    T1  T2  T3  T4  T5  T6  LSD 

W
h
e
at
 

I + P  288.8 cd  241.8 d  249.9 d  377.6 a  328.5 bc  361.6 ab  69.226 

ETa  254.3 d  238.7 e  231.9 f  332.0 a  297.6 c  316.6 b  2.7899 

∆ S (‐)  42.5 d  17.0 a  28.0 bc  53.0 e  23.0 ab  31.8 c  8.0375 

D  77.0 a  20.1 b  46.0 ab  98.6 a  53.9 ab  76.9 ab  64.94 

M
ai
ze
 

I + P  485.9 d  442.8 f  460.1 e  715.4 a  677.5 c  692.5 b  0.7166 

ETa  286.5 b  286.1 b  283.0 b  344.4 a  343.9 a  343.2 a  26.314 

∆ S  36.0 e  65.5 a  46.0 c  29.5 f  55.5 b  40.5 d  4.0829 

D  163.4 d  91.2 f  131.1 e  341.5 a  278.1 c  308.8 b  27.224 

Note: I + P Irrigation + Precipitation (mm), ETa Actual evapotranspiration (mm), ∆ S Soil water storage 
(mm), (‐) sign indicates negative soil water storage, i.e. all values are with negative sign, D Drainage 
(mm)  
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4.4.6 Effect of mulching and sowing methods on transpiration rate (mmol m-2 S-1) of 

wheat and maize 

Data regarding the effect of bed and flat sowing under sowing methods on 

transpiration rate of wheat and maize revealed significant difference among the treatments 

(Table 15). Maximum transpiration rate, i.e. 2.84 (wheat) and 3.77 mmol m-2 S-1 (maize) was 

recorded in response to treatment T2 (a combination of bed sowing and wheat straw mulch), 

that showed 22.4 and 18.3 % increase in case of wheat, and 20.4 and 5.3 % increase in case 

of maize in comparison with no mulch (control) and farm manure mulch, respectively under 

bed sowing. Same mulching material, i.e. wheat straw depicted enhanced transpiration rate 

by 3.7 (wheat) and 5.9 % (maize) in comparison with farm manure mulch under flat sowing 

method. However, treatment T4 revealed minimum transpiration rate, i.e. 1.43 (wheat) and 

2.09 (maize) mmol m-2 S-1, which was a combination of flat sowing and no mulch control.  

 Bed sowing alone showed increased transpiration rate in relation to flat sowing 

statistically. However, transpiration rate was 2.52 (wheat) and 3.49 (maize) mmol m-2 S-1 on 

beds and there was 1.94 (wheat) and 2.32 (maize) mmol m-2 S-1 transpiration rate on flat 

sowing system. Mulching materials also depicted pronounced effect on transpiration rate of 

wheat and maize. Maximum transpiration rate, i.e. 2.53 (wheat) and 3.13 (maize) mmol m-2 

S-1 was observed in wheat straw mulch level, followed by farm manure mulch and no mulch 

control. 

Table 15. Effect of mulching and sowing methods on transpiration rate (mmol m-2 S-1) 
of wheat and maize 
 
  Sowing Methods Irrigation levels 
  BS FS LSD M1 M2 M3 LSD 
Wheat 2.52 A 1.94 B 0.1770 1.87 B 2.53 A 2.27 A 0.3550 
Maize 3.49 A 2.32 B 0.8086 2.61 B 3.13 A 2.97 A 0.2429 
  Treatments 
  T1 T2 T3 T4 T5 T6 LSD 
Wheat 2.32 b 2.84 a 2.40 ab 1.43 c 2.23 b 2.15 b 0.4393 
Maize 3.13 b 3.77 a 3.58 a 2.09 c 2.50 b 2.36 bc 0.8312 

Note: BS (Bed Sowing), FS (Flat Sowing), M1 (No Mulch), M2 (Wheat straw mulch), M3 (Farm manure 
mulch) 
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4.5 Economic and marginal analysis 
 
4.5.1 Effect of irrigation and sowing methods on water use efficiency (WUE) and soil 
characteristics for sustainable wheat-maize production (Study-1)  
  
 Economic analysis of wheat (Table 14) and maize (Table 15) reveals that irrigation 

level equivalent to 100 % field capacity under bed sowing depicted maximum benefit to cost 

ratio, i.e. 2.3 (wheat) and 2.4 (maize) with maximum net return, i.e. 85980.7 (wheat) and 

133559.9 Rs. ha-1 (maize). Similar results were reflected under flat sowing system. Minimum 

net return, i.e. 38826.7 (wheat) and 24313.1 (maize) Rs. ha-1 was noted in FI0.75 treatment 

(Flat sowing + 75 % FC) however, its benefit to cost ratio was equal to FI1.25 treatment (Flat 

sowing + 125 % FC). Comparatively, irrigation levels under bed sowing system yielded 

higher benefit to cost ratios in relation to flat sowing system in wheat and maize crops owing 

to higher net return which was due to more gross income rather than total cost. 

 Dominance and marginal analysis also showed irrigation level equivalent to 100 % 

field capacity as the most beneficial with maximum benefit and low cost under bed sowing 

system, i.e. 372.8  (wheat) and 763.9 % (maize). Similarly as indicated by data under flat 

sowing system, same irrigation level, i.e. FC2 revealed maximum marginal rate of return 

presented in Table 16 (wheat) and 17 (maize). Irrigation level equivalent to 125 % field 

capacity was un-economical under both bed and flat sowing systems in case of wheat and 

maize crops because of higher input cost and low returns.      
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Table 16. Economic analysis for wheat (Study-1)  
 

 
Table 17. Economic analysis for maize (Study-1)  
 
Sowing 
methods 

Irrig. 
levels 

Grain 
yield 
(Mg 
ha‐1) 

Biolog
ical 
yield 
(Mg 
ha‐1) 

Income 
from 
grain 
yield 

(Rs ha‐1) 

Income 
from 
straw 
yield 

(Rs ha‐1) 

Gross 
income‐
(Rs ha‐1) 

Variable 
cost 

(Rs ha‐1) 

Permanen
t cost 

(Rs ha‐1) 

Total cost
(Rs ha‐1) 

Net 
return 
(Rs ha‐1) 

Net field 
benefits‐
(Rs ha‐1) 

Benefit 
cost 
ratio 

Bed 
sowing 

FC1  9.4  34.3  178600  30012.5  208612.5  25604.5  79798.4  105402.9  103209.6  183008.0  2.0 

FC2  10.7  33.3  203300  29137.5  232437.5  19079.2  79798.4  98877.6  133559.9  213358.3  2.4 

FC3  8.5  32.3  161500  28262.5  189762.5  14139.1  79798.4  93937.5  95825.0  175623.4  2.0 

Flat 
sowing 

FC1  6.0  28.4  114000  24850  138850.0  24205.0  79798.4  104003.4  34846.6  114645.0  1.3 

FC2  8.1  27.0  153900  23625  177525.0  18770.6  79798.4  98568.9  78956.0  158754.4  1.8 

FC3  5.0  24.4  95000  21350  116350.0  12238.5  79798.4  92036.9  24313.1  104111.5  1.3 

 
 
 
 

Sowing 
methods 

Irrig. 
levels 

Grain 
yield 

(Mg ha‐
1) 

Straw 
yield 

(Mg ha‐
1) 

Income 
from 
grain 
yield 

(Rs ha‐1) 

Income 
from 
straw 
yield 

(Rs ha‐1) 

Gross 
income‐
(Rs. ha‐1) 

Variable 
cost 

(Rs. ha‐1) 

Permanent 
cost 

)1‐(Rs. ha 

Total 
cost 

(Rs ha‐1) 

Net 
return‐
(Rs ha‐1) 

Net field 
benefits‐
(Rs ha‐1) 

Benefit 
cost 
ratio 

Bed 
sowing 

FC1 4.3  12.9  102125  43537.5  145662.5  16922.4  53901.4  70823.8  74838.7  128740.1  2.1 

FC2 4.5  12.9  106875  43537.5  150412.5  10530.4  53901.4  64431.8  85980.7  139882.1  2.3 

FC3 4.1  11.8  97375  39825  137200.0  7736.4  53901.4  61637.8  75562.2  129463.6  2.2 

Flat 
sowing 

FC1 3.1  11.1  73625  37462.5  111087.5  15973.6  53901.4  69875  41212.5  95113.9  1.6 

FC2 3.5  10.8  83125  36450  119575.0  11354.4  53901.4  65255.8  54319.2  108220.6  1.8 

FC3 2.8  9.5  66500  32062.5  98562.5  5834.4  53901.4  59735.8  38826.7  92728.1  1.6 
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Table 18. Dominance and marginal analysis for wheat (Study-1)  
 
Sowing methods  Irrig. levels  Variable cost

(Rs. ha‐1) 
Net field benefits 

(Rs. ha‐1) 
Marginal cost 
that vary 

Marginal net  
benefits 

Marginal rate of 
return 

Dominated 
treatments 

Bed sowing 

FC3  7736.4  129463.6         

FC2  10530.4  139882.1  2794.0  10418.5  372.8883   

FC1  16922.4  128740.1  ‐  ‐  ‐  D 

Flat sowing 

FC3  5834.4  92728.1         

FC2  11354.4  108220.6  5520.0  15492.5  280.6612   

FC1  15973.6  95113.9  ‐  ‐  ‐  D 

 
 
Table 19. Dominance and marginal analysis for maize (Study-1)  
 
 
Sowing methods  Irrig. levels  Variable cost

(Rs. ha‐1) 
Net field benefits 

)1‐(Rs. ha 
Marginal cost 
that vary 

Marginal net  
benefits 

Marginal rate of 
return 

Dominated 
treatments 

Bed sowing 

FC3  14139.1  175623.4         

FC2  19079.2  213358.3  4940.04  37734.96  763.8594   

FC1  25604.5  183008  ‐  ‐  ‐  D 

Flat sowing 

FC3  12238.5  104111.5         

FC2  18770.6  158754.4  5520.0  15492.5  280.6612   

FC1  24205.0  114645  ‐  ‐  ‐  D 
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4.5.2 Effect of mulching and sowing methods on water use efficiency (WUE) and soil 
characteristics for sustainable wheat-maize production (Study-2) 
 
 It was revealed from the economic analysis of wheat (Table 18) that the maximum 

benefit to cost ratio was noted in farm manure mulch treatment, i.e. 2.4 and 1.9 in 

comparison to wheat straw and no mulch under bed and flat sowing systems, respectively. 

Wheat straw mulch indicated no difference in benefit to cost ratio compared to no mulch 

under both bed and flat sowing systems. However, there was higher (85409.5 Rs. ha-1) net 

return observed compared with no mulch (68792.0 Rs. ha-1) under bed sowing and similar 

behavior was observed under flat sowing. No difference in benefit to cost ratio was due to 

higher variable cost, i.e.  22301.6 Rs. ha-1 of wheat straw mulch, therefore total cost was 

increased and nullified the benefit. However, the improvement in soil characteristics was an 

additional benefit of wheat straw mulch. In maize crop (Table 19), the wheat straw and farm 

manure mulch showed similar economic analysis but were higher than no mulch under both 

sowing methods. The benefit to cost ratio was 2.2 (bed) and 1.5 (flat) in both wheat straw and 

farm manure mulches, and 1.8 (bed) and 1.3 (flat) in case of no mulch. Owing to succeeding 

crop (maize) after wheat, the residual effect of wheat straw might have increased the grain 

yield that resulted in enhanced net field benefits, consequently the benefit to cost ratio.  

 Marginal and dominance analysis also indicated that wheat straw (Table 20) mulch 

under both sowing methods was un-economical in wheat crop but economical for maize crop. 

Maximum marginal rate of return was depicted in farm manure mulch, i.e.  2158.2 (bed) and 

1096.15 % (flat) for wheat crop. In case of maize crop (Table 21), farm manure mulch also 

depicted maximum marginal rate of return, i.e. 2658.6 (bed) and 1766.4 % (flat), followed by 

wheat straw mulch, i.e. 104.9 (bed) and 12.6 % (flat sowing).  
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Table 20. Economic analysis for wheat (Study-2) 
 

 
Table 21. Economic analysis for maize (Study-2) 
 

 
 
 

Sowing 
methods 

Irrig. 
levels 

Grain 
yield‐
(Mg 

)1‐ha 

Straw 
yield‐
(Mg 
ha‐1) 

Income 
from 
grain 
yield 

(Rs ha‐1) 

Income 
from 
straw 
yield 

(Rs ha‐1) 

Gross 
income‐
(Rs. ha‐1) 

Variable 
cost 

(Rs. ha‐1) 

Permanent 
cost 

(Rs. ha‐1) 

Total 
cost 

(Rs ha‐1) 

Net 
return‐
(Rs ha‐1) 

Net field 
benefits‐
(Rs. ha‐1) 

Benefit 
cost 
ratio 

Bed 
sowing 

M1  4.0  11.0  95000  37125.0  132125.0  9431.6  53901.4  63333.0  68792.0  122693.4  2.1 

M2  5.0  12.7  118750  42862.5  161612.5  22301.6  53901.4  76203.0  85409.5  139310.9  2.1 

M3  4.8  12.5  114000  42187.5  156187.5  10497.2  53901.4  64398.6  91788.9  145690.3  2.4 

Flat 
sowing 

M1  3.0  9.9  71250  33412.5  104662.5  9062.9  53901.4  62964.2  41698.2  95599.6  1.7 

M2  3.7  11.1  87875  37462.5  125337.5  21883.1  53901.4  75784.4  49553.0  103454.4  1.7 

M3  3.7  10.7  87875  36112.5  123987.5  10678.5  53901.4  64579.9  59407.6  113309.0  1.9 

Sowing 
methods 

Irrig. 
levels 

Grain 
yield 
(Mg 
ha‐1) 

Biolog
ical 
yield 
(Mg 
ha‐1) 

Income 
from 
grain 
yield 

(Rs ha‐1) 

Income 
from 
straw 
yield 

(Rs ha‐1) 

Gross 
income‐
(Rs. ha‐1) 

Variable 
cost 

(Rs ha‐1) 

Permane
nt cost 

)1‐(Rs ha 

Total cost
)1‐(Rs ha 

Net 
return 
(Rs ha‐1) 

Net field 
benefits 
(Rs ha‐1) 

Benefit 
cost 
ratio 

Bed 
sowing 

M1  7.4  37.0  140600  32375.0  172975.0  14160.5  79798.4  93958.9  79016.1  158814.5  1.8 

M2  10.6  38.2  201400  33425.0  234825.0  27126.8  79798.4  106925.2  127899.8  207698.2  2.2 

M3  9.3  39.3  176700  34387.5  211087.5  15542.1  79798.4  95340.5  115747.0  195545.4  2.2 

Flat 
sowing 

M1  5.1  31.3  96900  27387.5  124287.5  17169.7  79798.4  96968.1  27319.4  107117.8  1.3 

M2  7.1  33.8  134900  29575.0  164475.0  30258.8  79798.4  110057.2  54417.8  134216.2  1.5 

M3  6.3  36.2  119700  31675.0  151375.0  18621.0  79798.4  98419.4  52955.6  132754.0  1.5 
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Table 22. Dominance and marginal analysis for wheat (Study-2) 
 

  
Table 23. Dominance and marginal analysis for maize (Study-2)  
 
 
Sowing methods  Irrig. levels  Variable cost

)1‐(Rs. ha 
Net field benefits 

(Rs. ha‐1) 
Marginal cost 
that vary 

Marginal net 
benefits 

Marginal rate of 
return 

Dominated 
treatments 

Bed sowing 

M1  14160.52  158814.5         

M3  15542.12  195545.4  1381.6  36730.9  2658.6   

M2  27126.8  207698.2  11584.7  12152.8  104.9   

Flat sowing 

M1  17169.7  107117.8         

M3  18621.0  132754  1451.3  25636.2  1766.4   

M2  30258.8  134216.2  11637.8  1462.2  12.6   

Note: Tube-well irrigation @ Rs. 600 hr.-1, Beds formation @ Rs. 2500 ha-1,  Wheat straw mulch @ Rs. 1750 Mg ha-1, Farm manure 
@ Rs. 250 Mg ha-1 

Sowing methods  Irrig. levels  Variable cost
(Rs. ha‐1) 

Net field benefits 
(Rs. ha‐1) 

Marginal cost 
that vary 

Marginal net 
benefits 

Marginal rate of 
return 

Dominated 
treatments 

Bed sowing 

M1  9431.6  122693.4         

M3  10497.2  145690.3  1065.6  22996.9  2158.2   

M2  22301.6  139310.9  ‐  ‐  ‐  D 

Flat sowing 

M1  9062.9  95599.6         

M3  10678.5  113309.0  1615.6  17709.4  1096.2   

M2  21883.1  103454.4  ‐  ‐  ‐  D 
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CHAPTER 5                                                            DISCUSSION 

During the month of April, the parameters which showed high values were Kfs, 

infiltration rate and SPR, but the same parameters showed lower values during the month of 

November. During April, higher soil temperature was noted that caused reduction in 

viscosity of water, consequently hydraulic conductivity increased when it decreases during 

the month of November due to lower temperature. Darzi et al. (2008) reported that 

temperature variations can profoundly affect the Kfs values due to change in the viscosity of 

water. Similarly, higher SPR was observed in the warmer season and lesser in winter season 

because of more soil water storage and SOC in winter season (November) than in warmer 

season (April) as reported by Halvorsona et al. (2003). After maize harvest, high percentage 

of SOC contents was observed as compared to percent SOC after wheat harvest. The factors 

that cause reduction in SOC and facilitate decomposition rate are optimum in the warm 

season. Higher temperature is one of the variables that accelerate the decomposition rate and 

may cause reduction in organic carbon pool.  

High SOC in bed sowing compared to flat sowing might be due to root proliferation 

that was observed higher than that of flat sowing. Hassan et al. (2005) also reported similar 

observation. Improved soil physical health of raised beds compared to flat sowing could be 

because of less disruption of aggregates and settlement in the unsaturated conditions of the 

raised beds compared to the saturated conditions of the flat sowing method.  Fahong et al. 

(2004) and Hassan et al. (2005) also supported these results by concluding that bed planting 

decreased the soil surface exposed to flooding by 40 %, which eliminated surface soil 

crusting. Furthermore, the observations of less SPR and high Kfs supported the reduction in 

bulk density on beds. Therefore, soil physical health in bed sowing was better compared to 

flat sowing. This good physical health was also evident from the observation of crop lodging 

in flat sowing but no or very low lodging in bed sowing which might be due to more drainage 

of water from beds into the furrows (Ahmad and Mahmood, 2005).  

Beds showed better index of soil physical quality, S compared to flat sowing owing to 

improvement in soil parameters like low bulk density and high soil organic carbon. 

Improvement in index, S contributed to higher 1000 grain weight, leaf area index that was 

also supported by enhanced nutrient uptake and soil water storage under bed compared to flat 
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sowing method. Surface soil of beds serve as barrier, because water moves laterally from 

furrows into the beds, against water loss in the form of evaporation. Therefore, there was 

more soil water storage and more soil water contents before each irrigation which enhanced 

the water availability to plant roots and might increase the transpiration rate component of 

evapotranspiration.  

 These findings were further confirmed when bed sowing showed higher transpiration 

and photosynthetic rates compared to flat sowing system, (measured at mid stage of each 

crop when plants got its maximum height and leaf area index. Flat sowing showed maximum 

evapotranspiration, drainage and less soil water storage than bed sowing system. 

Consequently, bed sowing showed higher grain yield, harvest index, water use efficiency, 

irrigation water use efficiency and lower water consumption. There was also lodging of crops 

in case of flat sowing than that of bed sowing. Zhongming et al. (2005) also reported similar 

results. They investigated the effects of sowing methods on wheat crop and noted 0.8 g more 

1000-grain weight in case of bed sowing than that of flat sowing. Fahong et al. (2005) also 

noted increase in water use efficiency by 40 to 90 % on raised beds. Largely because of more 

water used by flat planting with flood irrigation and decrease in irrigation quantity and 

control of evaporation from top soil by raised beds. The WUE was 20.2 and 14.9 % higher in 

furrow irrigated raised bed planting and mulched ridge furrow planting, respectively than flat 

planting (Zhang et al., 2007). Raised bed technology for water productivity and lodging of 

wheat was also assessed by Ahmad and Mahmood (2005). There was observed 15 % less 

lodging of wheat and 40 % higher water productivity in raised bed technology as compared 

to flat method. Different soil water conservation treatments effects on wheat yield and soil 

moisture storage were evaluated; among these shallow tillage, deep tillage, 75 % of inorganic 

fertilizer + farm manure and raised bed treatments showed  12, 30, 35 and 45 % more soil 

moisture storage in comparison to farmers conventional practice for sowing of wheat 

(Zhongming et al., 2005). Singh et al. (2010) observed higher nutrient use efficiency in beds 

sowing compared with flat sowing. Bed planting system showed higher grain N 

concentrations in cereals and out yielded the conventionally planted system having more 

grain yield. This clearly indicates an advantage of bed planting over flat planting system 

(Freeman et al. 2007). Our results were also in accordance with Ahmad et al. (2002) who 

reported higher grain yield (7.1 t ha-1) than the other two methods (alternate furrow irrigation 



 104

and flood irrigation system). Higher grain yield under furrow-bed system was associated with 

more 1000-grain weight and higher grain weight cob-1. Adeniran (2003) also pointed out that 

the maximum grain yield in case of bed sowing was due to more number of grains and higher 

100-grain weight. 

More irrigation produced more SOC contents which are an indication of more root 

proliferation and consequently more yield but at the same time higher bulk density was noted 

as well. This indicates their independence upon one another; it can also be inferred that 

physical compaction due to soil particles settlement which is further related to amount of 

irrigation water, could not be ameliorated by the soil organic carbon. However, under one 

specific irrigation level, bulk density decreased temporally with increasing amount of SOC. 

Furthermore, negative but moderate correlation (r = 0.55) between soil organic carbon and 

bulk density indicates the involvement of other physical factors causing changes in bulk 

density. High bulk density at higher irrigation level (equivalent to 125 % field capacity) is an 

indication of structural decline which was also reported by Mullins et al. (1990). He reported 

a comprehensive review in which structurally unstable soils collapse to a dense mass on 

wetting and then become stronger as they become dry. Ghezzehei et al. (2000) also reported 

high bulk density due to soil aggregate coalescence governed by rheological processes because 

soil structure becomes unstable after tillage on seed bed preparation.  Leij et al. (2002) also 

reported abrupt decrease in total porosity (structural decline) on 1st wetting and gradual 

decrease in the next wetting events. Soils in Pakistan are already structurally unstable due to 

less SOM and due to high silt contents and more susceptibility to physical degradation 

(Khan, 2000; Dexter and Czyz, 2007), its structural instability is further affected during 

wetting and drying cycles (Ghezzehei et al., 2000) based on irrigation scheduling. Higher bulk 

density and less Kfs and infiltration rate, showed an inverse relationship which is consistent 

with the literature. But the poor correlation of saturated hydraulic conductivity and SOC 

indicates the involvement of other factors that affect size and continuity of pores rather than 

total porosity that is increased by increase in soil organic matter. Rather, SOM reduces 

conductivity by retaining water, i.e. allowing less water to flow freely. (Nemes et al., 2005) 

and it might be due to reduced wettability caused by SOM (Wang et al., 2009).  

Irrigation levels equivalent to 75 % FC and equivalent to 125 % FC showed similar 

significance on the yield of wheat and maize but significant compared to irrigation level at 
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100 % FC. This might be due to non uniform distribution of water under restricted irrigation 

water as was observed in the field and restricted root respiration under excessive irrigation as 

lower values for transpiration and photosynthetic rates were observed at mid stage of crops; 

nutrients uptake was also observed less. Lower 1000 grain weight also confirmed the yield of 

wheat and maize at both extreme levels of irrigation compared with an appropriate amount of 

irrigation water equivalent to 100 % FC. Similar to our findings, Mahal et al. (2000) also 

reported that both excessive and limited irrigation practices cause stress to plants due to 

restricted root respiration and limited water supply, respectively. Similarly, Tariq and Usman, 

(2009) pointed out that over irrigation causes water and nutrient loss as drainage and 

restricted irrigation results in water stress to the crop. Optimum soil physical quality index, S 

depicted at 100 % of FC also favored enhanced grain yield of wheat and maize due to better 

soil environment that improved nutrient and water use efficiency.  

Higher leaf area index and plant height was observed with increasing amount of 

irrigation water that contributed to total plant biomass. This indicates that vegetative growth 

was found less affected by excessive irrigation water, resultantly, plants gained higher total 

plant biomass. The glimpse of roots also indicates, there were more voluminous roots at 

higher irrigation level, followed by 100 % FC and 75 % FC. Different scientists studied 

sensitivity of different growth stages of crops to irrigation; they found vegetative stage less 

sensitive and reproductive stage more sensitive in response to irrigation (Waraich et al. 2007; 

Yenesew and Tilahun, 2009). Khan et al. (2001) also noted decrease in growth of crops with 

decreasing amount of water. In this regard, many scientists evaluated the agronomic response 

of crops to different irrigation treatments and found its significant effect (Tavakkoli and 

Oweis, 2004; Zhang et al., 2006; Sani et al., 2008). Our results were also found correlated 

with the conclusions of Menqu and Ozqurel, 2008 who reported that irrigation treatments 

noticeably affected the leaf area index and dry matter yield.  To make judicious use of 

irrigation water is a need of the hour using an appropriate frequency and amount of water for 

improving growth and yield of crops (Huang et al., 2004).  

 More irrigation amount produced more evapotranspiration and deep percolation in 

both wheat and maize seasons and vice versa. However, for root water uptake/transpiration 

rate, both under and over irrigation levels yielded less values. Maize crop showed 423.5 to 

663.2 mm evapotranspiration and the range of evapotranspiration in wheat crop was 288.4 to 
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445.8 mm. This wide range of evapotranspiration was due to difference in applied amount of 

water based on soil field capacity. Although, the best irrigation level equivalent to 100 % FC 

that depicted better grain yield compared to limited and over irrigation levels, showed 404.2 

and 582.9 mm of evapotranspiration in wheat and maize crops, respectively. Our findings 

were also found correlated with Doorenbos and Pruitt (1983) who described a range between 

430 to 490 of crop water requirement of maize for having maximum production, and with 

Laghari et al. (2008) who  observed 350 to 390 mm of crop water requirement in wheat crop.   

In Study-1, treatments where least amount of water (75 % field capacity) was applied 

yielded larger values of S and smaller values of bulk density on account of less disruption 

and soil particles settlement of seed bed; what we get after tillage under both the sowing 

methods compared to amounts of irrigation equivalent to 100 and 125 % field capacity. 

However, the yield of wheat and maize was not high with corresponding values of S, owing 

to non uniform distribution of applied water that could not fulfill the crop water requirement. 

Although, at this level (FC3), there were visually observed long roots, indicating root’s effort 

to extract soil water. Along with this, WUE was also comparatively less than WUEi owing to 

more enhanced ETa than total water applied. Resultantly, soil water storage decreased due to 

loss of water in form of ETa. This observation also confirms the root’s effort to extract soil 

water efficiently. So this level of irrigation could maximize the yield if it is used with an 

irrigation interval less than 15 days in wheat; but there is need to test other intervals, and 

owing to higher crop water demand in maize, this level is not appropriate. However, there 

could be optimum irrigation level between 75 and 100 % FC. Higher amounts of irrigation 

equivalent to 125 % field capacity under both sowing methods caused structural decline as 

higher bulk density, SPR and lower Kfs, infiltration rate were noted. Consequently, the yield 

of wheat and maize was reduced. Thus, both extremes, where least and higher amounts of 

irrigation were applied, caused yield reduction due to non uniform distribution of water and 

structural decline, respectively. Irrigation level equivalent to 100 % field capacity yielded 

optimum soil physical environment along with optimum soil saturation that resulted in 

enhanced grain yield of wheat and maize. All irrigation levels performed better under bed 

sowing compared with flat sowing owing to improved soil physical condition, relatively 

better distribution of water in furrows and better root proliferation. Similarly, Adeniran (2003) 

concluded that plots with 80 % moisture contents of FC recorded the highest yield (7.5 Mg 
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ha-1) and 60 % moisture contents of the FC yielded lowest (3.1 Mg ha-1) yield. However, 80 

and 70 % moisture contents of FC showed no significant difference in yield indicating that 

the yield was not affected by the moisture stress at this level. Similarly, Ullah et al. ( 2003) 

agreed with our results by saying that planting patterns did not affect the growth and yield of 

maize, but different irrigation levels significantly influenced the 1000-grain weight, 

biological yield, grain yield and harvest index. These results are similar with those of Toor 

(1990) but opposite to that of Graybill et al. (1991) who pointed out that planting pattern 

vary significantly with view to harvest index. 

On comparing mulching materials in terms of SOC pool, farm manure and wheat 

straw showed 22.55 % and 8.76 % more SOC storage compared to control (0.585 %). These 

results are in agreement with Barzegar et al. (2002) who reported positive effect of organic 

material on soil physical properties. Mulching material showed capacity of mitigating carbon 

dioxide level in the atmosphere by increasing SOC pool. More SOC in farm manure 

amendment compared to wheat straw might be due to difference in composition of organic 

material, wheat straw had high C:N ratio and farm manure had less C:N ratio. In another way, 

we can say that wheat straw is more susceptible to global warming due to more loss of 

carbon dioxide into the atmosphere in comparison to farm manure. Literature indicates that 

organic materials with high C:N ratio go more under decomposition and vice versa (Gaur et 

al., 1971; Jalali and  Ranjbar, 2009). It is important to know about mulching materials, and 

which one is better towards friendly environment and soil physical health because friendly 

environment is as important as soil health. In this perspective, farm manure was found more 

resistant to degradation (showed retardation to decomposition rate) compared to wheat straw 

in terms of SOC pool. In this context, Canqui and Lal (2007) evaluated crop residues in their 

effects on sequestering SOC. It was noted that the soil organic carbon pool was 16.0, 25.3 

and 33.5 Mg ha−1 under no straw, 8 and 16 Mg ha−1 straw mulch, respectively. Increased soil 

organic carbon contents under crop residue mulch were also reported by Havlin et al. (1990) 

and Saroa and Lal (2003). 

Wheat straw and farm manure mulch showed better soil physical environment in term 

of lesser bulk density and soil penetration resistance, and higher field saturated hydraulic 

conductivity and infiltration rate compared with control where no mulch was applied. The 

index of soil physical quality was also noted with higher values under mulching compared 
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with control. In this context, Pervaiz et al. (2009) investigated the mulching effect on soil 

physical characteristics and they observed increased soil organic matter (1.32 g kg-1) and soil 

water contents (17 %) and decreased bulk density (1.35 Mg m-3) and soil strength (464 kPa) 

under mulch, compared to control. Sharma et al. (2009) also noted decreased bulk density 

under mulch levels of 6 t ha−1 (1.40 g cm-3) compared with no mulch (1.44 g cm-3). 

Infiltration rate and soil organic carbon contents were also increased from 0.65 cm hr−1 and 

0.55 %, (control) to 0.72 cm hr−1 and 0.72 %, respectively (6 t ha−1). Similarly, Lukman et al. 

(2008) studied the mulching effects on soil physical properties and noted increased available 

water holding capacity by 18–35 %, total porosity by 35–46 % and soil moisture retention at 

low suctions from 29 to 70 % under mulching. However, mulch rates showed non significant 

effects on soil bulk density. Improved soil physical and chemical properties with respect to 

control were also observed by Jordan et al. (2010) under mulching. They noted enhanced soil 

organic matter and improved bulk density, porosity and aggregate stability with increasing 

mulching rates. Low mulching rates did not show significant effect on water properties with 

respect to control. It was also noted that mulching enhances infiltration rate compared to bare 

soil. Obalum and Obi (2010) also observed improved SOM up to 1.5 % and total phosphorus 

46 % under mulch.  

 Consequently, improvement in soil structure contributed to increase in yield 

contributing parameters under mulching materials, like enhanced leaf area index and 1000-

grain weight etc. The higher values of growth noticed under mulch were attributed to better 

soil moisture maintained in readily available range, favoring the progressive growth of plant 

in terms of growth characters. Resultantly, grain yield, harvest index and water use efficiency 

increased under wheat straw and farm manure mulches compared with control. Many other 

scientists also reported the results similar to our findings like Zhang et al. (2008) whose 

results confirmed our data; they reported that 13.9 % more 1000-grain weight was recorded 

in wheat straw treatment with respect to control mulch level. Huang et al. (2005) also 

showed the influence of mulching and irrigation on wheat yield and WUE. It increased 

biomass and grain yield by 37 and 52 %, respectively, in 1997. The yield increases are 

generally credited to increase in water content in the soil due to reduced evaporation. 

Mulching has potential for increasing soil water storage (Shanging and Unger, 2001). Wheat 

straw mulch significantly affected the growth and yield of maize by increasing the leaf area 
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index and water use efficiency (Iqbal et al., 2003). Bonfil et al., (1999) also noted higher 

grain yield under mulching due to enhanced root length density and more soil water storage 

in the upper soil layers. Similarly, Sharma et al. (1998) noticed higher grain and straw yield, 

i.e. 3623 kg ha−1 and 5560 kg ha−1, respectively in the plots where mulch level of 6 Mg ha−1 

was applied and lower grain and straw yield, i.e.  2607 and 4548 kg ha−1, respectively in no 

mulch plots. Sarkar and Singh (2007) also noted that straw mulch saved 19-21 mm of water 

in the profile (1.2 m) over the un-mulched condition. There were also similar results exposed 

by Glab and Kulig (2008), they checked the effects of mulching on wheat yield. A significant 

higher grain yield (6.79 t ha-1) was obtained with mulch application than that of no mulch 

application. Wheat straw under bed sowing yielded highest soil physical quality index, S, 

consequently, the yield of wheat and maize, although the yield showed at par significance 

with farm manure under bed sowing. This might be due to better soil cover by wheat straw in 

relation to farm manure amendment that could not cover the soil surface completely.  

There was also noted pronounced effect of mulching on evapotranspiration and deep 

percolation in relation to no mulch. Wheat straw and farm manure showed reduction in 

evapotranspiration and deep percolation in comparison with no mulch. Moreover, mulching 

materials showed enhanced transpiration rate. Soil water storage was also higher in mulched 

plots than non mulched plots. These observations indicate that the water loss in form of 

evaporation and deep percolation is minimal; plant’s efficiency to use water is increased 

owing to enhanced transpiration rate. In conjunction with bed sowing, mulching efficiency to 

save water and minimize loss was increased further compared with flat sowing method as 

their irrigation methods are different. In flat sowing, when water is flooded, mulching 

materials are displaced along with water and some places become bare causing loss of water; 

furthermore, all materials get wet, the water beneath is saved but the water from surface of 

materials is lost in form of evaporation; initially due to soil saturation beneath material, the 

water is deep percolated, and root respiration is also disturbed as less values for transpiration 

rate were observed. The amount of water applied/total water consumption was also higher 

under flat sowing system in conjunction with mulching due to more losses; therefore, water 

use efficiency is also reduced, in comparison with beds in conjunction with mulching. 

However, when mulching material is applied on beds and water is applied in furrows, 

mulching displacement becomes negligible and materials do not get wet causing loss from 
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surface in form of evaporation as was observed in the field; furthermore, water wets the beds 

by inward movement laterally from furrows due to hydraulic head gradient and minimizes 

the chances of deep percolation, in this way, nutrient and water use efficiency is increased on 

beds, consequently, the yield of crops. Govaerts et al. (2007) agreed with our findings by 

concluding that raised beds under residue mulch are promising to enhance the yield, 29.56 % 

higher grain yield was noted on beds where no mulch was used. Similarly, Singh et al. (2010) 

also conducted an experiment to determine the effect of different sowing methods on wheat 

yield, soil properties, nutrients and water use efficiencies and reported that 20-46 % more 

biological yield was recorded in bed sowing compared to flat. Similar results were also 

revealed by Zhang et al. (2007) who noted mulching effects on soil evaporation and 

transpiration and found decreased evaporation and increased transpiration rate, leading to 

increased wheat yields and WUE. Mulching also decreased evapotranspiration and soil water 

depletion as was observed by Huang et al. (2005), whose results revealed that higher crop 

productivity could be achieved by using a proper combination of straw mulch and irrigation.  

On comparing wheat straw and farm manure under bed and flat sowing methods, there was 

observed more deep percolation in farm manure under both sowing methods, but the 

evapotranspiration showed almost no difference and there was also observed less soil water 

storage. It indicates, water loss was more in case of farm manure compared with wheat straw 

under both sowing methods due to more deep percolation. When transpiration rate was 

assessed, it was observed more under wheat straw mulch in conjunction with sowing 

methods. From this, we can deduce, although there was no difference in evapotranspiration, 

evaporation component of ETa is more instead of transpiration rate/root water uptake under 

farm manure in conjunction with sowing methods compared with wheat straw mulch under 

both sowing methods. Therefore, irrigation water use efficiency was also noted 

comparatively less than that of wheat straw mulch under both sowing methods.  

 

 

 

 

 



 111

CHAPTER 6                                                                SUMMARY 

Owing to arid and semi arid climate, crop production in Pakistan depends on 

availability of irrigation water. Agriculture, industry and domestic uses will increase to 15 % 

of the available water resources by 2025 compared to the present use of 3 %. One of the 

biggest water problems worldwide is its scarcity. There is significant uncertainty about what 

the level of water supply will be for future generations. Irrigation water management in an 

era of water scarcity will have to be carried-out most efficiently to save water and maximize 

its productivity. Under the prevailing conditions, the need of the hour is to search new water 

and soil management strategies which could improve soil characteristics leading towards 

improved water harvesting. In this context, sowing methods, types of mulches and irrigation 

levels were evaluated for their effects on soil physical quality, soil organic carbon pool and 

its sequestration for better soil and water management strategies, and on yield of wheat and 

maize.  

Research was conducted at Research Farm of Institute of Soil and Environmental 

Sciences, University of Agriculture Faisalabad (31°-26' N and 73°-06' E; altitude, 184.4 m).  

The climate of Faisalabad is subtropical. The soil of the experimental area is classified as 

well-drained Hafizabad loam, mixed, semi-active, isohyperthermic Typic Calciargids having 

pH 7.8. The soil was structurally week due to low organic carbon contents. Two studies were 

carried out to evaluate the effects of irrigation and sowing methods as Study-1, and mulching 

and sowing methods as Study-2 using wheat-maize cropping rotation. Each study was 

repeated twice. 

In both studies, bed sowing provided better soil physical health in comparison to flat 

sowing. Flat sowing yielded 31.4 and 39.1 % less Kfs; 33.4 and 14.2 % less infiltration rate; 

6.0 and 5.1 % higher bulk density (0-15 cm) and 12.3 and 15.9 % higher soil penetration 

resistance in Study-1 and Study-2, respectively, compared to bed sowing. Study-1 and Study-

2 showed 14.4 and 23.0 % less soil organic carbon contents in flat sowing compared to bed 

sowing technique, respectively, in 0-15 cm soil depth. In the surface layer, i.e. 0-15 cm there 

was observed 3.80 and 2.51 Mg ha-1 soil organic carbon pool and in the subsurface layer, i.e. 

30-45 cm, there was observed 1.50 and 1.18 Mg ha-1 soil organic carbon pool under bed and 

flat sowing systems, respectively (Study-1). Overall, soil physical health was assessed using 
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‘S’ Index, bed sowing yielded 15.9 and 18.2 % high soil physical quality index when 

compared with flat sowing in April and November seasons, respectively, (0-15 cm, Study-1). 

Similarly in  the second study, bed sowing resulted in 13.1 and 12.1 % high ‘S’ index in 

comparison with flat sowing in April and November seasons, respectively, at 0-15 cm depth.  

Consequently, increase in yield of wheat and maize was observed in case of bed 

rather than flat sowing. There was 37.1 and 48.4 % increase in grain yield of wheat (4311.9 

kg ha-1) and maize (9.5 Mg ha-1), respectively, in bed sowing system than flat sowing system. 

Bed sowing system also enhanced harvest index (HI) over flat sowing system by 18.6 %. 

There was 65.6 and 64.3 % increase in WUEi of wheat (1.32 kg m-3) and maize (1.43 kg m-3), 

respectively, and 62.0 and 64.9 % increase  in WUE of wheat (1.28 kg m-3) and maize (1.83 

kg m-3), respectively, in bed sowing system than flat sowing system. Similarly, in Study-2, 

bed sowing showed promising results by enhancing 33.3 % wheat grain yield and 46.8 % 

maize grain yield compared to flat sowing method. Enhanced harvest index (HI) was also 

observed in beds over flat sowing system by 19.8 %. In addition to yield and soil health 

benefits, bed sowing also saved water by decreasing 26.9 (wheat) and 33.4 % (maize) total 

amount of water, and 37.5 (wheat) and 58.5 % (maize) drainage compared to flat sowing. 

Total amount of water, i.e. 260.2 (wheat) and 462.9 mm (maize) was applied and drainage 

during wheat and maize seasons was 47.8 and 128.5 mm, respectively in bed sowing system. 

The bulk densities for FC2 and FC3 irrigation levels were 1.08 % and 2.17 % less, 

respectively compared to FC1 (1.38 Mg m-3) in 0-15 cm soil depth. The SPR also showed 

similar trend for bulk density, i.e. FC1 > FC2 > FC3. However, the Kfs was noted more in FC2 

and FC3 irrigation levels by 6.94 and 19.07 % in comparison to FC1 (17.3 mm hr-1).  

Treatment T3 performed significantly different from the rest of the other treatments 

with lowest bulk density (1.31 Mg m-3), followed by T2, T1, T6, T5 and T4 at 0-15 cm depth. 

Maximum index of soil physical quality, S was also observed in T3, i.e. 0.040 which was 8.0, 

5.2, 25.9, 19.6 and 16.1 % higher compared to T1, T2, T4, T5 and T6. However, irrigation level 

equivalent to 100 % FC yielded 4.6 and 10.8 % increase in wheat grain yield and 13.8 and 

25.9 % increase in maize grain yield under bed sowing system compared with T1 and T3, 

respectively. Treatment T6 (irrigation level at 75 % FC + flat sowing) depicted minimum 

grain yield, i.e. 2811.5 kg ha-1 (wheat) and 5.0 Mg ha-1 (maize) compared with all other 

treatments. Site specific crop water requirement, i.e. ETa in wheat and maize season was 
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345.6 and 545.0 mm, with optimum drainage, i.e. 24.6 and 90.8 mm, respectively in 

treatment T2 (100 % FC + bed sowing).  

Wheat straw and farm manure mulch showed better soil physical environment in 

terms of lesser bulk density, i.e. 3.5 and 2.1 % and soil penetration resistance, i.e. 6.3 and 

4.5 % compared with no mulch. Maximum Kfs (22.3 mm hr-1) and infiltration rate (59.2 mm 

hr-1) were observed in treatment M2, followed by M3 and M1 mulch levels. The Kfs was 33.5 

and 13.0 % more in M2 and M3, respectively than M1. In the surface soil (0-15 cm), treatment 

T2, (wheat straw mulch + bed sowing), has the lowest bulk density (1.29 Mg m-3) and T4 

showed the highest bulk density (1.41 Mg m-3). The value of soil physical quality index, S, 

was also higher (0.042) in treatment T2 compared with all other treatments after maize 

harvest (November). Interactive effect of wheat straw mulch and bed sowing (T2) was also 

significant on grain yield of wheat and maize. Wheat straw mulching material showed 26.3 

and 43.2 % increase in grain yield of wheat and maize, respectively compared with no mulch 

in bed sowing (T1), and 25.3 and 34.0 % increase in grain yield of wheat and maize, 

respectively, in flat sowing system compared with no mulch (T4). The maximum (39.9 %) 

harvest index (HI) was noted in T2 treatment while minimum (26.9 %) HI in T4 treatment, 

and T2 showed 48.3 % increase compared to T4 treatment. In addition to enhanced grain yield 

and improved soil physical health, mulching also reduced evaporation and deep percolation 

in comparison with no mulch but showed enhanced transpiration rate. Wheat straw mulch 

depicted 14.4 and 6.8 % reduction in total amount of water applied; 8.6 and 2.2 % decrease 

in ETa; 58.2 and 33.1 % increase in soil water storage; 57.9 and 39.7 % decrease in drainage 

in comparison with no mulch and farm manure mulch, respectively during wheat season. 

Wheat straw and farm manure mulching materials showed 50.8 and 26.4 mm (wheat), and 

67.4 and 32.8 mm (maize) water saving by avoiding drainage compared with no mulch level.   

6.1 Conclusions 

In Study-1, treatment T2 (irrigation level equivalent to 100 % field capacity + bed 

sowing) proved to be the best treatment compared with all other treatments in producing 

maximum grain yield of wheat and maize with optimum soil physical environment and 

maximum marginal rate of return, i.e. 372.8  (wheat) and 763.9 % (maize). This treatment 

also showed enhancement in water use efficiency and irrigation water use efficiency. 
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Furthermore, there was no water stress as soil water contents were always found statistically 

similar with higher amount of irrigation, i.e. equivalent to 125 % field capacity. 

In Study-2, wheat straw mulch in combination with bed sowing (T2) was found to be 

the best treatment having enhanced grain yield of wheat and maize, and also water and 

irrigation water use efficiencies. This combination also improved the soil physical 

characteristics by decreasing the bulk density and increasing the Kfs. It also showed 

improvement in assessed soil physical quality index, S, in comparison with all other 

treatments. In addition to this, mulching materials also saved water by avoiding drainage and 

reduced the amount of water loss. Farm manure in comparison with wheat straw could not 

maximize the yield under bed and flat sowing system. However, it was found to be 

environmentally friendly compared to wheat straw having more soil organic carbon. 

Economic analysis showed maximum benefit to cost ratio in case of farm manure mulch, i.e. 

2.4 and 1.9 in comparison to wheat straw and no mulch under bed and flat sowing systems, 

respectively. Maximum marginal rate of return was also depicted in farm manure mulch. 

Wheat straw mulch under both sowing methods was un-economical due to higher input cost. 

6.2 Recommendations 

It is recommended that, bed sowing along with an irrigation level of 100 % FC using 

an irrigation schedule of fifteen days in wheat and week in maize, could be a promising 

approach to save water under water scarcity and optimize yield of wheat-maize. 

An irrigation level of 75 % FC under bed sowing could maximize the yield if it is 

used with an irrigation interval less than 15 days in wheat, but there is need to test other 

intervals, and owing to higher crop water demand in maize, this level is not appropriate. Bed 

sowing along with an irrigation level between 75 and 100 % FC using an irrigation schedule 

of a week, could be a promising approach to save water under water shortage condition and 

optimize yield of maize. 

Wheat straw was found better than farm manure in terms of yield and water 

harvesting but was not found environmentally friendly. Farm manure could not cover the soil 

surface properly as surface mulch, that’s why could not produce better results in terms of 

yield and water harvesting. Based on this, higher levels of farm manure as surface mulch 

instead of incorporation is recommended to have dual benefits, i.e. it would be 

environmentally friendly and increase the soil fertility and consequently, compensate the 
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global warming and food shortage problem to some extent. Moreover, the economic, 

marginal and dominance analysis also suggest farm manure in combination with bed sowing 

to be used as mulching material instead of wheat straw due to less cost but more benefit.  

6.3 Future directions 

Long-term studies are required to identify mulching materials as are environmentally 

friendly and as a solution to optimize the yield to overcome the problem of global warming 

and food shortage. 

In the context of water scarcity problem worldwide, future research should be 

inclined to recalculate the crop water requirement on the basis of soil water holding capacity. 

All other criteria do not represent soil capacity to retain water, therefore whatever amount of 

water is applied onto the soil, sometimes it causes water loss in the form of drainage due to 

excess of soil water retention capacity and sometimes it may also cause stress due to less 

water available to plants. There is a need to find out an appropriate schedule in conjunction 

with field capacity for calculating site specific crop water requirement. This could help to 

combat the problem of water scarcity in the future.    
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Appendix 14 Summary Tables of Statistical Analysis 
 

Table 1. Analysis of variance for bulk density (Mg m-3) data as a function of 
irrigation and sowing methods (0-15 cm) 
 
Source                 DF     SS        MS        F        P 
Block                   2   0.00016   0.00008 
SM                      1   0.02896   0.02896   141.69   0.0070 
Error Block*SM          2   0.00041   0.00020 
Irri                    2   0.00276   0.00138    17.41   0.0012 
SM*Irri                 2   0.00005   0.00003     0.32   0.7321 
Error Block*SM*Irri     8   0.00063   0.00008 
Total                  17   0.03297 

 
Table 2. Analysis of variance for bulk density (Mg m-3) data as a function of 
irrigation and sowing methods (15-30 cm) 
 
Source                 DF     SS        MS       F        P 
Block                  2   0.00003   0.00001 
SM                     1   0.00587   0.00587   17.51   0.0526 
Error Block*SM         2   0.00067   0.00034 
Irri                   2   0.00235   0.00117   11.00   0.0051 
SM*Irri                2   0.00009   0.00004    0.40   0.6811 
Error Block*SM*Irri    8   0.00085   0.00011 
Total                 17   0.00985 

 
Table 3. Analysis of variance for bulk density (Mg m-3) data as a function of 
irrigation and sowing methods (30-45 cm) 
 
Source                 DF        SS        MS      F        P 
Block                   2   0.00046   0.00023 
SM                      1   0.00162   0.00162   1.97   0.2959 
Error Block*SM          2   0.00165   0.00083 
Irri                    2   0.00043   0.00021   4.35   0.0528 
SM*Irri                 2   0.00002   0.00001   0.19   0.8273 
Error Block*SM*Irri     8   0.00039   0.00005 
Total                  17   0.00457 

 
Table 4. Analysis of variance for field saturated hydraulic conductivity (mm hr-1) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2    17.471     8.736 
SM                      1   224.014   224.014   149.79   0.0066 
Error Block*SM          2     2.991     1.496 
Irri                    2    32.114    16.057     5.34   0.0336 
SM*Irri                 2     1.734     0.867     0.29   0.7568 
Error Block*SM*Irri     8    24.044     3.006 
Total                  17   302.369 

Note: SM (Sowing methods), Irri (Irrigation) 
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Table 5. Analysis of variance for infiltration rate (mm hr-1) data as a function of 
irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2     50.32     25.16 
SM                      1   1594.24   1594.24   289.39   0.0034 
Error Block*SM          2     11.02      5.51 
Irri                    2    160.27     80.14     4.13   0.0585 
SM*Irri                 2      2.14      1.07     0.06   0.9467 
Error Block*SM*Irri     8    155.08     19.38 
Total                  17   1973.07 

 
Table 6. Analysis of variance for soil penetration resistance (k Pa) data as a function 
of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2    3644.3    1822.1 
SM                      1   56953.1   56953.1   113.70   0.0087 
Error Block*SM          2    1001.8     500.9 
Irri                    2    4559.2    2279.6     6.70   0.0195 
SM*Irri                 2     114.0      57.0     0.17   0.8486 
Error Block*SM*Irri     8    2721.4     340.2 
Total                  17   68993.7 

 
Table 7. Analysis of variance for soil organic carbon  (g kg-1) data as a function of 
irrigation and sowing methods (0-15 cm) 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.03058   0.01529 
SM                      1   1.18067   1.18067   583.85   0.0017 
Error Block*SM          2   0.00404   0.00202 
Irri                    2   0.70484   0.35242    34.73   0.0001 
SM*Irri                 2   0.02804   0.01402     1.38   0.3051 
Error Block*SM*Irri     8   0.08118   0.01015 
Total                  17   2.02936 

 
Table 8. Analysis of variance for soil organic carbon  (g kg-1) data as a function of 
irrigation and sowing methods (15-30 cm) 
 
Source                 DF        SS        MS       F        P 
Block                   2   0.20174   0.10087 
SM                      1   0.12500   0.12500   46.01   0.0210 
Error Block*SM          2   0.00543   0.00272 
Irri                    2   0.06738   0.03369    2.06   0.1893 
SM*Irri                 2   0.00160   0.00080    0.05   0.9524 
Error Block*SM*Irri     8   0.13056   0.01632 
Total                  17   0.53171 

 
Note: SM (Sowing methods), Irri (Irrigation) 
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Table 9. Analysis of variance for soil organic carbon (g kg-1) data as a function of 
irrigation and sowing methods (15-30 cm) 
 
Source                 DF        SS        MS       F        P 
Block                   2   0.15141   0.07571 
SM                      1   0.03209   0.03209   36.79   0.0261 
Error Block*SM          2   0.00174   0.00087 
Irri                    2   0.05114   0.02557    2.37   0.1558 
SM*Irri                 2   0.00141   0.00071    0.07   0.9373 
Error Block*SM*Irri     8   0.08644   0.01081 
Total                  17   0.32424 

 
Table 10. Analysis of variance for soil organic carbon pool (g kg-1) data as a function 
of irrigation and sowing methods (0-45 cm) 
 
Source                 DF        SS        MS       F        P 
Block                   2    7.3765   3.68827 
SM                      1    6.8697   6.86969   46.81   0.0207 
Error Block*SM          2    0.2935   0.14676 
Irri                    2   16.7437   8.37185    9.56   0.0076 
SM*Irri                 2    0.3927   0.19637    0.22   0.8041 
Error Block*SM*Irri     8    7.0090   0.87613 
Total                  17   38.6852 

 
Table 11. Analysis of variance for soil organic carbon sequestration (g kg-1) data as 
a function of irrigation and sowing methods (0-45 cm) 
 
Source                 DF        SS        MS       F        P 
Block                   2   1.84870   0.92435 
SM                      1   1.71742   1.71742   47.44   0.0204 
Error Block*SM          2   0.07241   0.03621 
Irri                    2   4.18943   2.09472    9.51   0.0077 
SM*Irri                 2   0.09914   0.04957    0.23   0.8033 
Error Block*SM*Irri     8   1.76169   0.22021 
Total                  17   9.68880 

 
Table 12. Analysis of variance for soil physical quality index, S  data as a function of 
irrigation and sowing methods (0-15 cm) 
 
Source                 DF          SS          MS       F        P 
Block                    2   1.444E-06    7.222E-07 
SM                      1   1.445E-04   1.445E-04   96.33   0.0102 
Error Block*SM          2   3.000E-06   1.500E-06 
Irri                    2   2.144E-05   1.072E-05   20.32   0.0007 
SM*Irri                 2   3.333E-07   1.667E-07    0.32   0.7379 
Error Block*SM*Irri     8   4.222E-06   5.278E-07 
Total                  17   1.749E-04 

 
Note: SM (Sowing methods), Irri (Irrigation) 
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Table 13. Analysis of variance for soil physical quality index, S data as a function of 
irrigation and sowing methods (15-30 cm) 
 
Source                 DF          SS          MS       F        P 
Block                   2   3.333E-07   1.667E-07 
SM                      1   2.689E-05   2.689E-05   13.08   0.0687 
Error Block*SM          2   4.111E-06   2.056E-06 
Irri                    2   9.333E-06   4.667E-06    5.42   0.0325 
SM*Irri                 2   4.444E-07   2.222E-07    0.26   0.7787 
Error Block*SM*Irri     8   6.889E-06   8.611E-07 
Total                  17   4.800E-05 
 
Table 14. Analysis of variance for soil physical quality index, S  data as a function of 
irrigation and sowing methods (30-45 cm) 
 
Source                 DF          SS          MS       F        P 
Block                   2   1.444E-06   7.222E-07 
SM                      1   6.722E-06   6.722E-06    1.98   0.2943 
Error Block*SM          2   6.778E-06   3.389E-06 
Irri                    2   2.778E-06   1.388E-06   10.00   0.0067 
SM*Irri                 2   7.778E-07   3.889E-07    2.80   0.1197 
Error Block*SM*Irri     8   1.111E-06   1.389E-07 
Total                  17   1.961E-05 

 
Table 15. Analysis of variance for grain yield of wheat data as a function of 
irrigation and sowing methods 
 
Source                 DF        SS        MS       F        P 
Block                   2     41826     20913 
SM                      1   6127684   6127684   92.14   0.0107 
Error Block*SM          2    133011     66506 
Irri                    2   1016905    508452    3.91   0.0653 
SM*Irri                 2     68698     34349    0.26   0.7742 
Error Block*SM*Irri     8   1039576    129947 
Total                  17   8427700 

 
 

Table 16. Analysis of variance for grain yield of maize data as a function of 
irrigation and sowing methods 
 
Source                 DF        SS        MS       F        P 
Block                   2    1.2700    0.6350 
SM                      1   44.8089   44.8089   55.28   0.0176 
Error Block*SM          2    1.6211    0.8106 
Irri                    2   21.4433   10.7217   13.31   0.0028 
SM*Irri                 2    0.6144    0.3072    0.38   0.6946 
Error Block*SM*Irri     8    6.4422    0.8053 
Total                  17   76.2000 

 
Note: SM (Sowing methods), Irri (Irrigation) 
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Table 17. Analysis of variance for 1000-grain weight of wheat data as a function of 
irrigation and sowing methods 

 
Source                 DF        SS        MS         F        P 
Block                   2     0.181     0.091 
SM                      1   379.042   379.042   1289.75   0.0008 
Error Block*SM          2     0.588     0.294 
Irri                    2   183.804    91.902     25.85   0.0003 
SM*Irri                 2     2.058     1.029      0.29   0.7562 
Error Block*SM*Irri     8    28.444     3.556 
Total                  17   594.118 

 
 

Table 18. Analysis of variance for 1000-grain weight of maize data as a function of 
irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2     208.6     104.3 
SM                      1   10672.6   10672.6   250.65   0.0040 
Error Block*SM          2      85.2      42.6 
Irri                    2    2795.5    1397.7    13.18   0.0029 
SM*Irri                 2      13.5       6.7     0.06   0.9390 
Error Block*SM*Irri     8     848.2     106.0 
Total                  17   14623.4 

 
Table 19. Analysis of variance for harvest index of wheat data as a function of 
irrigation and sowing methods 
 
Source                 DF        SS        MS      F        P 
Block                   2     0.964    0.4822 
SM                      1    81.069   81.0689   2.61   0.0247 
Error Block*SM          2    62.058   31.0289 
Irri                    2    35.788   17.8939   7.12   0.0167 
SM*Irri                 2    14.014    7.0072   2.79   0.1206 
Error Block*SM*Irri     8    20.104    2.5131 
Total                  17   213.998 

 
Table 20. Analysis of variance for harvest index of maize data as a function of 
irrigation and sowing methods 
 
Source                 DF        SS        MS       F        P 
Block                   2    24.108    12.054 
SM                      1   125.876   125.876   63.88   0.0153 
Error Block*SM          2     3.941     1.971 
Irri                    2   218.501   109.251    5.47   0.0318 
SM*Irri                 2    16.481     8.241    0.41   0.6752 
Error Block*SM*Irri     8   159.744    19.968 
Total                  17   548.651 

 
Note: SM (Sowing methods), Irri (Irrigation) 
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Table 21. Analysis of variance for leaf area index of wheat (15 days after sowing) 
data as a function of irrigation and sowing methods 

 
Source                 DF        SS        MS       F        P 
Block                   2   0.00063   0.00032 
SM                      1   0.00320   0.00320   21.33   0.0438 
Error Block*SM          2   0.00030   0.00015 
Irri                    2   0.00010   0.00005    0.46   0.6461 
SM*Irri                 2   0.00010   0.00005    0.46   0.6461 
Error Block*SM*Irri     8   0.00087   0.00011 
Total                  17   0.00520 

 
Table 22. Analysis of variance for leaf area index of wheat (30 days after sowing) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.00521   0.00261 
SM                      1   0.02347   0.02347   222.37   0.0045 
Error Block*SM          2   0.00021   0.00011 
Irri                    2   0.01101   0.00551     3.45   0.0832 
SM*Irri                 2   0.00041   0.00021     0.13   0.8810 
Error Block*SM*Irri     8   0.01278   0.00160 
Total                  17   0.05309 

 
Table 23. Analysis of variance for leaf area index of wheat (45 days after sowing) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   1.46004   0.73002 
SM                      1   0.31734   0.31734    35.97   0.0267 
Error Block*SM          2   0.01764   0.00882 
Irri                    2   0.18954   0.09477   108.66   0.0000 
SM*Irri                 2   0.00274   0.00137     1.57   0.2653 
Error Block*SM*Irri     8   0.00698   0.00087 
Total                  17   1.99429 

 
Table 24. Analysis of variance for leaf area index of wheat (60 days after sowing) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2   0.03601   0.01801 
SM                      1   0.62347   0.62347   3033.11   0.0003 
Error Block*SM          2   0.00041   0.00021 
Irri                    2   0.23374   0.11687   1107.21   0.0000 
SM*Irri                 2   0.00074   0.00037      3.53   0.0798 
Error Block*SM*Irri     8   0.00084   0.00011 
Total                  17   0.89523 

 
Note: SM (Sowing methods), Irri (Irrigation) 
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Table 25. Analysis of variance for leaf area index of wheat (75 days after sowing) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   2.74964   1.37482 
SM                      1   0.88002   0.88002    84.44   0.0116 
Error Block*SM          2   0.02084   0.01042 
Irri                    2   0.17754   0.08877    22.73   0.0005 
SM*Irri                 2   0.02521   0.01261     3.23   0.0938 
Error Block*SM*Irri     8   0.03124   0.00391 
Total                  17   3.88451 

 
Table 26. Analysis of variance for leaf area index of wheat (90 days after sowing) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.99881   0.49941 
SM                      1   0.43867   0.43867   291.37   0.0034 
Error Block*SM          2   0.00301   0.00151 
Irri                    2   0.12641   0.06321   247.33   0.0000 
SM*Irri                 2   0.00014   0.00007     0.28   0.7610 
Error Block*SM*Irri     8   0.00204   0.00026 
Total                  17   1.56909 

 
Table 27. Analysis of variance for leaf area index of wheat (105 days after sowing) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.94111   0.47056 
SM                      1   0.69620   0.69620   213.12   0.0047 
Error Block*SM          2   0.00653   0.00327 
Irri                    2   0.22028   0.11014   273.45   0.0000 
SM*Irri                 2   0.00210   0.00105     2.61   0.1344 
Error Block*SM*Irri     8   0.00322   0.00040 
Total                  17   1.86944 

 
Table 28. Analysis of variance for leaf area index of maize (15 days after sowing) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS       F        P 
Block                   2   0.00063   0.00032 
SM                      1   0.00320   0.00320   21.33   0.0438 
Error Block*SM          2   0.00030   0.00015 
Irri                    2   0.00010   0.00005    0.46   0.6461 
SM*Irri                 2   0.00010   0.00005    0.46   0.6461 
Error Block*SM*Irri     8   0.00087   0.00011 
Total                  17   0.00520 
 
Note: SM (Sowing methods), Irri (Irrigation) 
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Table 29. Analysis of variance for leaf area index of maize (30 days after sowing) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.10654   0.05327 
SM                      1   0.33620   0.33620   411.67   0.0024 
Error Block*SM          2   0.00163   0.00082 
Irri                    2   0.07808   0.03904     9.20   0.0084 
SM*Irri                 2   0.00203   0.00102     0.24   0.7924 
Error Block*SM*Irri     8   0.03396   0.00424 
Total                  17   0.55844 
 
Table 30. Analysis of variance for leaf area index of maize (45 days after sowing) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   1.46004   0.73002 
SM                      1   0.31734   0.31734    35.97   0.0267 
Error Block*SM          2   0.01764   0.00882 
Irri                    2   0.18954   0.09477   108.66   0.0000 
SM*Irri                 2   0.00274   0.00137     1.57   0.2653 
Error Block*SM*Irri     8   0.00698   0.00087 
Total                  17   1.99429 
 
Table 31. Analysis of variance for leaf area index of maize (60 days after sowing) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2   0.04201   0.02101 
SM                      1   0.62347   0.62347   3033.11   0.0003 
Error Block*SM          2   0.00041   0.00021 
Irri                    2   0.23374   0.11687   1107.21   0.0000 
SM*Irri                 2   0.00074   0.00037      3.53   0.0798 
Error Block*SM*Irri     8   0.00084   0.00011 
Total                  17   0.90123 
 
Table 32. Analysis of variance for leaf area index of maize (75 days after sowing) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   2.74964   1.37482 
SM                      1   0.88002   0.88002    84.44   0.0116 
Error Block*SM          2   0.02084   0.01042 
Irri                    2   0.17754   0.08877    22.73   0.0005 
SM*Irri                 2   0.02521   0.01261     3.23   0.0938 
Error Block*SM*Irri     8   0.03124   0.00391 
Total                  17   3.88451 
 
Note: SM (Sowing methods), Irri (Irrigation) 
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Table 33. Analysis of variance for leaf area index of maize (90 days after sowing) 
data as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.99881   0.49941 
SM                      1   0.43867   0.43867   291.37   0.0034 
Error Block*SM          2   0.00301   0.00151 
Irri                    2   0.12641   0.06321   247.33   0.0000 
SM*Irri                 2   0.00014   0.00007     0.28   0.7610 
Error Block*SM*Irri     8   0.00204   0.00026 
Total                  17   1.56909 
 
Table 34. Analysis of variance for evapotranspiration data during the wheat season 
as a function of irrigation and sowing methods 
 
Source                 DF       SS        MS        F        P 
Block                   2      148      74.1 
SM                      1    19754   19754.1    27.50   0.0345 
Error Block*SM          2     1436     718.2 
Irri                    2    79815   39907.5   103.59   0.0000 
SM*Irri                 2     6704    3352.0     8.70   0.0098 
Error Block*SM*Irri     8     3082     385.3 
Total                  17   110940 
 
Table 35. Analysis of variance for evapotranspiration data during the maize season 
as a function of irrigation and sowing methods 
 
Source                 DF       SS        MS       F        P 
Block                   2     1246     623.0 
SM                      1     9312    9311.6   25.16   0.0375 
Error Block*SM          2      740     370.1 
Irri                    2   178582   89291.2   67.50   0.0000 
SM*Irri                 2     2080    1040.2    0.79   0.4878 
Error Block*SM*Irri     8    10582    1322.8 
Total                  17   202543 
 
Table 36. Analysis of variance for drainage data during the wheat season as a 
function of irrigation and sowing methods 
 
Source                 DF       SS        MS        F        P 
Block                   2     3606    1803.1 
SM                      1     2126    2125.5    25.28   0.0374 
Error Block*SM          2      168      84.1 
Irri                    2   149066   74533.0   119.26   0.0000 
SM*Irri                 2      675     337.3     0.54   0.6027 
Error Block*SM*Irri     8     5000     624.9 
Total                  17   160640 
 
Note: SM (Sowing methods), Irri (Irrigation) 
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Table 37. Analysis of variance for drainage data during the maize season as a 
function of irrigation and sowing methods 
 
Source                 DF       SS        MS       F        P 
Block                   2    16768    8383.9 
SM                      1     1995    1995.0    1.10   0.4042 
Error Block*SM          2     3626    1812.9 
Irri                    2   166777   83388.4   36.89   0.0001 
SM*Irri                 2      285     142.7    0.06   0.9393 
Error Block*SM*Irri     8    18082    2260.3 
Total                  17   207533 
 
Table 38. Analysis of variance for soil water storage data during the wheat season as 
a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2    104.08     52.04 
SM                      1    648.00    648.00    85.92   0.0114 
Error Block*SM          2     15.08      7.54 
Irri                    2   4564.75   2282.37   592.18   0.0000 
SM*Irri                 2     68.25     34.12     8.85   0.0094 
Error Block*SM*Irri     8     30.83      3.85 
Total                  17   5431.00 
 
Table 39. Analysis of variance for soil water storage data during the maize season as 
a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2    314.08   157.042 
SM                      1    703.12   703.125   392.44   0.0025 
Error Block*SM          2      3.58     1.792 
Irri                    2   1103.25   551.625   472.82   0.0000 
SM*Irri                 2      5.25     2.625     2.25   0.1678 
Error Block*SM*Irri     8      9.33     1.167 
Total                  17   2138.63 
 
Table 40. Analysis of variance for total water applied data during the wheat season 
as a function of irrigation and sowing methods 
 
Source                 DF       SS       MS        F        P 
Block                   2     2675     1337 
SM                      1    26007    26007    91.41   0.0108 
Error Block*SM          2      569      285 
Irri                    2   489465   244732   212.26   0.0000 
SM*Irri                 2     9965     4982     4.32   0.0534 
Error Block*SM*Irri     8     9224     1153 
Total                  17   537904 

 
Note: SM (Sowing methods), Irri (Irrigation) 
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Table 41. Analysis of variance for total water applied data during the maize season 
as a function of irrigation and sowing methods 
 
Source                 DF       SS       MS       F        P 
Block                   2     6619     3310 
SM                      1    13133    13133    9.90   0.0879 
Error Block*SM          2     2653     1327 
Irri                    2   714975   357487   98.08   0.0000 
SM*Irri                 2     3454     1727    0.47   0.6390 
Error Block*SM*Irri     8    29159     3645 
Total                  17   769993 
 
Table 42. Analysis of variance for water use efficiency data during the wheat season 
as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS       F        P 
Block                   2   0.00848   0.00424 
SM                      1   1.10014   1.10014   55.64   0.0175 
Error Block*SM          2   0.03954   0.01977 
Irri                    2   0.41181   0.20591   11.83   0.0041 
SM*Irri                 2   0.02681   0.01341    0.77   0.4944 
Error Block*SM*Irri     8   0.13924   0.01741 
Total                  17   1.72603 

 
Table 43. Analysis of variance for water use efficiency data during the maize season 
as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.05560   0.02780 
SM                      1   2.34001   2.34001   173.48   0.0057 
Error Block*SM          2   0.02698   0.01349 
Irri                    2   0.83080   0.41540    29.70   0.0002 
SM*Irri                 2   0.11018   0.05509     3.94   0.0644 
Error Block*SM*Irri     8   0.11189   0.01399 
Total                  17   3.47545 

 
Table 44. Analysis of variance for irrigation water use efficiency data during the 
wheat season as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS       F        P 
Block                   2   0.01654   0.00827 
SM                      1   1.23245   1.23245   44.63   0.0217 
Error Block*SM          2   0.05523   0.02762 
Irri                    2   2.60401   1.30201   57.29   0.0000 
SM*Irri                 2   0.16123   0.08062    3.55   0.0789 
Error Block*SM*Irri     8   0.18182   0.02273 
Total                  17   4.25129 

 
Note: SM (Sowing methods), Irri (Irrigation) 
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Table 45. Analysis of variance for irrigation water use efficiency data during the 
maize season as a function of irrigation and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2   0.07081   0.03541 
SM                      1   1.41681   1.41681   1408.98   0.0007 
Error Block*SM          2   0.00201   0.00101 
Irri                    2   1.21008   0.60504     35.11   0.0001 
SM*Irri                 2   0.11401   0.05701      3.31   0.0897 
Error Block*SM*Irri     8   0.13784   0.01723 
Total                  17   2.95156 

 
Note: SM (Sowing methods), Irri (Irrigation) 
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Table 46. Analysis of variance for bulk density (Mg m-3) data as a function of 
mulching materials and sowing methods (0-15 cm) 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.00067   0.00034 
SM                      1   0.01987   0.01987   280.91   0.0035 
Error Block*SM          2   0.00014   0.00007 
Mul                     2   0.00719   0.00359   156.04   0.0000 
M*SM                   2   0.00014   0.00007     3.06   0.1032 
Error Block*SM*Mul      8   0.00018   0.00002 
Total                  17   0.02819 

 
Table 47. Analysis of variance for bulk density (Mg m-3) data as a function of 
mulching materials and sowing methods (15-30 cm) 
 
Source                 DF        SS        MS       F        P 
Block                   2   0.00039   0.00020 
SM                      1   0.00172   0.00172   11.97   0.0743 
Error Block*SM          2   0.00029   0.00014 
Mul                     2   0.00125   0.00063    3.59   0.0773 
M*SM                    2   0.00005   0.00002    0.14   0.8732 
Error Block*SM*Mul      8   0.00140   0.00017 
Total                  17   0.00509 

 
Table 48. Analysis of variance for bulk density (Mg m-3) data as a function of 
mulching materials and sowing methods (30-45 cm) 
 
Source                 DF        SS          MS      F        P 
Block                   2   0.00031   1.535E-04 
SM                      1   0.00065   6.480E-04   6.10   0.1321 
Error Block*SM          2   0.00021   1.061E-04 
Mul                     2   0.00018   9.217E-05   0.72   0.5137 
Mul*SM                    2   0.00001   6.500E-06   0.05   0.9505 
Error Block*SM*Mul      8   0.00102   1.272E-04 
Total                  17   0.00238 

 
 
Table 49. Analysis of variance for field saturated hydraulic conductivity (mm hr-1) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2    17.018     8.509 
SM                      1   412.802   412.802   133.35   0.0074 
Error Block*SM          2     6.191     3.096 
Mul                     2    93.528    46.764    34.95   0.0001 
Mul*SM                  2     6.421     3.211     2.40   0.1526 
Error Block*SM*Mul      8    10.704     1.338 
Total                  17   546.664 

 
Note: SM (Sowing methods), Mul (Mulching materials) 
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Table 50. Analysis of variance for infiltration rate (mm hr-1) data as a function of 
mulching materials and sowing methods 
 
Source                 DF        SS        MS       F        P 
Block                   2    69.453    34.727 
SM                      1   310.836   310.836   63.84   0.0153 
Error Block*SM          2     9.738     4.869 
Mul                     2   283.363   141.682   16.92   0.0013 
Mul*SM                  2    12.641     6.321    0.75   0.5008 
Error Block*SM*Mul      8    66.989     8.374 
Total                  17   753.020 

 
Table 51. Analysis of variance for soil penetration resistance (k Pa) data as a 
function of mulching materials and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2    2883.2    1441.6 
SM                      1   70637.9   70637.9   986.05   0.0010 
Error Block*SM          2     143.3      71.6 
Mul                     2    9781.9    4890.9    11.15   0.0049 
Mul*SM                  2    1209.9     604.9     1.38   0.3059 
Error Block*SM*Mul      8    3510.4     438.8 
Total                  17   88166.5 

 
Table 52. Analysis of variance for soil organic carbon (g kg-1) data as a function of 
mulching materials and sowing methods (0-15 cm) 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.14008   0.07004 
SM                      1   4.26320   4.26320   213.69   0.0046 
Error Block*SM          2   0.03990   0.01995 
Mul                     2   1.76874   0.88437    54.67   0.0000 
SM*Mul                  2   0.08190   0.04095     2.53   0.1407 
Error Block*SM*Mul      8   0.12942   0.01618 
Total                  17   6.42324 

 
Table 53. Analysis of variance for soil organic carbon (g kg-1) data as a function of 
mulching materials and sowing methods (15-30 cm) 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.00421   0.00211 
SM                      1   1.99334   1.99334   359.88   0.0028 
Error Block*SM          2   0.01108   0.00554 
Mul                     2   0.18501   0.09251     5.63   0.0298 
SM*Mul                  2   0.00621   0.00311     0.19   0.8314 
Error Block*SM*Mul      8   0.13144   0.01643 
Total                  17   2.33129 

 
Note: SM (Sowing methods), Mul (Mulching materials) 
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Table 54. Analysis of variance for soil organic carbon (g kg-1) data as a function of 
mulching materials and sowing methods (30-45 cm) 
 
Source                 DF        SS        MS       F        P 
Block                   2   0.01268   0.00634 
SM                      1   0.53389   0.53389   13.77   0.0656 
Error Block*SM          2   0.07754   0.03877 
Mul                     2   0.14101   0.07051    7.08   0.0170 
SM*Mul                  2   0.00321   0.00161    0.16   0.8539 
Error Block*SM*Mul      8   0.07971   0.00996 
Total                  17   0.84804 

 
Table 55. Analysis of variance for soil organic carbon pool (g kg-1) data as a function 
of mulching materials and sowing methods (0-45 cm) 
 
Source                 DF        SS        MS        F        P 
Block                   2     0.800    0.3999 
SM                      1    90.541   90.5409   125.47   0.0079 
Error Block*SM          2     1.443    0.7216 
Mul                     2    32.198   16.0988    33.36   0.0001 
SM*Mul                  2     0.054    0.0270     0.06   0.9460 
Error Block*SM*Mul      8     3.860    0.4825 
Total                  17   128.896 

 
Table 56. Analysis of variance for soil organic carbon sequestration (g kg-1) data as 
a function of mulching materials and sowing methods (0-45 cm) 
 
Source                 DF        SS        MS        F        P 
Block                   2    0.2025    0.1013 
SM                      1   22.6240   22.6240   124.74   0.0079 
Error Block*SM          2    0.3627    0.1814 
Mul                     2    8.0817    4.0409    33.79   0.0001 
SM*Mul                  2    0.0124    0.0062     0.05   0.9497 
Error Block*SM*Mul      8    0.9566    0.1196 
Total                  17   32.2401 

 
Table 57. Analysis of variance for soil physical quality index, S  data as a function of 
mulching materials and sowing methods (0-15 cm) 
 
Source                 DF          SS          MS        F        P 
Block                   2   3.111E-06   1.555E-06 
SM                      1   9.339E-05   9.339E-05   105.06   0.0094 
Error Block*SM          2   1.778E-06   8.889E-07 
Mul                     2   3.678E-05   1.839E-05    82.75   0.0000 
SM*Mul                  2   7.778E-07   3.889E-07     1.75   0.2342 
Error Block*SM*Mul      8   1.778E-06   2.222E-07 
Total                  17   1.376E-04 

 
Note: SM (Sowing methods), Mul (Mulching materials) 
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Table 58. Analysis of variance for soil physical quality index, S data as a function of 
mulching materials and sowing methods (15-30 cm) 
 
Source                 DF          SS          MS      F        P 
Block                   2   2.333E-06   1.166E-06 
SM                      1   4.500E-06   4.500E-06   3.86   0.1885 
Error Block*SM          2   2.333E-06   1.166E-06 
Mul                     2   6.333E-06   3.167E-06   2.92   0.1114 
SM*Mul                  2   3.333E-07   1.667E-07   0.15   0.8599 
Error Block*SM*Mul      8   8.667E-06   1.083E-06 
Total                  17   2.450E-05 
 
Table 59. Analysis of variance for soil physical quality index, S data as a function of 
mulching materials and sowing methods (30-45 cm) 
 
Source                 DF          SS          MS      F        P 
Block                   2   2.333E-06   1.166E-06 
SM                      1   1.388E-06   1.388E-06   1.92   0.2999 
Error Block*SM          2   1.444E-06   7.222E-07 
Mul                     2   3.333E-07   1.667E-07   0.46   0.6461 
SM*Mul                  2   1.111E-07   5.556E-08   0.15   0.8599 
Error Block*SM*Mul      8   2.889E-06   3.611E-07 
Total                  17   8.500E-06 

 
Table 60. Analysis of variance for grain yield of wheat data as a function of 
mulching materials and sowing methods 
 
Source                 DF          SS        MS       F        P 
Block                   2      737276    368638 
SM                      1     5911068   5911068   34.17   0.0280 
Error Block*SM          2      345972    172986 
Mul                     2     2774422   1387211    8.81   0.0095 
SM*Mul                  2     65714.8     32857    0.21   0.8159 
Error Block*SM*Mul      8     1259613    157452 
Total                  17   1.109E+07 

 
 

Table 61. Analysis of variance for grain yield of maize data as a function of 
mulching materials and sowing methods 
 
Source                 DF        SS        MS       F        P 
Block                   2    3.8711    1.9356 
SM                      1   38.4272   38.4272   54.72   0.0178 
Error Block*SM          2    1.4044    0.7022 
Mul                     2   21.1244   10.5622   22.25   0.0005 
SM*Mul                  2    0.9911    0.4956    1.04   0.3955 
Error Block*SM*Mul      8    3.7978    0.4747 
Total                  17   69.6161 

 
Note: SM (Sowing methods), Mul (Mulching materials) 
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Table 62. Analysis of variance for 1000-grain weight of wheat data as a function of 
mulching materials and sowing methods 

 
Source                 DF        SS        MS        F        P 
Block                   2     7.788     3.894 
SM                      1   527.042   527.042   827.09   0.0012 
Error Block*SM          2     1.274     0.637 
Mul                     2   281.574   140.787    16.19   0.0015 
SM*Mul                  2     3.048     1.524     0.18   0.8424 
Error Block*SM*Mul      8    69.558     8.695 
Total                  17   890.284 

 
Table 63. Analysis of variance for 1000-grain weight of maize data as a function of 
mulching materials and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2     675.8     337.9 
SM                      1   48277.6   48277.6   6170.54   0.0002 
Error Block*SM          2      15.6       7.8 
Mul                     2   17422.7    8711.4    100.09   0.0000 
SM*Mul                  2    1104.2     552.1      6.34   0.0224 
Error Block*SM*Mul      8     696.3      87.0 
Total                  17   68192.3 

 
Table 64. Analysis of variance for harvest index of wheat data as a function of 
mulching materials and sowing methods 
 
Source                 DF        SS        MS       F        P 
Block                   2     8.923     4.462 
SM                      1   196.681   196.681   22.98   0.0409 
Error Block*SM          2    17.114     8.557 
Mul                     2    43.763    21.882    1.95   0.2042 
SM*Mul                  2     1.834     0.917    0.08   0.9223 
Error Block*SM*Mul      8    89.749    11.219 
Total                  17   358.065 

 
Table 65. Analysis of variance for harvest index of maize data as a function of 
mulching materials and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2     4.103    2.0517 
SM                      1    92.480   92.4800   458.58   0.0022 
Error Block*SM          2     0.403    0.2017 
Mul                     2    86.893   43.4467    29.69   0.0002 
SM*Mul                  2    24.013   12.0067     8.21   0.0115 
Error Block*SM*Mul      8    11.707    1.4633 
Total                  17   219.600 

 
Note: SM (Sowing methods), Mul (Mulching materials) 
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Table 66. Analysis of variance for leaf area index of wheat (15 days after sowing) 
data as a function of mulching materials and sowing methods 

 
Source                 DF        SS        MS        F        P 
Block                   2   0.00430   0.00215 
SM                      1   0.00467   0.00467   120.14   0.0082 
Error Block*SM          2   0.00008   0.00004 
Mul                     2   0.00030   0.00015    13.50   0.0027 
SM*Mul                  2   0.00021   0.00011     9.50   0.0077 
Error Block*SM*Mul      8   0.00009   0.00001 
Total                  17   0.00965 

 
Table 67. Analysis of variance for leaf area index of wheat (30 days after sowing) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.00563   0.00282 
SM                      1   0.04909   0.04909   353.44   0.0028 
Error Block*SM          2   0.00028   0.00014 
Mul                     2   0.01373   0.00687     4.18   0.0573 
SM*Mul                  2   0.00271   0.00136     0.82   0.4726 
Error Block*SM*Mul      8   0.01316   0.00164 
Total                  17   0.08460 

 
Table 68. Analysis of variance for leaf area index of wheat (45 days after sowing) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.13307   0.06654 
SM                      1   0.34861   0.34861   648.58   0.0015 
Error Block*SM          2   0.00108   0.00054 
Mul                     2   0.07717   0.03859     8.65   0.0100 
SM*Mul                  2   0.00157   0.00079     0.18   0.8414 
Error Block*SM*Mul      8   0.03570   0.00446 
Total                  17   0.59721 

 
Table 69. Analysis of variance for leaf area index of wheat (60 days after sowing) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2   0.14964   0.07482 
SM                      1   0.33347   0.33347   15006.2   0.0001 
Error Block*SM          2   0.00004   0.00002 
Mul                     2   0.20101   0.10051    242.83   0.0000 
SM*Mul                  2   0.00381   0.00191      4.60   0.0467 
Error Block*SM*Mul      8   0.00331   0.00041 
Total                  17   0.69129 
 
Note: SM (Sowing methods), Mul (Mulching materials) 
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Table 70. Analysis of variance for leaf area index of wheat (75 days after sowing) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2   0.14964   0.07482 
SM                      1   0.61236   0.61236   27556.0   0.0000 
Error Block*SM          2   0.00004   0.00002 
Mul                     2   0.23808   0.11904    287.61   0.0000 
SM*Mul                  2   0.00068   0.00034      0.82   0.4748 
Error Block*SM*Mul      8   0.00331   0.00041 
Total                  17   1.00411 

 
Table 71. Analysis of variance for leaf area index of wheat (90 days after sowing) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.94321   0.47161 
SM                      1   0.70805   0.70805   234.71   0.0042 
Error Block*SM          2   0.00603   0.00302 
Mul                     2   0.38234   0.19117   169.51   0.0000 
SM*Mul                  2   0.00490   0.00245     2.17   0.1764 
Error Block*SM*Mul      8   0.00902   0.00113 
Total                  17   2.05356 
 
Table 72. Analysis of variance for leaf area index of wheat (105 days after sowing) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2   0.15194   0.07597 
SM                      1   0.56889   0.56889   7876.92   0.0001 
Error Block*SM          2   0.00014   0.00007 
Mul                     2   0.30964   0.15482    352.76   0.0000 
SM*Mul                  2   0.00124   0.00062      1.42   0.2971 
Error Block*SM*Mul      8   0.00351   0.00044 
Total                  17   1.03538 
 
Table 73. Analysis of variance for leaf area index of maize (15 days after sowing) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.00910   0.00455 
SM                      1   0.00500   0.00500   100.00   0.0099 
Error Block*SM          2   0.00010   0.00005 
Mul                     2   0.00130   0.00065    19.50   0.0008 
SM*Mul                  2   0.00003   0.00002     0.50   0.6243 
Error Block*SM*Mul      8   0.00027   0.00003 
Total                  17   0.01580 
 
Note: SM (Sowing methods), Mul (Mulching materials) 
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Table 74. Analysis of variance for leaf area index of maize (30 days after sowing) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS       F        P 
Block                   2   0.27210   0.13605 
SM                      1   0.15125   0.15125   37.35   0.0257 
Error Block*SM          2   0.00810   0.00405 
Mul                     2   0.23863   0.11932   94.20   0.0000 
SM*Mul                  2   0.01863   0.00932    7.36   0.0154 
Error Block*SM*Mul      8   0.01013   0.00127 
Total                  17   0.69885 
 
Table 75. Analysis of variance for leaf area index of maize (45 days after sowing) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2   0.53351   0.26676 
SM                      1   0.19427   0.19427   8742.25   0.0001 
Error Block*SM          2   0.00004   0.00002 
Mul                     2   0.38484   0.19242    105.60   0.0000 
SM*Mul                  2   0.01098   0.00549      3.01   0.1059 
Error Block*SM*Mul      8   0.01458   0.00182 
Total                  17   1.13823 

 
Table 76. Analysis of variance for leaf area index of maize (60 days after sowing) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2   0.49868   0.24934 
SM                      1   0.67280   0.67280   1495.11   0.0007 
Error Block*SM          2   0.00090   0.00045 
Mul                     2   0.50888   0.25444    151.65   0.0000 
SM*Mul                  2   0.00030   0.00015      0.09   0.9154 
Error Block*SM*Mul      8   0.01342   0.00168 
Total                  17   1.69498 

 
Table 77. Analysis of variance for leaf area index of maize (75 days after sowing) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2   1.00321   0.50161 
SM                      1   1.68056   1.68056   6173.47   0.0002 
Error Block*SM          2   0.00054   0.00027 
Mul                     2   0.64874   0.32437    119.16   0.0000 
SM*Mul                  2   0.02981   0.01491      5.48   0.0318 
Error Block*SM*Mul      8   0.02178   0.00272 
Total                  17   3.38464 

 
Note: SM (Sowing methods), Mul (Mulching materials) 
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Table 78. Analysis of variance for leaf area index of maize (90 days after sowing) 
data as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.23444   0.11722 
SM                      1   1.04161   1.04161   277.35   0.0036 
Error Block*SM          2   0.00751   0.00376 
Mul                     2   0.23848   0.11924    97.56   0.0000 
SM*Mul                  2   0.00454   0.00227     1.86   0.2172 
Error Block*SM*Mul      8   0.00978   0.00122 
Total                  17   1.53636 
 
Table 79. Analysis of variance for evapotranspiration data during the wheat season 
as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2     182.5      91.3 
SM                      1   24479.5   24479.5   19522.8   0.0001 
Error Block*SM          2       2.5       1.3 
Mul                     2    2043.5    1021.7    710.50   0.0000 
SM*Mul                  2     533.6     266.8    185.54   0.0000 
Error Block*SM*Mul      8      11.5       1.4 
Total                  17   27253.1 

 
Table 80. Analysis of variance for evapotranspiration data during the maize season 
as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2       8.1       4.0 
SM                      1   15470.4   15470.4   129.16   0.0077 
Error Block*SM          2     239.6     119.8 
Mul                     2      12.3       6.2     0.05   0.9478 
SM*Mul                  2      11.7       5.8     0.05   0.9504 
Error Block*SM*Mul      8     911.2     113.9 
Total                  17   16653.2 

 
Table 81. Analysis of variance for drainage data during the wheat season as a 
function of mulching materials and sowing methods 
 
Source                 DF        SS        MS      F        P 
Block                   2    2735.3   1367.67 
SM                      1    3729.6   3729.60   5.16   0.1510 
Error Block*SM          2    1444.2    722.10 
Mul                     2    7760.8   3880.42   5.49   0.0315 
SM*Mul                  2     121.4     60.68   0.09   0.9185 
Error Block*SM*Mul      8    5652.7    706.58 
Total                  17   21444.0  
 
Note: SM (Sowing methods), Mul (Mulching materials) 
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Table 82. Analysis of variance for drainage data during the maize season as a 
function of mulching materials and sowing methods 
 
Source                 DF       SS       MS         F        P 
Block                   2     7657     3829 
SM                      1   147298   147298   1069.62   0.0009 
Error Block*SM          2      275      138 
Mul                     2    13631     6816     64.87   0.0000 
SM*Mul                  2       99       50      0.47   0.6402 
Error Block*SM*Mul      8      841      105 
Total                  17   169802 
 
Table 83. Analysis of variance for soil water storage data during the wheat season as 
a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2     26.69     13.35 
SM                      1    206.72    206.72    16.86   0.0545 
Error Block*SM          2     24.53     12.26 
Mul                     2   2372.86   1186.43   136.68   0.0000 
SM*Mul                  2     34.69     17.35     2.00   0.1977 
Error Block*SM*Mul      8     69.44      8.68 
Total                  17   2734.94  
 
Table 84. Analysis of variance for soil water storage data during the maize season as 
a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2    456.58    228.29 
SM                      1    242.00    242.00     63.82   0.0153 
Error Block*SM          2      7.58      3.79 
Mul                     2   2355.75   1177.87   1284.95   0.0000 
SM*Mul                  2     16.75      8.38      9.14   0.0086 
Error Block*SM*Mul      8      7.33      0.92 
Total                  17   3086.00 
 
Table 85. Analysis of variance for total water applied data during the wheat season 
as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS       F        P 
Block                   2    2329.7    1164.8 
SM                      1   41232.3   41232.3   46.16   0.0210 
Error Block*SM          2    1786.5     893.2 
Mul                     2    6987.5    3493.8    5.18   0.0360 
SM*Mul                  2     577.6     288.8    0.43   0.6657 
Error Block*SM*Mul      8    5393.7     674.2 
Total                  17   58307.3 

 
Note: SM (Sowing methods), Mul (Mulching materials) 
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Table 86. Analysis of variance for total water applied data during the maize season 
as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2   11422.6   5711.28 
SM                      1    242649    242649   2781963   0.0000 
Error Block*SM          2   0.17444   0.08722 
Mul                     2   4986.90   2493.45   28587.3   0.0000 
SM*Mul                  2   19.8744   9.93722    113.93   0.0000 
Error Block*SM*Mul      8   0.69778   0.08722 
Total                  17    259079 
 
Table 87. Analysis of variance for water use efficiency data during the wheat season 
as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS       F        P 
Block                   2   0.16281   0.08141 
SM                      1   2.95245   2.95245   82.43   0.0119 
Error Block*SM          2   0.07163   0.03582 
Mul                     2   0.70568   0.35284   17.26   0.0013 
SM*Mul                  2   0.04390   0.02195    1.07   0.3863 
Error Block*SM*Mul      8   0.16356   0.02044 
Total                  17   4.10003 
 
Table 88. Analysis of variance for water use efficiency data during the maize season 
as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2    0.3433   0.17167 
SM                      1    8.7501   8.75014   149.05   0.0066 
Error Block*SM          2    0.1174   0.05871 
Mul                     2    2.2300   1.11502    20.76   0.0007 
SM*Mul                  2    0.2083   0.10416     1.94   0.2058 
Error Block*SM*Mul      8    0.4298   0.05372 
Total                  17   12.0790 
 
Table 89. Analysis of variance for irrigation water use efficiency data during the 
wheat season as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS         F        P 
Block                   2   0.01018   0.00509 
SM                      1   3.05045   3.05045   3519.75   0.0003 
Error Block*SM          2   0.00173   0.00087 
Mul                     2   0.81421   0.40711     11.35   0.0046 
SM*Mul                  2   0.08843   0.04422      1.23   0.3415 
Error Block*SM*Mul      8   0.28702   0.03588 
Total                  17   4.25203 

 
Note: SM (Sowing methods), Mul (Mulching materials) 
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Table 90. Analysis of variance for irrigation water use efficiency data during the 
maize season as a function of mulching materials and sowing methods 
 
Source                 DF        SS        MS        F        P 
Block                   2   0.28708   0.14354 
SM                      1   5.34645   5.34645   231.28   0.0043 
Error Block*SM          2   0.04623   0.02312 
Mul                     2   1.11801   0.55901    33.07   0.0001 
SM*Mul                  2   0.21723   0.10862     6.43   0.0217 
Error Block*SM*Mul      8   0.13522   0.01690 
Total                  17   7.15023 
 
Note: SM (Sowing methods), Mul (Mulching materials) 
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Table 91. p-values calculated by t-test showing year effect on soil physical properties 
as a function irrigation vs sowing methods (Study-1), and mulching materials vs 
sowing methods (Study-2) during the wheat cropping season 
 
Treatments p-values calculated by t-test 
Study-1 Kfs IR SPR BD  

(0-15cm) 
BD 

(15-30 cm) 
BD 

(30-45 cm) 
T1 0.039* 0.226 0.138 0.069 0.617 0.800 
T2 0.007* 0.048* 0.333 0.029* 0.655 0.716 
T3 0.120 0.093 0.365 0.275 0.589 1.000 
T4 0.056 0.056 0.165 0.061 0.553 0.855 
T5 0.159 0.073 0.173 0.079 0.625 0.524 
T6 0.107 0.062 0.410 0.117 0.653 0.716 
Study-2       
T1 0.184 0.100 0.424 0.442 0.327 0.423 
T2 0.173 0.080 0.088 0.132 0.298 0.371 
T3 0.013* 0.046* 0.135 0.015* 0.259 0.475 
T4 0.190 0.192 0.149 0.293 0.335 0.701 
T5 0.187 0.090 0.415 0.321 0.487 0.516 
T6 0.182 0.065 0.328 0.176 0.270 0.669 
 
 
Table 92. p-values calculated by t-test showing year effect on soil physical properties 
as a function irrigation vs sowing methods (Study-1), and mulching materials vs 
sowing methods (Study-2) during the maize cropping season 
 
Treatments p-values calculated by t-test 
Study-1 Kfs IR SPR BD  

(0-15cm) 
BD 

(15-30 cm) 
BD 

(30-45 cm) 
T1 0.047* 0.353 0.157 0.165 0.788 0.803 
T2 0.000* 0.006* 0.815 0.025* 0.881 0.802 
T3 0.147 0.101 0.862 0.207 0.617 0.891 
T4 0.283 0.145 0.311 0.388 0.699 0.981 
T5 0.222 0.262 0.160 0.240 0.849 0.889 
T6 0.116 0.226 0.765 0.106 0.693 0.302 
Study-2  
T1 0.096      0.087 0.475 0.346 0.470 0.574 
T2 0.042* 0.046* 0.516 0.153 0.492 0.553 
T3 0.040* 0.047* 0.470 0.022* 0.312 0.385 
T4 0.197 0.125 0.893 0.480 0.577 0.870 
T5 0.140 0.057 0.871 0.211 0.330 0.947 
T6 0.115 0.052 0.844 0.422 0.261 0.344 
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APPENDICES 
 
Appendix 1. Site evaluation before experimentation 
 

(a) Soil physical properties 
SD 

(cm) 
Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Textural 
class 

BD 
(Mg m-3) 

Ɵs Effective 
porosity 

0-15 41.80 34.71 23.49 Loam 1.41 0.468 0.395 

15-30 45.21 31.34 23.45 Loam 1.45 0.453 0.403 

30-45 46.37 30.19 23.44 Loam 1.49 0.438 0.390 
 

 
(b) Measured and simulated field capacity (FC), permanent wilting point (PWP) and available water contents (AWC) 

SD (cm) Measured 
FC (%) 

Simulated 
FC (%) 

Mean ± 
SE 

Measured 
PWP (%) 

Simulated 
PWP (%) 

Mean ± 
SE 

Measured 
AWC (%) 

Simulated 
AWC (%) 

Mean ± 
SE 

0-15 29.6 29.1 29.35  
± 0.25 11.3 12 11.65  

± 0.35 18.3 17.1 17.7  
± 0.60 

15-30 27.7 28.4 28.75  
± 0.35 9.2 11.6 10.40  

± 1.20 18.5 16.8 17.7  
± 0.85 

30-45 27.7 27.8 27.75  
± 0.05 8.9 11.4 10.15  

± 1.25 18.8 16.4 17.6  
± 1.20 
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(c) van Genuchten parameters 
SD (cm) FC 

(%) 
PWP  
(%) 

AWC  
(%) 

Ɵr α n m r 2 SSQ 
X 10-4 

0-15 29.1 12.0 17.1 0.073 0.0061 1.005 0.4290 0.9933 3.6 

15-30 28.7 11.6 17.1 0.050 0.0079 1.005 0.3679 0.9929 3.7 

30-45 27.8 11.4 16.4 0.048 0.0098 1.005 0.3511 0.9929 3.5 

 
 
(d) Soil chemical properties 
SD 

(cm) 
OC 

(g kg-1) 
pH ECe 

(dS m-1) 
Na+

mmolc L-1 
(Ca2+ + 
Mg2+) 

mmolc L-1 

TN 
(g kg-1) 

Avail. P 
(mg kg-1) 

Avail.K 
(mg kg-1) 

0-15  2.5 7.8 1.48 3.78 10.65 0.33 9.1 114.6 

15-30  1.9 7.7 1.41 3.51 10.59 0.30 8.9 111.5 

30-45  1.8 7.7 1.39 3.42 10.47 0.28 8.6 109.7 
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Appendix 2. Effect of sowing methods on soil properties (Study-1) 

Study-1 
Bulk density (Mg m-3) Organic carbon (g kg-1) Kfs IR. SPR 

0-15 cm 15-30 cm 30-45 cm 0-15 cm 15-30 cm 30-45 cm mm hr-1 mm hr-1 kPa 

BS 1.329 B 
±0.026 

1.434 A 
±0.020 

1.515 A 
±0.014 

 
3.6 A 

±0.329 
 

 
2.2 A 

±0.191 
 

 
2.0 A ± 
0.173 

 

22.3 A 
±5.0 

56.2 A    
±9.8 

915.6 B 
±41.5 

FS 1.409 A 
±0.025 

1.470 A 
±0.022 

1.534 A 
±0.015 

3.1 B 
±0.225 

 

2.0 B 
±0.162 

 

1.9 B 
±0.144 

 

15.3 B 
±3.0 

37.4 B    
±7.5 

1028.1 A 
±42.7 

LSD 0.029 0.0371 0.0584 0.091 0.105 0.061 2.48 4.76 45.39 
 
 
Appendix 3. Effect of sowing methods on soil properties (Study-2)  

Study-2 
Bulk density (Mg m-3) Organic carbon (g kg-1) Kfs IR. SPR 

0-15 cm 15-30 cm 30-45 cm 0-15 cm 15-30 cm 30-45 cm mm hr-1 mm hr-1 kPa 

BS 1.315 B 
±0.029 

1.431 A 
±0.018 

1.523 A 
±0.016 

 
4.22 A ± 

0.618 
 

 
2.94 A ± 

0.242 
 

 
2.45 B ± 

0.185 
 

24.3 A   
 ±5.3 

58.5 A    
±10.0 

788.2 B 
±61.1 

FS 1.382 A 
±0.031 

1.451 A 
±0.019 

1.535 A 
±0.022 

 
3.25 B ± 

0.491 
 

 
2.27 B ± 

0.179 
 

 
2.11 B ± 

0.173 
 

14.8 B   
±3.9 

50.2 B    
±8.5 

913.5 A 
±40.5 

LSD 0.0171 0.0243 0.0209 0.283 0.147 0.397 3.57 4.47 17.17 
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Appendix 4. Effect of irrigation on soil properties (Study-1) 

Study-2 

Bulk density (Mg m-3) Organic carbon (g kg-1) Kfs IR. SPR 

0-15 cm 15-30 cm 30-45 cm 0-15 cm 15-30 cm 30-45 cm mm hr-1 mm hr-1 kPa 

FC1 
1.384 A 
±0.046 

1.468 A 
±0.025 

1.531 A 
±0.018 

 
3.55 A  
±0.404 

 

 
2.15 A  
±0.202 

 

 
2.04 A  
±0.167 

 

17.3 B   
 ±4.4 

43.1 B    
±12.3 

992.6 A 
±72.8 

FC2 
1.369 B 
±0.047 

1.446 B 
±0.026 

1.522 A 
±0.015 

 
3.34 B  
±0.312 

 

 
2.06 A  
±0.150 

 

 
1.95 A  
±0.121 

 

18.5 AB   
±5.0 

47.0 AB   
±13.0 

968.9 AB 
±68.4 

FC3 
1.354 C 
±0.047 

1.442 B 
±0.025 

1.520 A 
±0.016 

 
3.07 C 
±-0.254 

 

 
2.01 A 
±0.196 

 

 
1.91 A 
±0.173 

 

20.6 A 
±6.4 

50.4 A 
±12.5 

953.9 B 
±67.3 

LSD 0.0119 0.0138 0.0115 0.134 0.171 0.171 2.31 5.86 24.55 
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Appendix 5. Effect of mulching on soil properties (Study-2) 

Study-2 
Bulk density (Mg m-3) )1-Organic carbon (g kg Kfs IR. SPR 

0-15 cm 15-30 cm 30-45 cm 0-15 cm 15-30 cm 30-45 cm mm hr-1 mm hr-1 kPa 

M1 
1.374 A 
±0.042 

1.453 A 
±0.015 

1.533 A 
±0.024 

 
3.38 C ± 

0.589 
 

 
2.48 B  
±0.346 

 

 
2.17 B  
±0.237 

 

16.7 C 
±5.8 

49.4 C    
±7.8 

882.6 A 
±65.6 

M2 
1.345 B 
±0.040 

1.436 AB 
±0.016 

1.529 A 
±0.017 

 
3.68 B  
±0.756 

 

 
2.61 AB  
±0.404 

 

 
2.28 AB 
±0.196 

 

22.3 A 
±7.0 

59.2 A  
±10.8 

827.2 B 
±84.5 

M3 
1.326 C 
±0.041 

1.434 B 
±0.025 

1.525 A 
±0.019 

 
4.15 A  
±0.681 

 

 
2.74 A  
±0.410 

 

 
2.38 A  
±0.266 

 

19.6 B 
±6.3 

54.5 B    
±9.4 

842.9 B 
±85.5 

LSD 0.0064 0.0176 0.0150 0.169 0.169 0.135 1.54 3.58 27.89 
 
 
Appendix 6. Effect of sowing methods on soil organic carbon pool Mg ha-1 and its sequestration Mg ha-1 y-1 (0.45 m soil depth) 

 
SOC-pool  
(Study-1) 

SOC-pool  
(Study-2) 

SOC-sequestration 
 (Study-1) 

SOC-sequestration 
 (Study-2) 

BS 3.78 A    8.53 A    1.89 A    4.26 A    

FS 2.55 B   4.04 B    1.27 B    2.02 B    

LSD 0.7770 1.7230 0.3859 0.8638 
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Appendix 7. Effect of irrigation and mulching levels on soil organic carbon pool (Mg ha-1) and its sequestration (Mg ha-1 y-1)     

                      (0.45 m soil depth) 
Study-1 Study-2 SOC-pool  

(Study-1) 
SOC-sequestration 

 (Study-1) 
SOC-pool  
(Study-2) 

SOC-sequestration 
 (Study-2) 

FC1 M1 4.40 A    2.20 A    4.82 C    2.41 C    

FC2 M2 3.06 B   1.53 B    5.98 B    2.99 B    

FC3 M3 2.04 B 1.02 B 8.05 A 4.02 A 

LSD LSD 1.2462 0.6248 0.9248 0.4604 
 

 
Appendix 8. Effect of sowing methods on soil physical quality index, S (Study-1)  

 
Soil physical quality index, S (April) Soil physical quality index, S (November) 

0-15 cm 15-30 cm 30-45 cm 0-15 cm 15-30 cm 30-45 cm 

BS 0.0387 A    0.0344 A    0.0296 A    0.0397 A    0.0347 A    0.0296 A    

FS 0.0334 B    0.0321 B    0.0282 A    0.0336 B    0.0322 A    0.0284 A    

LSD 0.00408 0.00166 0.00248 0.00208 0.00425 0.00373 
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Appendix 9. Effect of sowing methods on soil physical quality index, S (Study-2)  

 
Soil physical quality index, S (April) Soil physical quality index, S (November) 

0-15 cm 15-30 cm 30-45 cm 0-15 cm 15-30 cm 30-45 cm 

BS 0.0397 A    0.0339 A    0.0284 A    0.0399 A    0.0342 A    0.0292 A    

FS 0.0351 B    0.0331 A    0.0279 A    0.0356 B    0.0333 A    0.0281 A    

LSD 0.00208 0.0021 0.0020 0.00143 0.00208 0.00208 

 
 
Appendix 10. Effect of irrigation (Study-1) on soil physical quality index, S  

Study-
1 

Soil physical quality index, S (April) Soil physical quality index, S (November) 
0-15 cm 15-30 cm 30-45 cm 0-15 cm 15-30 cm 30-45 cm 

FC1 0.0347 C   0.0322 B   0.0283 B   0.0355 B  0.0323 B  0.0285 B  

FC2 0.0360 B   0.0338 A   0.0292 A   0.0367 A   0.0337 A  0.0292 AB  

FC3 0.0375 A  0.0338 A  0.0292 A  0.0377 A  0.0343 A  0.0293 A  

LSD 0.00099 0.00129 0.00080 0.0011 0.0008 0.0007 
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Appendix 11. Effect of mulching (Study-2) on soil physical quality index, S   
Study-

2 

Soil physical quality index, S (April) Soil physical quality index, S (November) 
0-15 cm 15-30 cm 30-45 cm 0-15 cm 15-30 cm 30-45 cm 

M1 0.0358 C   0.0328 A   0.0278 A   0.0362 C  0.0332 A  0.0285 A  

M2 0.0393 A   0.0338 A   0.0280 A   0.0395 A   0.0340 A  0.0287 A   

M3 0.0370 B  0.0338 A  0.0287 A  0.0375 B  0.0342 A  0.0288 A  

LSD 0.00031 0.00123 0.00111 0.00080 0.00106 0.00111 
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Appendix 12 Permanent cost for wheat (Average of 2 years) 

 
 
 

S. 
No. 

Description Study 1 Study-2 
No. Cost 

(Rs.)
Unit Total 

cost 
(Rs.) 

No. Cost 
(Rs.) 

Unit Total cost 
(Rs.) 

1 Seed and sowing operations 
 Cultivation 4 575 ha 2300 4 575 ha 2300 
 Rotavator 1 575 ha 575 1 575 ha 575 
 Planking 2 100 ha 200 2 100 ha 200 
 Seed cost 136 kg 1600 50 kg 4352 136 kg 1600 50 kg 4352 
 Sowing 1 300 ha 300 1 300 ha 300 
2 Fertilizer 
 Urea 3.1 766.

5 
bag 2376.2 3.1 766.

5 
bag 2376.2 

 DAP 3.7 2361 bag 8735.7 3.7 2361 bag 8735.7 
 SOP 2.5 2194 bag 5485 2.5 2194 bag 5485 
 Transportation 10 11 bag 110 10 11 bag 110 
 Application 

charges 
2 men 
ha-1 

192.
5 

man 385 2 men 
ha-1 

192.
5 

man 385 

3 Interculture/Hoeing 
 Herbicide 

(Buctril-super) 
1 L ha-1 475 L 475 1 L ha-1 475 L 475 

 Isoproturon 2 kg ha-

1 
475 2 kg 475 2 kg ha-

1 
475 2 kg 475 

 Application 
charges 

1 man 
ha-1 

192.
5 

man 192.5 1 man 
ha-1 

192.
5 

man 192.5 

4 Irrigation         
 Cleaning of water 

course 
2 men 192.

5 
man 385 2 men 192.

5 
man 385 

 Labor charges for 
6 irrigations (S-1) 
and 4 irrigations 
(S-2) 

1 man 
per 
irrigatio
n 

192.
5 

Irri. 1155 1 man 
per 
irrigatio
n 

192.
5 

Irri. 770 

Grand total (Item 1-4) 27401.4  27016.4 
5 Land rent for 6 months 25000    25000 
6 Management 

charges for 6 
months of a 
Manager @ Rs. 
10000 PM for 100 
acres 

6 
months 

250 Ha-1 

per 
month

1500 6 
months 

250 Ha-1 

per 
month 

1500 

Total permanent cost (Item 1-7) 53901.4  53516.4 
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Appendix 13 Permanent cost for maize (Average of 2 years) 

 
 
 
 
 

S. 
No. 

Description Study-1 Study-2 
No. Cost 

(Rs.) 
Unit Total 

cost 
(Rs.) 

No. Cost 
(Rs.) 

Unit Total cost 
(Rs.) 

1 Seed and sowing operations 
 Cultivation 4 575 ha 2300 4 575 ha 2300 
 Rotavator 1 575 ha 575 1 575 ha 575 
 Planking 2 100 ha 200 2 100 ha 200 
 Seed cost 25 kg 375 kg 9375 25 kg 375 10 kg 9375 
 Sowing 10 192.5 ha 1925 10 192.5 ha 1925 
2 Fertilizer 
 Urea 9.9 766.5 bag 7588.4 9.9 766.5 bag 7588.4 
 DAP 6.5 2361 bag 15346.5 6.5 2361 bag 15346.5 
 SOP 5.0 2194 bag 10970.0 5.0 2194 bag 10970.0 
 Transportation 21 11 bag 231 21 11 bag 231 
 Application 

charges 
4 men 
ha-1 

192.5 man 770 4 men 
ha-1 

192.5 man 770 

3 Plant protection  
 Herbicide 

(Atrazine) 
1.5 
 L ha-1 

475 L 712.5 1.5 
 L ha-1 

475 L 712.5 

 Furadan 22.5 
kg ha-1 

475 9 kg 1187.5 2 kg 
ha-1 

475 9 kg 1187.5 

 Application 
charges 

2 man 
ha-1 

192.5 man 385 2 man 
ha-1 

192.5 man 385 

4 Irrigation 
 Labor charges for 

9 irrigations (S-1) 
and 8 irrigations 
(S-2) 

1 man 
per 
irrigati
on 

192.5 Irri. 1732.5 1 man 
per 
irrigati
on 

192.5 Irri. 1540 

Grand total (Item 1-4) 53298.4  53105.9 
5          
6 Land rent for 6 months 25000    25000 
7 Management 

charges for 6 
months of a 
Manager @ Rs. 
10000 PM for 100 
acres 

6 
month 

250 Ha-1 

per 
month

1500 6 
month 

250 Ha-1 

per 
month 

1500 

Total permanent cost (Item 1-7) 79798.4  79605.9 
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