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INTRODUCTION 
 

There are more than 50,000 edible plants but only three of them namely wheat, rice, 

and maize provide sixty percent of the world's food. Wheat was one of the first 

domesticated plants and it continues to be the main food grain crop consumed by 

humans since 8000 years. Presently the world’s population is more than six billion 

which is growing by 83 million people each year, and it is considered to reach nine 

billion by the year 2044. Thus, a projection of 786 million tons of wheat will be 

needed annually for human use in the year 2025. This scenario calls for a rapid and 

continuous increase in wheat production (US Census Bureau, 2011; Curtis et al., 

2002). Pakistan’s per capita wheat production has been static in the range of  

120 - 140 kg per annum since 1980. Thus, if the population keeps on growing at its 

present trend by the year 2030, the country will need another 8 million tons of wheat 

per annum (Archibald and Watts, 2011).  

 

Fig. 1.1- Pakistan wheat production (per capita)  
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Fig. 1.2- Wheat: area, yield and production in Pakistan 
 

Fortunately our semi-dwarf wheat varieties have a genetic yield potential of 

approximately 6-8 tons ha-1 but unluckily our national average yield is only 2.7 tons 

ha-1. The progressive farmers of irrigated areas are harvesting 6-7 tons ha-1 whereas 

the yield of ordinary farmer merely ranges 2.5-3 tons ha-1. Thus, there is almost 60% 

yield gap in wheat production that needs to be narrowed. The main factors 

contributing towards low productivity include delayed harvesting of Kharif crops like 

rice, cotton and sugarcane resulting in late planting of wheat, as well as shortage of 

irrigation water, and sub optimal management practices (Anon., 2011).  

Punjab is the major wheat producer in the country and here more than sixty percent of 

the area under wheat crop comes after cotton or rice crops. In southern cotton zone of 

the province especially Vehari and Khanewal districts only 20 percent of wheat is 

sown at optimum sowing time i.e. first fortnight of November, while the remaining 

sowing is done in late November (30%) to December (50%) (Khan et al., 2002). 
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Wheat is a determinate growth crop and a delay of each day in sowing from mid 

November to onwards decreases shoot number, leaf area and total dry matter, as well 

as delays anthesis for 0.5 to 0.8 days that ultimately reduces grain yield at the rate of 

50 kg day-1 ha-1 (Akmal et al., 2011; Khan, 2004; Hussain et al., 1998; Hobbs et al., 

1988; Martinez and Perez, 1983; McDonald et al., 1983). Being a photosensitive crop, 

the late planted wheat has to complete its all growth and development stages in a 

shorter time because the accumulation of starch is terminated at the same specific 

time that does not depend on the time of sowing (Khan et al., 2010). Thus, a unit rise 

in temperature beyond 27.3 0C during the grain filling period shortens the maturity 

period by 2.64 days and grain filling period by 0.30 days (Behera and Jena, 1988). 

In Pakistan, wheat is used as a staple food and is considered the largest grain crop of 

the country that contributes 10.1% to the value added in agriculture and 2.2% of the 

GDP. It was cultivated on an area of 8693 thousand hectares with total production of 

24,231 thousand tons, and an average yield of 2787 kg ha-1, during 2012-13 (Govt. of 

Pakistan, 2013). However, our average yield is 21% lower than global average of 

3,086 kg ha-1, 13% lower than 2,802 kg ha-1 of India and 49% lower than world best 

yield of 4,762 kg ha-1 achieved by China. (Govt. of Pakistan, 2010). This indicates 

that still its yield potential is not being explored in real sense.  

The late sowing results in poor germination, delayed emergence and a weak crop 

stand that lowers grain yield. Seed priming is a pre-germination seed treatment that 

holds seeds at a water potential which allows them to imbibe water but prevents 

radical extension (Bradford, 1986). It can be employed to improve the performance of 

late sown wheat (Farooq et al., 2008) as it reduces the time between sowing and 

seedling emergence, promotes synchronized emergence giving better crop stand and 

final yield (Khan et al., 2011; Arif et al., 2008; Harris et al., 2001; Parera and 

Cantliffe 1994; Khan, 1992). 
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The Indus Basin Irrigation System of Pakistan is falling short of good quality water 

because of increasing cropping intensity and droughts over the years (Naeem and 

Muhammad, 2006; Ghafoor, 1999). The country’s agriculture is solely based on 

irrigation water but unfortunately per capita water availability is declining at an 

alarming rate from 5260 m3 in 1951 to 1066 m3 in 2010 and will be less than 870 m3 

per capita by 2025 (Shaukat, 2011; Ahmad et al., 2009).  The normal surface 

available water of 103.5 MAF at canal heads reduced to 34.6 MAF during the Rabi 

season 2010-11 (Rabi; November to April) which was 15 percent less than the normal 

availability (Govt. of Pakistan, 2011). In 2050, Pakistan’s population is predicted to 

be 200 million that will demand 48% additional water thus, due to water shortage a 

reduction of ten million tons of food grains is being perceived (Javed, 2010). These 

challenges may be overcome either through minimizing the losses of water to ensure 

more water for crop production or by improving the crop water use efficiency (more 

crop per drop) that can be achieved by promoting a large and early canopy 

development of growing plants. Thus, agronomic practices that lower soil evaporation 

by enhancing plant canopy development and an early ground cover, improve the 

crop’s ability to extract soil water from deeper layers that results in an increase in the 

amount of water available for transpiration resulting in a better water use efficiency 

and crop yield (Waraich, 2006; Cooper et al., 1983). 

A significant increase in wheat yield may be achieved through improved planting 

geometry and appropriate tillage technology. A planting geometry with uniform 

spatial distribution of plants results in better utilization of land and environmental 

resources by the crop (Chen et al., 2008). The sowing of wheat on raised beds and 

ridges is being adopted rapidly by the farmers in Mexico. This method enhances the 
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Fig. 1.3- Per capita availability of river water in Pakistan 

 

germination count, improves yield by 10% giving water saving of 30-50%, along with 

the benefits of reduced lodging, increase in the efficiency of applied fertilizer and 

water, more water productivity, better utilization of solar radiation, and efficient 

drainage under high rainfall conditions (Ahmad et al., 2010a; Sayre and Moreno-

Ramos, 1997). Keeping in view the above scenario the studies were planned with the 

following objectives: 

1. To compare the performance of various seed priming techniques under 

different irrigation regimes to improve germination, early emergence, crop 

establishment and yield enhancement of wheat under field conditions. 

2. To evaluate different planting geometries for better crop growth, yield and 

water use efficiency. 

3. To find out an appropriate combination of seed priming and planting geometry 

for productivity enhancement of late planted wheat crop under limited water 

supplies.  

Ultimately an effort was made to develop environment and farmer friendly           

agro-technology package   for sustainable wheat production under   scarce   water 

supplies in arid region of Punjab. 
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REVIEW OF LITERATURE 

2.1  Seed priming 

The time taken by the seed from sowing to the seedling establishment is of prime 

importance having obvious impact on plant growth and development, final yield and 

post harvest quality of seeds thus playing a vital role in successful crop production. 

As generally described, the seed germination phenomenon consists of three phases; 

during imbibition process water is absorbed by the seed with little metabolic activity 

(Phase-I), in lag phase very little water absorption occurs but a considerable metabolic 

activity takes place (Phase-II), whereas in the next phase (Phase-III) water absorption 

increases along with the growth of  radicle resulting in emergence. The duration of 

phase-III is of crucial importance because on the initiation of embryo growth the 

germination is considered complete. During germination, the seed is exposed to 

different environmental stresses such as extreme temperature, soil crust formation, 

excessive moisture, drought stress, salinity, insects and diseases that may cause a 

reduction or complete destruction of seed germination and seedling emergence 

phenomenon (Ashraf and Foolad, 2005).  

At low temperatures, in case of late sown wheat, the metabolic activity becomes very 

slow that results in reduced speed of germination and emergence. Under prolonged 

emergence periods, the deterioration of seed bed and increased soil compaction may 

occur resulting in fewer, weaker and smaller seedlings prone to various biotic and 

abiotic stresses. Whereas, rapid and uniform germination, and early emergence 

promote early seedling establishment that produce deeper roots before the upper 

layers of soil become dry or crusted giving a better crop stand. Therefore, any 

biological strategy that induces the tolerance or immunity in seeds against various 
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stresses during germination and emergence stages will result in better seedling stand 

and successful crop production. Seed priming is one of these biological approaches 

that may be defined as a pre-sowing treatment in which the seeds are held at a low 

water potential that prevents the germination but allows some pre-germinative 

physiological and biochemical process to occur (Bradford, 1986). On the placement in 

an appropriate germination environment, the primed seeds germinate faster than 

unprimed seeds. The commonly used seed priming techniques are osmopriming (also 

called osmoconditioning), halopriming, hydropriming, matripriming or 

matriconditioning, thermopriming, hormonal priming, biopriming and on-farm 

priming.   

2.1.1 Biochemical changes induced by seed priming  

 An increase in the final germination count, and a reduced mean germination time 

along with a decrease in the frequency of chromosomal aberrations were observed as 

a result of seed priming with PEG-8000, ABA and distilled water for 3, 5 and 7 days 

at 16oC. The proper moisture content for repair of this age induced chromosomal 

damage in pea seeds was estimated as 32-46%. For priming with PEG and ABA, the 

most of benefit was received during first three days whereas in case of in case of 

distilled water it occurred in first 5 days (Sivritepe and Dourado, 1995).  

During the priming treatment for the induction of DNA replication and the 

improvement of subsequent germination, at least 5% oxygen in the atmosphere was 

required (Ozbingol et al., 1999). In this study they also investigated the effects of 

various conditions of osmopriming on the activation of cell cycle in embryo root tips 

of tomato (Lycopersicon esculentum) seeds using the flow cytometric analysis of the 

nuclear DNA content. The 2C signals were observed in 90.7% of the nuclei in dry 

untreated seeds. The germination rate of seeds increased by priming with  
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PEG-8000.  That was associated with an improvement in 4C signals when priming 

was done at -1.0 and -1.5 MPa. Subsequent germination was enhanced after priming 

at -2.0 MPa but that had no effect on DNA replication. A positive linear correlation 

was noted between the efficiency of the treatment, evaluated by time to achieve 50% 

germination at 15oC, and the frequency of 4C nuclei or the 4C/2C values, when 

temperature during priming remained up to 25oC.  But when priming was done at 

higher temperatures such correlation did not exist.   

Amylases are the key enzymes that play crucial role in hydrolyzing the seed’s starch 

reserves thus supplying sugars to the growing embryo. In hydroprimed seeds of both 

wheat and barley, the activity of α-amylase at 12 hours after sowing was found to be 

respectively, 2.7 and 2.8 times higher than that of unprimed seeds. The primed seeds 

showed a faster rate of germination and seedling emergence that was associated to 

enhanced supply of soluble carbohydrates to the growing embryo which resulted from 

an increase in α-amylase activity. It was also observed that re-drying of seed 

following hydropriming maintained the activity of other enzymes at the levels 

required for proper germination (Roy and Srivastava, 1999). 

Similarly, Powell et al. (2000) studied the influence of aerated hydration seed 

treatment on seed longevity on the seeds of cauliflower (Brassica oleracea, variety 

Botrytis). The aerated hydration improved the longevity of low vigour seeds that was 

associated with increase in Ki (initial seed viability) and decreased rate of 

deterioration. The improved Ki of low vigour seeds could be explained by the 

reduction in the extent of deterioration after aerated hydration as indicated by increase 

in germination and possible activation of metabolic repair during treatment. An 

increase in the proportion of nuclear DNA present at 4C DNA, from 3% (untreated 
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seeds) to 26% (aerated hydration) was observed that indicated the germination 

advancement from G1 to G2 phase of cell cycle during hydration treatment.  

The seed priming resulted in longer coleoptiles. Thus the maximum coleoptile length 

and vigour index was recorded in hydropriming for 4 hours. During this study the 

effects of priming techniques on germination and early growth traits of  

Bromus tomentellus and Bromus incermis were investigated by Tavili et al. (2001). 

The seed treatments were; unprimed (control), hydropriming with distilled water for 

4, 8, 12 and 16 hours, and osmopriming treatments with PEG-6000 for 12, 24 and 36 

hours. They concluded that priming treatments significantly enhanced the germination 

vigour of both types and increased coleoptile length significantly over control. 

2.1.2 Hydropriming or water priming 

The phenomena in which seeds are hydrated in a column of aerated water to a 

moisture content close to that required for radicle protrusion is called hydropriming  

or aerated hydration (Thornton and Powel, 1992). The response of germination and 

emergence to seed priming in grass seeds under field and simulated-field temperature 

regimes was investigated by Hardegree and Vactor (2000). Seeds of thickspike wheat 

grass (Elymus lanceolatus), bluebench wheat grass (Pseudoroegneria spicata), 

sandberg blue grass (Poa sandbergii) and bottle brush squirreltail (Elymus elymoides) 

were water primed using the matric potential control system at 25oC, air dried on 

laboratory benches for one week and stored using cloth bag at room temperature. 

Relative emergence rate in three soil types under different planting dates was noted. 

Maximum effect of seed priming on germination and emergence rate was observed 

during cooler planting dates. In the field, total emergence and emergence rate were 

lower as compared to lab experiment.    
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Hardegree et al. (2002) investigated the thermal response of primed and unprimed 

seeds of squirreltail (Elymus elimoides) and swezey (Elymus multisetus). To optimize 

germination rate at low temperature, the following treatments were selected; priming 

at 1.04, -0.7, -1.0, -1.3, -1.6, -1.9 and -2.2 MPa for a period of 4, 6 or 8 days  at 20oC. 

Water potential was maintained in such a way that the seeds were put on the top of 

cellulose membranes, in contact with the solution reservoir of PEG-8000. In some 

seed lots, the total germination percentage, especially at higher germination 

temperatures, was reduced by seed priming. Germination rate was increased (the 

number of days to 50% germination was reduced) by seed priming by 3.8% to 8.4% at 

6oC.     

Similarly, Sarkar and Pal (2006) studied the effect of six pre-sowing seed treatments 

in green gram viz. dry seed, water soaked, soaked in 1% KCl, 1% KH2PO4, 1% 

ammonium molybdate, and rhizobium culture (250g kg-1 seed), and five foliar spray 

treatments with nitrate salts. For seed treatments, seed was soaked in suitable salts and 

then dried in shade for 2 hours. A favourable effect of pre-sowing seed treatments 

especially of water soaking was observed on growth attributes and physiological 

characters. Plant height, dry matter per plant, leaf area index, crop growth rate, 

relative growth rate, net assimilation rate, and yield was increased by 14% to 86% 

over control.  

Jaskani et al. (2006) subjected seeds of water melon to the treatments of nicking at 

radical end and soaking in distilled water (non-aerated), hydrogen peroxide (1 or 2%), 

gibberellic acid (0.5 or 5 mM), benzyl adenine (0.5 or 5 mM) and potassium nitrate 

(3%). After soaking for 4 hours seeds were dried for 5 days at 20 °C with 40% 

relative humidity and germination was tested in petri plates at 30°C. The germination 

enhancement of tetraploid seeds was observed under the seed treatments of nicking, 
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pre-soaking in distilled water or H2O2 but there was a genotypic variation in response 

to seed treatments. In line SS-8 with the treatments of nicking, GA3 (5mM) and H2O2 

(2%) an early seedling emergence after 4 days was recorded, but comparatively 

greater time for seedling emergence in line SS-11 was noted.        

 Important physiological changes occurred in kernels as a result of hydropriming and 

other seed priming techniques. One of these was an increase in α-amylase activity that 

increased starch hydrolysis giving more soluble sugars in seeds of coarse rice  

(Oryza sativa L. cultivar KSK-282) (Farooq et al., 2006a). The seed treatments in this 

study were hydropriming, hardening, osmohardening, ascorbate priming and  

pre-germination i.e. seed soaking for 24 hours in water and then placing these seeds 

between two layers of saturated gunny bags till the radicals appeared (chitting stage). 

Pre-germination treatment was used to represent the farmer practice for rice nursery 

sowing, while seeds receiving no treatment were taken as control. Priming treatments 

enhanced α-amylase activity of kernels, reduced days to start seedling emergence, 

mean emergence time and E50 than that of pre-germination and control. There was a 

strong positive correlation among mean emergence time and days to heading.  

Pre-germination treatment reduced plant height and number of tillers per plant 

whereas, the maximum tillering was noted with hydropriming and osmohardening. 

Seed priming also increased leaf area index, crop growth rate and net assimilation rate 

at all harvests, but decreased the number of sterile spikelets, abortive, chalky and 

opaque kernels. This resulted in an increased 1000-kernel weight and kernel yield. 

Priming also increased crude proteins in kernels that increased kernel water 

absorption ratio and improved the kernel quality. They suggested that improved plant 

height might be the result of earlier emergence, uniform and vigorous seedlings that 

gave a stronger and more energetic start. Increased kernel and straw yield and greater 
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harvest index with seed priming was attributed to better dry matter partitioning to the 

developing grain that resulted from the greater CGR, NAR and leaf area index 

exhibited at various growth stages. However, there was an inverse relation of mean 

emergence time with kernel yield and H.I.  

Similarly, Farooq et al. (2006b) reported that all priming treatments as compared to 

control, lowered the E50 and MET whereas increased the coefficient of uniformity of 

emergence (CUE), the energy of emergence (EE), emergence index (EI), and final 

emergence percentage (FEP), with the exception that mean emergence time in case of 

pre-germination was almost similar to that of control. Seedling vigour was 

significantly improved by all the priming treatments, osmohardening with KCl being 

at the top, while out of all the priming techniques the least effective was  

pre-germination treatment, however, it was still better than control. While, 

considering the seedling ion homeostasis traits, priming did not affect the nitrogen 

concentration but increased K+ content, α-amylase activity and reducing sugars as 

compared to the untreated seeds. The maximum seed nitrogen was recorded under the 

treatments of osmohardening with KCl or hydropriming, while the highest Ca+2 was 

estimated under osmohardening with CaCl2.  K+ is considered very important 

osmoticum that plays a crucial role in turgor development which is used for cell 

elongation while Ca+2 is integral constituent of newly developing cells. Thus, the 

enhanced amounts of K+ and Ca+2 improved the growth process.  

Marwat et al. (2007) reported a 37%, 33.34% and 36% increase in grain yield over 

control under seed priming with water alone, 0.01% Zinc solution, and 0.02% Zinc 

solution, respectively. They found that seed priming with water alone (hydropriming) 

expressed the maximum enhancement in the yield as compared to all other seed 

treatments.  
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Golezanik et al. (2008) conducted laboratory tests and two field experiments at 

research farm of the Faculty of Agriculture, Tabriz University, Iran and investigated 

the effects of hydropriming and osmopriming on germination and field emergence of 

lentil (Lens culinaris Medic) and determined that germination rate, seedling 

emergence rate and root weights were significantly improved by hydropriming 

compared to other seed treatments. However, germination percentage recorded from 

seeds primed with PEG or water was statistically at par. Similarly, Esen et al. (2009) 

found that presoaking the seeds of wild cherry in de-ionized water for 2 days gave 

better germination as compared to that of pre-soaking in 0.1% citric acid solution.  In 

another similar study, the effect of different pre-sowing seed treatments on the 

germination of wild cherry seeds in Turkey was determined by Esen et al. (2006) and 

it was observed that speed of germination and cumulative germination was 

significantly affected by the seed pre-treatments. A significant improvement in 

germination was noted in case of seed soaking in 1% citric acid for 48 hours followed 

by a 90 days cold stratification period, however, exposure to acid for longer periods 

decreased seed germination adversely. A considerable improvement in dormancy 

breaking and germination of wild cherry seeds was recorded when seeds were 

subjected to successive periods of complex  warm and cold artificial stratification  

regime rather than  cold period alone as well as natural stratification.  

The effects of osmopriming treatments on two local seed masses of mouse barley 

(Hordeum murinum) were studied by Rahnavard et al. (2009) in a laboratory 

experiment. The seeds were primed at various osmotic potentials and duration of 

priming at two temperatures 10 and 20oC. No positive effect on germination 

characters was exerted by osmotic priming treatments that was attributed to high 

osmotic potential and long priming period which prevented absorption of water and 
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produced free radicals of oxygen that destroyed the cell membrane. Degradation of 

LEA (late embryogenesis abundant) proteins also occurred that resulted in reduced 

rate of germination.    

2.1.3  Seed priming in combating abiotic stresses  

Salisbury and Ross (1984) stated that defined stress as, “any change in environmental 

conditions that might reduce or adversely change a plant’s growth or development”. 

Stress can originate from the non-living component of the environment called abiotic, 

or nonliving stress or it can be from living organisms like fungi, insects, rodents etc. 

that usually cause disease or damage and it is called biotic stress. Abiotic stresses are 

naturally occurring, often intangible, such as intense sunlight or wind, drought or 

temperature stress etc. Thus, abiotic stress is essentially unavoidable and is considered 

the most harmful factor concerning the growth and productivity of crops worldwide  

(Anon., 2013; Trueman, 2013). 

Seed priming can be employed effectively in ameliorating the adverse effects of 

various types of abiotic stresses particularly soil salinity. In a pot experiment at the 

Department of Botany and Plant Physiology, R.A.U., Bihar, Pusa, India Roy et al. 

(2003) evaluated the mitigation of salinity impact on wheat through pre-soaking 

treatments namely pre-soaking with water, sodium benzoate, calcium chloride and 

ascorbic acid. These seeds were dried back to original weight. Un-soaked seeds were 

taken as control. Salt stress resulted in accumulation of proline in wheat leaves while 

a decrease in proline content of leaves of stressed seedlings was observed as a result 

of pre-soaking treatments. They concluded that salt stress injuries are alleviated by 

pre-soaking treatments through modulation of osmotically active low molecular 

compounds like proline.    
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Similarly, the salt tolerance enhancement by seed priming in wheat crop was studied 

by Basra et al. (2005). The seeds of wheat cultivar Uqab-2000 were subjected to 

soaking in distilled water for 24 hours i.e. hydropriming, matriconditioning with press 

mud for 24 hours, hardening (one cycle) for 12 hours, and halopriming with 100  

mol m-3 CaCl2 , 25 mol m-3 Ca(NO3)2 for 24 hours. Under controlled conditions, both 

the treated and untreated seeds were exposed to salinity. Adverse effects of salinity at 

emergence stage were effectively decreased by all the seed priming treatments. Seeds 

hydroprimed and haloprimed with NaCl showed the lower mean emergence time, 

better shoot and root length, seedling dry weight and E50 than all other treatments and 

hence proved the best performance. 

Afzal et al. (2006) also studied the effect of hydropriming and other pre-sowing seed 

treatments namely halopriming (50 mM CaCl2.2H2O), ascorbate priming (50 mg L-1) 

and pre-sowing chilling treatment (-19 oC) on seed germination, vigour, antioxidants 

and total soluble protein content in two wheat (Triticum aestivum L.) cultivars    

Uqab-2000 (salt tolerant) and MH-97 (salt sensitive) under saline (15 dSm-1) or  

non-saline (4 dSm-1) conditions. Of all the seed pre-treatments, halopriming and 

hydropriming were found the most effective in alleviating the undesirable effects of 

salinity by improving germination and seedling growth of both cultivars. All  

pre-sowing seed treatments significantly increased super oxide dimutase (SOD) 

activity in MH-97 while priming with CaCl2.2H2O and ascorbate were very effective 

in Auqab-2000 during stress conditions. In conclusion, halopriming and hydropriming 

successfully improved the seed performance in both the cultivars whereas, priming 

with ascorbate was only effective in salt tolerant cultivar under saline conditions. This 

benefit of priming was attributed to early and synchronized germination, vigorous 

stand establishment, and decreased oxidative damage due to enhanced antioxidant 
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system. All the seed treatments significantly affected germination under both saline 

and non saline conditions and improved final emergence percentage and reduced 

mean germination time in both cultivars. Except chilling all the treatments improved 

fresh weight and dry weight of seedlings, root and shoot lengths and leaf protein 

contents while seedling fresh weight of both the cultivars reached at its peak under 

hydropriming treatment. One of the reasons that contributed in enhanced growth of 

both wheat cultivars under saline conditions, particularly in cv. Uqab was increase in 

leaf protein due to seed priming. Finally, it was concluded that halopriming and 

hydropriming were the most effective in alleviating salt stress in both wheat cultivars 

whereas pre-sowing chilling treatment could not improve salt tolerance in wheat.    

Under saline conditions the pre-sowing seed treatments significantly improved the 

germination that might be due to some biochemical and physiological changes 

occurring during the seed soaking by CaSO4.7H2O, GA3 and hydropriming (Naeem 

and Muhammad, 2006). They used the pre-sowing seed treatments with barley seeds 

namely seed treatment with CaSO4 (10 mM), CaSO4 (30 mM), Gibberellic Acid  

(20 ppm), Gibberellic Acid (60 ppm), hydropriming for 12 h and untreated control 

(farmer practice). The brackish water having EC of 3 dS m-1 was used for irrigation. It 

was noted that seeds treated with GA3 (20 ppm) gave the maximum germination that 

was followed by CaSO4 (10 mM) whereas the farmer practice treatment (control) 

remained at the minimum. Straw yield also responded in the similar way. The 

minimum Na+ concentration was recorded in leaves of plants obtained from seed 

hydroprimed for 12 h while the highest in the treatment with GA3 (20 ppm). The K+, 

Ca+2 and Mg+2 also behaved similarly when analysis was done at the booting stage. 

The minimum Na+: K+ ratio in the plant leaf was recorded in CaSO4 (10 mM) while 

the control treatment gave the maximum value.  
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Iqbal and Ashraf (2006) determined the effects of seed priming on salt tolerance in 

wheat. Solutions of 100, 150 and 200 mg L-1of kinetin (Kin) and benzyl aminopurine 

(BAP) were used for seed priming. Distilled water (DW) was used for hydropriming.  

 They observed that salt stress reduced shoot dry biomass and this loss was 

ameliorated by all the priming treatments however, Kinetin priming and hydropriming 

proved the best. All the priming treatments positively affected the grain yield. Growth 

of plants of both cultivars under saline conditions was enhanced by hydropriming as 

compared to control.    

The role of  pre-sowing seed treatments in mitigating the adverse effects of salinity 

stress on wheat crop was also studied by Afzal et al. (2007b) using the seeds  of wheat  

cultivar Uqab-2000. The final emergence percentage, root and shoot length, root and 

shoot ratio, fresh weight of seedlings, and  shoot dry weight  was improved by 

hydropriming and 24 hours dry chilling treatments  under saline conditions. Priming 

treatments had no significant effect on mean emergence time and root dry weight. 

Electrolyte leakage of steep water was reduced by all priming treatments as compared 

to control except chilling for 48 hours that caused an increase in electrolyte leakage, 

while the maximum reduction was noted under hydropriming. They declared the 

hydropriming and chilling the most effective in reducing the adverse effects of 

salinity in wheat plants whereas the least effective treatments were matripriming, 

osmopriming and hardening.   

Afzal  et al. (2007a) reported that none of the priming tools affected final germination 

count while seeds haloprimed with 25 and 50 mM CaCl2.2H2O decreased the 

germination time significantly and produced markedly higher shoot length, fresh and 

dry weight of seedlings as compared to the seeds treated with other salts and the 

control, under both normal and saline conditions. All seed priming treatments 



20 
 

decreased electrolyte leakage as compared to the untreated seeds even after a period 

of 12 hours of soaking and maximum decrease was observed in halopriming with 50 

mM CaCl2.2H2O that revealed that halopriming with 50 mM CaCl2.2H2O was 

effective treatment in alleviating adverse effects of salt stress by inducing 

physiological changes in wheat during germination and emergence.  

Other priming agents like salicylic acid and acetyl salicylic acid, glycine betaine etc. 

can also be used to minimize the effects of abiotic stresses. In a sand culture 

experiment in plastic pots in a net house at Nuclear Institute for Agriculture and 

Biology (NIAB) Faisalabad, Pakistan Hamid et al. (2008) investigated the effect of 

salicylic acid seed priming on growth and some biochemical characteristics in two 

wheat (Triticum aestivum L.) cultivars grown under saline conditions.  Seed priming 

with salicylic acid increased shoot and root length, root dry weight, chlorophyll a and 

b content, concentration of reducing, non-reducing and total sugars, and reduced the 

chlorophyll a/b ratio both under normal as well as saline conditions in seedlings of 

both varieties and thus proved beneficial in alleviating the adverse effects of salinity 

by improving growth, chlorophyll contents and sugars necessary for osmotic 

adjustment under adverse environmental conditions.    

 Khan et al. (2009)  concluded that priming with salicylic acid and acetyl salicylic 

acid increased FEP, shoot length, root length, seedling fresh weight, seedling dry 

weight and  reduced MET and E50, thus ameliorating the adverse effects of salt 

toxicity. This proved the seed priming a good technology to improve seedling 

establishment and uniformity of emergence of hot pepper under both normal and 

saline conditions.    

Similarly, it was also investigated that the seed priming with glycine betaine mitigated 

the adverse effects of drought stress on shoot fresh weight, leaf area per plant, 
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transpiration rate and grain yield whereas the other attributes remained unaffected 

(Mahmood et al., 2009). 

Umair et al. (2010) under laboratory conditions studied the effect of various seed 

priming techniques on the germination and seedling vigour of mung bean plants. The 

priming treatments included; hydropriming, soaking in solutions of Manitol, KH2PO4, 

Polyethylene glycol, osmoconditioning with Na2MO4. 2H2O, hormonal priming with 

salicylic acid. A significant improvement in the germination percentage, root length, 

shoot length, seedling vigour index and dry weight of seedling was exhibited by all 

the seed priming treatments while a significant decrease in time taken to 50% seed 

germination, and mean emergence time was recorded. 

In an experiment conducted at the green house of Institute of Biotechnology and 

Genetic Engineering, KPK University, Peshawar, Pakistan the response of 12 barley 

genotypes to two seed priming treatments viz. seed priming with NaCl and no seed 

priming, and four salinity levels was studied. Seed priming non-significantly 

influenced shoot length and root length. However, it significantly increased shoot 

fresh and dry weight per plant. Thus, it was concluded that seed priming with NaCl 

proved to be beneficial in mitigating the adverse effects of salinity on barley plants 

(Anwar et al., 2011; Jamal et al., 2011).  

Khan et al. (2011) made a comparison of hormonal and vitamin seed priming, and 

recorded the highest final germination, emergence percentage, number of secondary 

roots, root-shoot ratio, length of radicle and plumule, root and shoot length, shoot dry 

weight, root dry weight, and dry weight of seedling in case of seed priming with 

ascorbic acid as compared to the control. It was also noted that harmonal seed priming 

decreased seed potassium contents whereas an increase in total soluble sugars was 

noted with salicylic acid and ascorbic acid seed priming. The maximum electrical 
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conductivity was expressed by untreated seeds while the lowest electrical conductivity 

was found in seeds primed with salicylic acid and ascorbic acid. Similarly  

Rafique et al. (2011) reported that priming of seeds with salicylic acid and ascorbic 

acid reduced the severity of adverse effects of salt stress by enhancing seedling 

growth, and fresh as well as dry matter production whereas, Qadir et al. (2011) found 

that osmopriming with KNO3 could be employed successfully for improvement in 

seedling vigour in buffel grass.  

 2.1.4  Matriconditioning  

Matriconditioning comprises of controlled hydration of seeds that is similar to natural 

moisture absorption of plant media. In this phenomenon a combination of solid matrix 

materials, water and seeds is used to control water, oxygen and temperature effects on 

germination. Ideal characteristics of matric carriers are; low matric potential, 

negligible solubility in water, high water holding capacity, a high surface to volume 

ratio and non-toxicity to the seed surface. Matriconditioning, matripriming and solid 

matrix priming are the terms used alternatively for this phenomenon (Cantliffe, 1997; 

Khan, 1992; Gray et al., 1990).  

Andreoli and Khan (1993) found that a combined treatment of matriconditioning and 

100 or 200 µM GA4+7 effectively reduced germination time and improved seedling 

emergence of papaya (Carica papaya L.) seeds. In another experiment Andreoli and 

Khan (1999) observed that even under stress conditions the combination of 

matriconditioning with GA was found effective in improving germination and 

emergence of pepper and tomato seeds. On an average germination time was reduced 

2-3 days by primed seeds. They concluded that matriconditioning, during which 

germination is kept suspended, provides a unique means to efficiently and rapidly 
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digest the endosperm by GA-induced enzymes and reduce the mechanical restraints of 

endosperm thus providing energy to start and sustain embryo growth.   

Dabrowska et al. (2000) studied the influence of matriconditioning on the seeds of hot 

pepper cultivars Cyklon and Bronowicka Ostra and observed that matriconditioning 

significantly increased fruit dry weight, fruit yield per plant and mean fruit weight. It 

also accelerated the maturation of fruits and increased carotenoid contents by 80% 

and 140% in Cyklon and Bronowicka Ostra, respectively.  

Basra et al. (2003) evaluated the seedling vigour of hydroprimed and matriprimed 

seeds of wheat cultivar Uqab-2000 and noted an increase in root length of wheat seeds 

subjected to matriconditioning treatment that might be the result of higher embryo cell 

wall extensibility. Similarly an improvement in root/shoot ratio was also observed 

with hydropriming treatment that might be associated to the fact that priming induced 

nuclear replication in root tips of fresh seeds. All priming techniques significantly 

affected the emergence. Less time to complete 50% emergence was noted in 

hydropriming for 12 and 24 hours. An increase in E50 was recoded under all 

matriconditioning treatments. Hydroprimed and matriconditioned (12 and 24 hours) 

seeds gave better shoot length than hydropriming for 6 hours and non-primed seeds. 

Maximum dry weight of roots and that of shoots was recorded in hydropriming and 

matriconditioning with press mud for 12 or 24 hours. Matriconditioning increased the 

electrical conductivity (EC) of seed leachates while hydropriming reduced it over 

control. This increase in EC under matriconditioning might be due to absorption of 

ions from press mud.  

Seeds of coriander were matriconditioned with MicroCel-E and osmoconditioned in 

PEG solution. Both these conditioning methods significantly increased the seed and 
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seedling vigour however, had no significant effect on the quality and quantity 

composition of coriander oil (Capecka et al., 2003). 

Matriconditioning was declared as a promising pre-sowing seed treatment to improve 

germination by Hacisalihoglu and White (2006) on the basis of a lab study to find out 

optimum matriconditioning treatments for enhancing pepper seed germination. They 

performed matriconditioning using MicroCel-E (synthetic calcium silicate) as carrier 

and different matric potentials were maintained by altering the water content of the 

conditioning mixture. The most prominent beneficial effect of matriconditioning was 

observed when seed was matriconditioned at 30oC for 5 days that resulted in 96.7% 

final germination compared with 82% in control seeds. Germination time was reduced 

by 10-fold compared with untreated control.    

In a study conducted at University of Agriculture Faisalabad, Pakistan Nouman 

(2012) applied different priming strategies namely hydropriming, PEG-8000, MLE 

and matripriming using saturated jute mat and revealed that though all of the priming 

techniques performed better as compared to control however, matripriming and 

priming with 30 diluted MLE (1:30) were found to be the most effective in enhancing 

germination.  

2.1.5  Duration of seed priming 

The duration of seed priming treatment is of pivotal importance to harvest the 

maximum benefits of this technique. Giri and Schillinger (2003) suggested that 

optimum soaking time for wheat might not be more than 12 hours. They conducted an 

experiment to find out the effects of seed priming on germination, emergence and 

grain yield of winter wheat at Washington State University. It was found that water 

was equal or more effective as compared to all other priming media used in the 

experiment. Better germination was recorded in water primed seeds for 12 hours than 
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for 24 hours. Rate and extent of germination was reduced when soaking in any 

priming media was done more than 12 hours.  

In another report, based on long term experimentation, Harris (2004)  stated that it 

was safe and effective to soak the seeds of wheat, sorghum pearl millet, finger millet, 

chickpea, mungbean  and cowpea for 8-10 hours whereas that of rice and  maize  for 

16-18 hours followed by  surface drying (called on-farm priming) and sowing 

thereafter immediately. This priming technique, in addition to other benefits, 

increased disease resistance and significantly reduced the attack of Mungbean Yellow 

Mosaic Virus (MYMV) in mungbean crop, and was used effectively as a vehicle to 

remove the deficiency of micro nutrients in crop plants.    

During a comparison between moist chilling and dry chilling it was observed that the 

moist chilling proved more effective than dry chilling treatments in improving seed 

germination (Thakur et al., 2005). They also observed that the pre-soaking of seeds 

for various durations enhanced the germination 75 to 90% as compared to 69% 

germination in control. Seeds soaked for one day gave the maximum germination 

(90%) that was followed by soaking for 2 days (80%) and the increase in soaking time 

beyond 2 days decreased the germination.  

Arif et al. (2008) noted the fastest emergence, higher germination count m-2, and grain 

yield in the plots sown with the seeds primed for six hours and the outcome decreased 

with extending the priming duration. Seeds primed at different osmotic potentials 

significantly affected the days to emergence, emergence m-2 and grain yield. A 

quicker and improved emergence per unit area was noted in seed primed at osmotic 

potential of -1.1 MPa that resulted in higher grain yield of soybean whereas,  

Khan et al. (2008a) reported that the duration of seed treatment had no effect on grain 

yield. Emergence, flowering and maturity were delayed in control treatment as 
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compared to primed seeds. The rapid imbibition of water occurring during seed 

priming was assumed to disrupt cell membrane that resulted in more vigorous, 

uniform and early seedling establishment. Priming reduced the seedling emergence 

time and enhanced the number of pods per meter square, grain number per pod,  

1000-grain weight and biological yield that resulted in higher grain yields. However, 

no significant differences were observed among osmoprimed and hydroprimed seeds. 

During 2003 11.5% and during 2004 13% higher grain yield was obtained in case of 

primed seeds as compared to control.  

Snapp et al. (2008) evaluated the effect of seed priming duration (0, 2, 4, 8, 12, 24 

and 36 hours) on seeds of four species that varied in seed size and germination 

characteristics. These species included cereal rye (Secale cereale), perennial rye grass 

(Lolium prenne), hairy vetch (Vicia villosa) and oriental mustard (Brassica juncea). 

Priming influenced the seed germination of the three species; vetch, mustard and 

perennial rye grass achieved 50% germination 8, 6, and 9 hours earlier, respectively. 

Maximum improvement in seedling emergence was recorded 36% in vetch and 57% 

in rye grass by seed priming for 24 hours as compared with untreated controls.    

Similarly, in an experiment conducted in Research Laboratory of Agriculture College, 

University of Tehran, Iran Moradi and Younesi (2009) studied the effects of 

osmopriming and hydropriming on seed parameters of grain sorghum  

(Sorghum bicholor L.) They reported that germination percentage, mean emergence 

time and speed of emergence were positively improved by 12 and 24 hours 

hydropriming while the no improvement in these attributes was recorded under 36 

hours hydropriming treatment.      

Arif et al. (2010) conducted an experiment at KPK Agricultural University, Peshawar, 

Pakistan during 2003-04. The treatments comprised of seed priming duration for six, 
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twelve and sixteen hours. A decrease in the absolute growth rate and crop growth rate 

but an increase in relative growth rate was noted with an increase in the seed priming 

duration. Higher values of AGR and CGR were recorded from primed seed plots as 

compared to the un-primed control. 

2.1.6  On-farm priming 

Before sowing, soaking the seeds in water for some time and surface drying is 

referred as On-farm priming. It is a simple, low cost, minimum risk method of 

promoting rapid seedling establishment and vigorous early growth (Harris et al., 

1999, 2000, 2002; Musa et al., 1999).   

Harris et al. (2001) reported that faster emergence (2-3 days), improved competition 

with weeds and need for fewer weedings, better, more and uniform crop stands 

resulting in enhanced drought tolerance or avoidance, less need to re-sow that saved 

time and labour costs, more vigorous and early growth resulting in pest avoidance, 

earlier flowering (5-10 days), early maturity (7-15 days) and higher grain yield were 

recorded as the direct benefits of on-farm seed priming in all crops (maize, rice and 

chickpea). In chickpea pest damage in plants raised from primed seeds was decreased 

as a result of earlier pod formation, the pods became harder and were less easily 

damaged by insects. In case of rice, seed is usually broad casted (especially for raising 

of nursery) and the blowing wind drifted the dry seed (un-primed) to one side of the 

plot resulting in uneven seed distribution in the field. The primed seeds became 

heavier and settled down quickly in the standing water ensuring the uniform spreading 

over the field and escaping the damage from birds.  

The influence of on-farm priming on maize crop in semi arid conditions of Zimbabwe 

was studied during 1999-2001. It was observed that on-farm priming improved final 

emergence resulting in 14% increase in crop stand, reduced mean time to 50% 
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emergence by 12 hours during 1999-2000 and 24 hours in 2000-2001 growing season. 

These differences occurred due to different soil physical conditions. The plants that 

emerged on the same day from primed or unprimed seeds had no difference in 

growth, time taken to flowering and maturity, and yield which revealed that benefits 

of priming emerged from improvement in crop stands and earliness of germination 

and emergence (Murungu et al., 2004).  

Johansen et al. (2006) studied the effect of on-farm seed priming on chickpea using 

molybdenum (Mo) to alleviate molybdenum deficiency and  observed that seeds 

primed with Mo + Rhizobium significantly enhanced chickpea grain yield indicating 

that the on-farm seed priming with Mo was an effective, simple and low cost 

technology for resource poor farmers.  

Harris et al. (2007) evaluated the role of on-farm priming with zinc in wheat and 

chickpea crops. Wheat seeds were soaked for 10 hours in water alone or 0.3% Zinc 

solution and chickpea seed for 6 hours in water alone or 0.5% Zinc solution. Increase 

in mean grain yield of wheat from priming in water alone was recorded 2.28 to 2.42        

t ha-1 (6%), and to 2.61 t ha-1 (14%) in case of priming with Zinc solution. This yield 

improvement was associated with enhanced total biomass production, however, there 

was no significant effect of priming on harvest index.    

 Seed priming techniques (on-farm priming, hydropriming, osmopriming) 

significantly affected seedling emergence and stand establishment in late sown wheat 

(Farooq et al., 2008). The time to start emergence, time to 50% emergence (E50) and 

MET were decreased by seed priming as compared with control. Coefficient of 

uniformity of emergence (CUE) was also improved by all the seed priming 

treatments. Number of tillers, grain yield, straw yield and harvest index were 

significantly affected by seed priming techniques whereas non-significant affect was 
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observed on plant height, number of spikelets, number of grains and 1000-grain 

weight. In all the treatments including control, higher post-anthesis CGR was 

recorded than that of pre-anthesis and at both crop stages CGR was improved under 

all the priming techniques. They observed that in case of late sowing of wheat 

prevalence of low temperature at sowing resulted in poor seed germination, seedling 

establishment and vigour, and suggested that the performance of late sown wheat can 

be improved by employing seed priming.       

Abro et al. (2009) observed that on-farm priming significantly increased germination 

percentage, decreased number of days taken to emergence, heading and maturity, 

enhanced 1000-grain weight but had no effect on agronomic characters like plant 

height and grains per plant.    

2.2  Planting geometries and tillage systems 
 

2.2.1  Spatial arrangements 
 
The potential yield of a crop could be achieved only after appropriate spatial 

adjustments. Too narrow planted crop results in undue competition among the crop 

plants for soil moisture, nutrients, solar radiation and space whereas, on the other 

hand too wide sowing encourages the weed growth and losses of soil moisture 

through evaporation.  

During the evaluation of  the influence of row spacing and seed rate on wheat 

productivity, an increase in grain yield of 0.6 to 0.8 Mg ha-1 resulting from the narrow 

row spacing of 10 cm over 20 cm apart rows was reported  by Joseph et al. (1985).  In 

another similar study at Oklohama, Koscelny et al. (1990) also reported that as the 

row spacing was reduced from 23 cm to 8 cm, a higher grain yield of wheat was 
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recorded in weed free wheat plots at two locations out of three, and in plots infested 

with cheat weed at six locations out of ten.  

Similarly the narrow spaced rows (18 cm) gave the maximum number of tillers m-2 

that translated into higher dry matter accumulation and grain yield as compared to 25 

cm and 32 cm row spacing (Marwat et al., 2003).  In this study, three row spacings 

(18, 25, and 32 cm) were tested. The minimum weed density and dry weed biomass 

was recorded under 18 cm row spacing that was possibly linked to higher competition 

of wheat crop for development resources.    

Ahmed et al. (2007) reported that the number of fertile tillers per unit area was 

affected significantly being the highest under 25 cm apart single row planting 

geometry. They carried out an experiment to compare three types of planting 

geometries i.e., 25 cm apart single rows, 40 and 55 cm apart double and triple row 

strips, respectively. The results obtained indicated that there was no significant effect 

of planting geometry on soil moisture contents, plant height and total weed biomass 

throughout the crop growth period.   

The agronomic practices might be aimed at maximum capturing and utilization of 

plant growth resources under semi arid conditions. Chen et al. (2008) reported that 

under reduced row spacing (15 cm) the plant spatial distributions were optimized that 

exhibited a less stressful environment promoting a higher biomass accumulation, 

increased tiller survival, and improved spike production that resulted in higher grain 

yields.  The row spacings compared were 15 cm and 30 cm. The results revealed that 

the plant stand (i.e. seedling density), stem and tiller development, test weight, and 

grain protein contents remained unaffected by row spacings. Greater biomass was 

produced under narrow row spacing (15 cm) as compared to wider one (30 cm), and 

these differences became more pronounced during the year 2005 in which the crop 
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faced a terminal drought at grain filling stage due to less rainfall in July and August. 

The occurrence of this terminal drought produced lighter grains with high protein 

contents, reduced grain yield as well as harvest index during 2005. Minimum 

differences of biomass accumulation between 15 cm and 30 cm row spacing were 

observed at early growth stages, and became gradually wider as the plant growth 

progressed. The row spacing of 15 cm produced 411 kg ha-1 more grain yield than that 

of 30 cm row spacing. Similarly, narrow row spacing (15 cm) gave an additional 

increment of 42 spikes m-2 and 2 kernels per spike than that of 30 cm row spacing. 

The higher grain yield under 15 cm row spacing was associated with higher spike 

density m-2 that resulted from greater number of spike bearing tillers. More uniform 

spatial distribution and less in-row plant-plant competition  under 15 cm row spacing 

resulted in higher number of spike bearing tillers, because under wider row spacing 

(30 cm) with same seed rate the plants were highly concentrated in narrow bands with 

less available space per plant within the row. Row spacing of 15 cm showed a better 

resource utilization that was expressed in the form of higher biomass production 

which resulted from more light captured by the crop canopy under this planting 

geometry.  

Similarly, the effect of weeding techniques and spatial arrangements in wheat crop 

was studied by planting wheat cultivar GA-2002 as test crop. The results showed that 

30 cm and 22.5 cm sowing gave the highest weed density (38) as compared to 15 cm 

sowing (36). The minimum weed biomass was noted in 15 cm row spacing (16.85 g). 

This indicated that weed population and growth was suppressed under narrow spatial 

arrangement. A linear relationship was observed between row spacing (spatial 

arrangement) and weed density. The spatial arrangement of 15 cm produced the 
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maximum grain yield (4656 kg ha-1) while the lowest was noted in case of 30 cm 

spacing (4072 kg ha-1) (Abbas et al., 2009).   

Ishfaq et al. (2009) studied the effect of plant spacing in sunflower and found that   

crop sown at 45 cm row spacing gave the maximum leaf area index (5.01) that was 

significantly higher than the 75 cm row spacing. The highest crop growth rate 

throughout the growth season was recoded under 45 cm row spacing. An increment of 

20.49% and 22.67% in number of achenes per meter square was recorded by 

narrowing the row spacing from 75 cm to 60 cm and then 45 cm, respectively. In 

2006, the highest achene yield of 2722 kg ha-1 was obtained from the crop sown in 

rows 45 cm apart followed by 60 cm row spacing (2628 kg ha-1) whereas the 75 cm 

row spacing produced the lowest yield of 2405 kg ha-1. This indicated 9.27% rise in 

yield when row spacing was narrowed from 75 cm to 60 cm and 3.5% when spacing 

was shifted from 60 cm to 45 cm. 

2.2.2  Tillage systems  

Soil management practices especially tillage methods influence the phenomena of 

evapotranspiration by affecting the available moisture in the soil profile, the available 

energy, or the rate of exchange between atmosphere and the soil. Plant management 

practices for example adding nitrogen or phosphorous, have an indirect impact on 

water use through the physiological efficiency of the plant. It is doable to enhance the 

water use efficiency by 25 to 40% through soil management practices that involve 

tillage (Hatfield et al., 2001). No-tillage also called zero tillage, slot planting or direct 

drilling (Greb, 1983) requires no seed bed preparation other than opening a slot for 

seed placement (Mannering and Fenster, 1983).             

Higher soil moisture content, grain yield, and reduced soil resistance were recorded 

under deep tillage at all locations  as compared to the conventional tillage, that 
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resulted in an enhanced release of nutrients due to  improved oxidation, and increased 

the  root penetration and development (Campbell et al., 1990).   

Singh et al. (2001) observed that in wheat crop, the productivity of rice-wheat 

cropping system was improved under conventional tillage as compared to the zero 

tillage after both puddled and non-puddled rice crop. They concluded that sowing of 

rice in puddled soil, and after rice sowing of wheat in conventional tillage, produced 

better yields.  

To investigate the response of wheat crop sown after rice to zero tillage / direct 

drilling, the studies were conducted by the Directorate of Adaptive Research, Punjab, 

Lahore. In the experiments four tillage systems compared were; minimum tillage, 

zero tillage, drill sowing after conventional tillage, and sowing with zero disc tiller 

drill. The highest yields were obtained in drill sowing after conventional tillage (4670 

kg ha-1) that was followed by minimum tillage, zero tillage and zero disc tiller drill 

sowing, respectively. Maximum number of stubbles m-2, number of larvae m-2, and 

number of larvae per stubble were recoded under zero tillage in comparison with 

other planting methods under study (Anon., 2003).      

Unay et al. (2005) recorded 28% and 14% higher dry matter yields in cotton under 

conventional tillage (CT) method as compared to no-tillage (NT) method, in four year 

experimentation (1997-2000). During the study, a higher organic matter yield in 

harvest residue of cover crops was noted under CT system. No effect of tillage 

systems was observed on cotton lint quality such as fiber strength, fiber length and 

fiber fineness.    

Marwat et al. (2007) recorded higher weed density under reduced tillage (RT) than 

conventional tillage (CT) that was associated with the seed bank of weeds which was 
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less prevalent in case of CT. It pointed out that CT was more effective in suppressing 

both the annual as well as perennial weeds. Higher grain yield of maize was noted 

under CT as compared to that of RT.   

Tahir et al. (2008) analyzed the impact of zero tillage technology on the wheat crop 

on the basis of a detailed survey conducted by using structured and pre-tested 

questionnaires in six district of rice zone in Pakistan viz. Sheikhupura, Gujranwala, 

Hafizabad, Sialkot, Narowal and Lahore. Crop lodging and soil fertility, disease and 

insect population was approximately same under both zero tillage (ZT) and 

conventional tillage (CT) systems. But greater fertilizer use efficiency under CT  

(18.2 kg of wheat / kg of NPK) as compared to ZT (16.8 kg of wheat / kg of NPK) 

was reported. Thus, 7.3% higher grain yield was obtained under CT as compared to 

ZT (1328.50 and 1238.00 kg ha-1, respectively). Based on the gross values of both 

tillage systems, slightly higher benefit cost ratio was noted in zero tillage (2.19:1.0 

and 2.11: 1.0 in ZT and CT, respectively) but the additional return was 4.5% higher 

under CT than ZT. It was concluded that the overall impact of zero tillage technology 

was not positive.   

Khan et al. (2008b) observed non-significant differences between conventional tillage 

(CT) and minimum tillage (MT) for days taken to emergence, days to reach anthesis, 

emergence m-2, and plant height but in deep tillage (DT) emergence was delayed by 

0.8 days. Days to reach maturity were recorded 171 and 175 under minimum tillage 

and conventional tillage, respectively. Conventional tillage produced the highest 

number of tillers (291 m-2). The better availability of nutrients and good soil 

conditions under CT exhibited vigorous crop growth that extended the growth period 

resulting in delayed crop phenology, improved LAI, LAD and final yields. 
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In a study at Tamil Nadu University, Coimbatore, India during 2005 and 2006 

Subbulakshmi et al. (2008) determined the impact of tillage and weed management 

practices in maize-sunflower cropping system. During first year, non-significant 

differences were noted for grain yield of maize under different tillage methods, 

however, during 2nd year higher grain yields of maize and sunflower were obtained 

under conventional tillage treatments.   

Similarly, Gul et al. (2009) evaluated the performance of maize under two tillage 

methods (zero tillage and conventional tillage), four types of mulches, and three plant 

populations. They observed that the zero tillage created no hindrance to early growth 

of crop but at later stages affected the root development that resulted in slower uptake 

of water and nutrients by the plant which translated into lower leaf area per plant and 

leaf area index as compared to the conventional tillage. Lower fresh weed biomass 

and less population density of grassy weeds were recorded under conventional tillage 

showing that existing weed flora was destroyed, and the germination of small seeded 

weeds was prevented by burying them deep into the soil during the tillage operations.  

Higher biological yield (7980 kg ha-1) was obtained with conventional tillage as 

compared to the zero tillage (7708 kg ha-1). 

Anon. (2010) and Erenstein (2009) stated that during a farm survey conducted in 

Punjab, Pakistan for the evaluation of zero tillage technology in rice-wheat cropping 

system it was found that zero tillage proved to be a cost saving technology for wheat 

cultivation but with no significant improvement in the yield.  

Ahmad et al. (2010b) evaluated the influence of various tillage depths on wheat yield 

and soil properties in a field experiment by using different tillage implements namely 

spade cultivator, chisel plow, rotavator, modified rotavator, and a combination of 

rotavator and chisel plow. The lowest grain yield of 2654 kg per hectare was recorded 
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with rotavator whereas the cultivator produced the highest grain yield of 4070  

kg ha-1.   

Gul et al. (2011) recorded a higher fresh weed biomass of 183 kg per hectare in zero 

tillage as compared to the 165 kg ha-1 noted with conventional tillage method. Thus, a 

higher grain yield of 2460 kg ha-1 was measured from the crop plots subjected to the 

conventional tillage method as compared to the zero tillage method (2271 kg ha-1). 

Similarly Jan et al. (2010) declared conventional tillage to be more effective to 

control weeds and in improving grain as well as straw yield in chickpea crop as 

compared to the no tillage or zero tillage. 

However, no-tillage is also favoured by some scientists. A study was conducted by 

Melaj et al. (2003) to determine the timing of nitrogen fertilization in wheat under 

conventional and no-tillage systems during 1998 and 1999 by performing two field 

experiments at Balcaree Experiment Station, Instituto, Nacional de Tecnologia  

Agropecuaria, Argentina, and higher grain yields were recorded under no-tillage (NT) 

that was considered to be related to higher soil water content and better water use 

efficiency  under NT but this greater water content and resultantly higher grain yields 

were achieved during 1998 only when the water deficiency prevailed throughout the 

growing season. At physiological maturity, similar amount of dry matter 

accumulation was recorded under both tillage systems. However, at anthesis stage the 

dry matter accumulation under CT was higher than NT due to earlier plant emergence 

and better initial growth achieved in case of CT.  The growth rates recorded until 

tillering stage with CT and NT were 8.24 and 3.55 kg dry matter ha-1, respectively. 

But as the water demand increased at later growth stages of the crop, the growth rate 

under NT was improved due to higher soil water contents.   
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Lithourgidis et al. (2005) also reported that the number of corn plants per unit area 

remained unaffected by the tillage systems, however, greater uniformity in plant 

population was observed under conventional tillage and in reduced tillage as 

compared to that of no-tillage. The differences in the corn growth under conventional 

tillage and no-tillage were non-significant at later growth stages. In case of grain yield 

of wheat crop, the non-significant differences were noted among conventional tillage 

and no-tillage. But Hayhoe et al. (1993) reported contradictory findings that no-tillage 

needed two more days to reach 50% emergence than conventional tillage and 

attributed this delay towards reduced soil temperature under no-tillage.    

Wright and Hons (2005) found that soil organic carbon (SOC), soil organic nitrogen 

(SON), proportion of macro-aggregates (>0.2mm), and the storage of SOC and SON  

significantly increased under no tillage at 0-5 cm soil depth, but at the depth of  

5-15 cm no effects of tillage systems were observed. They stated that improvement in 

soil aggregation, and SOC and SON sequestration in the surface soil, but not in the        

sub surface soil, occurred as a result of using the no-tillage. Similarly, Stone and 

Schlegel (2006) supported no-tillage by concluding that yield response to water 

supply was higher under no-tillage system as compared to the conventional tillage in 

sorghum and wheat crops.   

Ozpinar and Cay (2005) conducted a study during 2001-2003 at Dradanos 

Agricultural Research Station, Onsekiz Mart University, Canakkale, Turkey to make a 

comparison of three tillage system viz. minimum tillage (MTR): using rototiller once 

and then one disc ploughing was done followed by planking, the conventional tillage 

(CT): ploughing with mould board plough followed by two discing and plankings, 

and MTD: discing twice with one planking. Wheat cultivar Gonen having maturity 

period of seven months was sown in 15 cm apart rows with grain drill using a seed 
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rate of 210 kg ha-1. During both the years non-significant differences were observed 

among all three tillage systems. However, on the basis of two years average they 

found comparatively higher grain yield (4611 kg ha-1) under rototiller (MTR) as 

compared to the conventional tillage (4375 kg ha-1, while the MTD produced the 

lowest yield of 4163 kg ha-1. The highest soil organic carbon and nitrogen was 

measured under MTR and lowest in CT.   

2.2.3  Raised bed planting and ridge planting  

The potential agronomic advantages of raised bed planting or ridge planting 

technology are; improvement in soil structure due to lowered soil compaction through 

controlled trafficking, decreased water logging, enhanced feasibility of mechanical 

weed control and better fertilizer placement, higher water productivity, optimum 

utilization of solar radiation, less weed competition and crop lodging, and good 

drainage under high rainfall conditions.  The Furrow Irrigated Raised Bed (FIRB) 

planting system is a system in which sowing of crops is done on 15 to 20 cm high 

ridges or beds that are about 40 to 70 cm wide depending on the type of crop. Wheat 

crop is generally sown in three 15 cm apart rows on 45 cm wide beds (furrows 25 cm 

wide). This system not only  enhances the productivity (10%) but also  saves the 

irrigation water (18% to 50% ) and its adoption by the farmers in high-yielding, 

irrigated, wheat-growing area of north-western Mexico jumped from 6% to 75% in 

1981 and 1994, respectively (Sayre and Moreno Ramos, 1997; Meisner et al., 1992). 

In case of cotton saving of irrigation water was 32% and 29% under furrow-bed and 

furrow-ridge methods, respectively as compared to the flat planting. A comparison of 

the continuous furrow irrigation and alternate furrow irrigation was also made. 

Statistically similar cotton seed yields were obtained under both the treatments, 



39 
 

however, the water saving with the treatment of alternate furrow irrigation was 40.6% 

higher as compared to the continuous furrow irrigation (Mehmood  et  al., 1999). 

Furrow irrigated raised beds (FIRB) is considered to be an alternate technology for 

improving wheat productivity. Sowing of wheat on beds was done successfully with 

the help of a new bed planting machine with which wheat was planted on 37.5 cm 

wide beds (accompanied with 30 cm wide irrigation furrow) in  2-3 rows per bed with 

15-20 cm row spacing. Under this planting geometry seed rate was reduced from 100 

to 75 kg ha-1 without scarifying the yield. A reasonable saving in irrigation water and 

an increase of 5-10% yield was achieved under FIRB system as compared to 

conventional planting method. This technology also facilitated manual weeding in 

wheat crop (Mayee et al., 2008; Kumar et al., 2001).   

Aggarwal and Goswami (2003) planted wheat cv. HD-2285 in field experiments at 

New Delhi, India during 1999-2000 in flat planting and bed planting system, and 

reported that the bed planting enhanced root density by 30% due to better soil 

physical condition, reduced the quantity of water needed by 30, 20 and 5% during the 

first, second and third year, respectively. Although less water was applied to bed 

planted crop, even then the same level of water stress was noted under bed and flat 

planted crop. Effectiveness of manual weeding was more in bed planting.  Under bed 

planting, total water use of crop decreased up to 5 cm, whereas an increase of 0.22 

and 0/03 t ha-1 in yield and water use efficiency was recorded, respectively.  

Similar findings on root density were reported by Jat et al. (2005) who narrated that 

bulk density and soil penetration resistance at the time of sowing were lower under 

bed planting than under conventional tillage that resulted from the fact that top of 

beds remained loose. The lower bulk density means improved physical environment 

i.e. improved soil porosity and better aeration especially in upper surface that resulted 
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in higher root length, enhanced root density in upper 0-50 cm soil layer, which was 

translated into vigorous plant growth and ultimately better yields. They added that for 

the farming communities of dry regions where water is at the top priority, furrow 

irrigated raised bed planting system (FIBR) being a water efficient technology may 

prove a boon. Water moves faster in furrows under FIRBS and also lesser area had to 

be covered for irrigation (40%) thus, small quantity of irrigation water can be  applied 

efficiently over large area through bed planting securing a water saving of 20 to 40% 

(depending upon the soil type), and saving the diesel (40%) and  time. An additional 

advantage of FIRB system is that under hot, dry climatic condition at the time of grain 

filling stage additional irrigation in light quantity can be applied without the fear of 

lodging that results in yield improvement through increase in 1000-grain weight, 

whereas this additional irrigation cause lodging under flat system. Higher maize 

yields under furrow irrigated raised beds (FIRB) (5.66 t ha-1) as compared to the 

conventional tillage (4.39 t ha-1) were noted. Similarly, higher water productivity of 

maize and wheat (2.79 and 1.98 kg grains m-3 of water) was calculated under FIBR as 

compared to that of conventional tillage (1.36, 1.38 kg grains m-3 of water, 

respectively). The flat and bed system differ in their hydrology. Water moves only 

inside the furrows and upward in to bed though evaporation and capillary action, 

whereas in flat planting the movement of water is downward under the gravity. Less 

N fertilizer (25% saving) is required in crops grown with FIRB planting system  that 

results from the closer placement of the nutrients in the root zone that enhances        

N-use efficiency and gives a competitive advantage over weeds compared to the 

broadcast application.  
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 Whereas, in conventional methods flood irrigation in combination with higher 

application of N fertilizer resulted in nitrogen loss and NO3 - N pollution of surface 

and ground water (Elmi et al., 2002; Jaynes et al., 2001; Stites and Kraft, 2001). 

Khaleque et al. (2008) found that bed planting system exhibited the highest values for 

nitrogen content in grain (2.13%), and in straw (0.33%) that was attributed to higher 

uptake of nitrate nitrogen, better accumulation of CO2, and higher radiation 

interception in case of beds as compared to the conventional tillage.  The maximum 

nitrogen uptake by plants (40.99 kg ha-1), the highest fertilizer recovery (69.89%), and 

nitrogen use efficiency (63.38 kg grains per kg of N uptake) was recorded under bed 

planting system as compared to the conventional tillage (NUE 50.85 kg of grains per 

kg of N uptake). Bed planting system produced higher number of tillers per plant 

(2.51), spikes m-2 (234), spikelets per spike (17.27), 1000-grain weight (41 g), longer 

growth period (106 days taken to maturity),  and  higher grain yield (2555 kg ha-1) as 

compared to the conventional tillage system.     

Similarly, a saving of 40 kg N ha-1 at experimental farm where as 20 kg N ha-1 under 

farmer condition without any yield loss in wheat crop using  the bed planting system 

as compared to the conventional flat sowing method was determined by Mollah et al. 

(2009). Bed planting gave significantly higher number of grains per panicle,        

1000-grain weight and grain yield, and reduced the number of sterile panicles as 

compared to conventional tillage system.  

Alom, et al. (2008) evaluated the performance of maize under intercropping systems 

with mungbean using conventional and bed planting geometries during March-May 

2000, and March-May 2005 in  field experiment at Regional Agricultural Research 

Station, Jessor, India  and recorded higher  number of grains per cob, 1000-grain 

weight and the grain yield of maize under bed planting that was attributed to the facts 
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that under bed planting the excessive amount of water was drained out quickly from 

the furrows that was not possibly under flat sowing thus avoiding any temporary 

water logging condition. Moreover, in case of beds  soil was comparatively lose, weed 

free, having better aeration, and improved water movement that resulted in better root 

development, higher LAI, more light interception by plants, and ultimately higher 

yields. Similar trend was noted in case of soybean giving higher yield under bed 

planting as compared to that of conventional flat planting. 

During the field studies (2006-2008) to investigate the effects of different planting 

geometries on growth and productivity of wheat crop at Crop Research Institute, 

Shandong Academy of Agricultural Sciences, China  Kong et al. (2010) found that 

flood irrigation in conventional planting increased bulk density, and resulted in deep 

percolation of irrigation water and plant nutrients, whereas the furrow irrigation in 

raised bed planting system (FIRB) improved the root zone moisture and nutrient 

regimes resulting in a decrease in  bulk density by 8.5-10.4%, increase in soil 

respiration by 3.2-10.4%, root vitality by 4.8-9.8%  and  dry weight of roots 2.8 to 

3.7%.  Resultantly, under FIRB higher leaf area index, leaf photosynthetic capacity, 

photosystem II (PSII) potential, actual quantum yields of photochemical process, and 

dry matter accumulation was recorded as compared to conventional planting method. 

All these factors ultimately translated into 7.6% higher grain yield (698.7 g m-2) under 

FIRB in comparison with conventional planting method.      

Other benefits of bed planting geometry include the reduced insect and disease 

attack and better opportunities for mixed farming. The microclimate within the crop 

canopy changes due to marked alteration in planting geometry under furrow irrigated 

raised bed planting, which results in decreased incidence of the pests and pathogens. 

Thus, very few cases of powdery mildew (7.7%) and sharp eyespot (7.9%) under the 
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treatment of bed planting were observed as compared to flat planting in which 19.6% 

attack of powdery mildew and 32.6% of sharp eye spot was observed. Thus, higher 

yield (6900 kg ha-1) and water use efficiency (1.96 kg m-3 of water) under bed 

planting than flat planting (6415 kg ha-1, and 1.67 kg m-3 of water) was recoded. The 

lodging percentage was 0% in bed planting while it reached 10% under flat planting 

(Fahong et al., 2004).    

Similarly it was reported that adoption of raised bed technology could enhance the 

diversification of rice-wheat system especially by growing oil seeds and pulses. These 

findings were made in a comparison of eight crop sequences in field experiments at 

the Directorate of Wheat Research, Karnal, India during 2001-2003.  The crops under 

study were sown at the top of 40 cm wide raised beds with 30 cm wide furrows 

applying irrigation within the furrows. The number of rows sown differed for 

different crops.   In case of wheat (Raj-3765) three rows spaced evenly were sown on 

the bed (Tripathi et al., 2004).    

However, few scientists reported work in favour of flat planting. Lower grain yields 

were noted under bed planting by Tanveer et al. (2003) who investigated the effect of 

different planting methods on wheat productivity. They also found poor emergence 

under broad casting and drill bed method, whereas drill sowing gave better emergence 

that was possibly associated with placement of seed at optimum and uniform depth 

while the seeds might have been placed deeper in broadcast-bed (BCB). Flat planted 

wheat (drilled and broad cast both) gave higher biological yield than broadcast-bed 

(BCB) and bed-drill sowing (BDS). The greater number of heads m-2 
, number of 

grains per spike and spike length was recorded  in case of raised beds (BCB and DBS) 

as compared to the flat sowing (broad cast and drilled both) but the lower grain yield 

was noted in bed sowing than flat sowing that was associated with lower  
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1000- grain weight in case of beds. This reduced 1000-grain weight in case of raised 

beds might be due to water stress during grain filling stage. However, the higher 

harvest index was obtained in case of raised beds as in comparison with the flat sown 

wheat crop (broad cast or drilled) that was an indication of  higher water use 

efficiency in case of raised beds. The poor emergence in case of raised beds 

negatively affected the grain yield of the crop. It was suggested that this problem of 

stand establishment in raised beds could be solved with the availability of proper bed 

planting machine having capability of bed formation and seed placement at proper 

depth simultaneously. Thus by maintaining optimum crop stands better yield could be 

achieved with raised bed technology.   

Similarly, Prashar et al. (2004) favoured the flat planting system especially on sandy 

loam soil. They recorded higher plant populations (183-208 plants m-2) under flats as 

compared to the beds (125-134 plants m-2), that was consistent with the higher seed 

rate used in flats. Little dry matter accumulation was noted 75 DAS to anthesis stage 

that reflected the prevalence of foggy, cool conditions during this growth period. 

During tillering and anthesis stages at all three sites, significantly a higher total 

biomass was recorded in flats than in beds, whereas at maturity stage the biomass 

differences among treatments became non-significant. Higher grain yields were noted 

under flats as compared to the beds on sandy loam, while the similar yields (under flat 

and bed system) were recorded in case of loam soils. On sandy loam, tillers density on 

beds was lower than on loam soils, whereas the flats under loam P gave the lower 

tiller density as compared to sandy loam. At anthesis a significantly higher tiller 

number per plant was observed in beds than on flats on the loam P soil, but is was 

similar in flats and beds on sandy loam soil. Beds on sandy loam gave a lower spike 

density (396 spikes m-2) than that of flats (493 spikes m-2).  It was observed that after 
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sowing, on sandy loam soil the surface soil (10, 20 cm) in case of beds generally dried 

earlier than on flats, causing water deficit during early crop growth stage resulting in 

the failure of plants for producing higher number of tillers needed to compensate the 

wider row spacing and the associated lower plant population in beds, that ultimately 

resulted in lower biomass and total yield in case of beds. They suggested that the 

recommended practice of applying first irrigation after 3-4 weeks after sowing in flats 

need to be revised  and the irrigation in beds on sandy loam should be applied 2-3 

weeks after sowing.   

The flat planting of wheat crop was also supported by Tripathi et al. (2005) who noted 

smaller grains and reduced yield at beds as compared to the flat planting however, 

they observed fifty per cent less lodging in bed planted crop. 

One step ahead to the furrow irrigated raised beds (FIRB) lies the idea of sowing on 

permanent beds that minimizes the trafficking and encourages the growth of micro 

flora within the root zone. In case of permanent beds the next crop after wheat is sown 

on the same bed just after mild reshaping of the bed that is done by running a ridger 

inside the furrows. Thus, Limon-Ortega et al. (2000) reported that the use of 

permanent beds along with retaining crop residues in the soil as stubble is a promising 

technology to improve wheat yields in Yaqui Valley.  

Hossain et al. (2004) also favoured the concept of permanent beds (PB). Higher spike 

length, grains per spike, and 1000-grain weight was noted under bed planting system 

as compared to that of conventionally tilled flat (CTF). Similarly, 18% higher grain 

yield (3.77 t ha-1) was recorded in crop sown on beds than that of CTF. However, the 

tillage systems excreted no influence on plants m-2, spikes m-2 and harvest index of 

wheat crop. The PB reduced weed pressure as compared to CTF. PB increased N 

uptake by 44% in grain and 47% in straw as compared to CTF  that was attributed to 
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better aeration in the surface soil under PB. As compared to the CTF, a reduction of 

32% in irrigation water used was recorded under PB that was associated to the fact 

that the water advanced faster in the furrows that decreased water percolation losses.  

Ridge planting is another technique used for sowing the crops on raised surface that 

enables deep root penetration and better aeration resulting in vigorous plants with 

greater yields and improved water use efficiency. Tiwari et al. (1998) in three year 

experimentation at Azad University of Agriculture and Technology, Kanpur, India 

investigated that ridge planting of wheat crop was more effective than flat planting. 

They found that flat planted crop yielded 14% lower than ridge planting method. 

Rasheed et al. (2003b) conducted field trials at University of Agriculture Faisalabad, 

Pakistan and  recorded significantly higher plant height, higher number of grains    

cob-1, heavier grains, better grain and  stover yield, and harvest index  in case of 

sowing of maize crop on ridges as compared to flat. Rasheed et al. (2003a) in another 

similar study observed that ridge planting of maize crop significantly increased leaf 

area index, dry matter accumulation, net assimilation rate and crop growth rate as 

compared to the flat planting. 

In an investigation it was observed that ridge tillage expressed lower penetration 

resistance and bulk density values in the upper 20 cm soil layer as compared to the 

conventional tillage. Thus, it was concluded that ridge tillage reduces soil compaction 

that helps in maintaining and improving favourable soil physical condition which 

promotes root growth (Laszio and Gyuricza, 2004). 

Bakht et al. (2006) conducted field experiments on maize crop at Malakandher 

Research Farm, NWFP Agricultural University Peshawar and recorded the highest 

number of leaves per plant, number of cobs per plant, number of grains per cob, plant 
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height, biological and grain yield in ridge planting method as compared to the flat 

planting technique. Similarly, the maximum grain yield (3553 kg ha-1) of sweet corn 

was noted under ridge planting method by Amin et al. (2006) whereas, the lowest 

yield was expressed by flat planted crop (3493 kg ha-1). They determined that ridge 

planting method ranked first as compared to the furrow and flat planting techniques. 

Abdullah et al. (2007) conducted field studies at Agricultural Research Farm, NWFP 

Agricultural University Peshawar during 2006 and observed maximum cob length, 

number of kernels per cob, 1000-grain weight and grain yield of maize crop under 

ridge planting method. In another investigation Abdullah et al. (2008) deciphered 

significantly taller plants, higher leaf area, biomass production and minimum weed 

density and weed fresh biomass under ridge plated maize crop as compared to the flat 

planted crop.  

It was stated that soil water availability was improved and soil water was least 

depleted by ridge tillage as compared to the conventional planting methods. Ridge 

planting improved grain yield by 79, 31 and 96% in faba beans, lentil and field pea, 

respectively, as compared to the traditional flat planting (Tesfahunegn and Wortmann, 

2008).   

Hussain et al. (2008) in two consecutive years 2006 and 2007 studied the response of 

sunflower to application of glycine betaine and  different planting methods at 

Agronomic Research Area, University of Agriculture, Faisalabad, Pakistan and noted 

an improved leaf turgor potential, achene yield and water use efficiency in ridge 

planted crop than the flat sowing. 
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Liu and Ge (2008) reported an enhancement in the volumetric soil water content of 

plow layer (0-30 cm) as well as improvement in crop yields under ridge-furrow tillage 

system as compared to the conventional field tillage method. 

 Similarly, Altuntas and Dede (2009) in Turkey studied the impact of tillage and 

planting systems on soil physical properties and plant characteristics in maize and 

reported a higher soil moisture content and emergence percentage as well as reduced 

mean emergence time under ridge planting system as compared to the flat planting. 

Nasrullah et al. (2009)  reported that the highest grain yield (4278 kg ha-1), tillers m-2 

(377.65), 1000-grain weight (41.50g) and grains per spike (42.84) were recorded 

under seed broadcasting augmented with furrows i.e. ridge formation that was 

followed by bed and furrow planting and coulter drill sowing. The seed broadcasting 

augmented with furrows i.e. ridge formation exhibited the maximum harvest index 

value of 47.67% and remained at the top of all other treatments. The lowest grain 

yield of 3813 kg ha-1 was obtained from rabi drill sowing. They observed that under 

bed and furrow and augmented furrows (ridge formation) the porous soil condition 

and more accumulation of plant nutrients in beds or ridges favoured better root 

proliferation as well as tillering. Maximum plant height was noted under Rabi drill 

sowing that resulted in lodging and caused a reduction in yield.  

In an experiment conducted at KPK Agricultural University, Peshawar, Pakistan four 

planting methods namely broad cast, line sowing, ridge sowing, and bed sowing were 

compared. It was observed that the highest emergence m-2, plant population, grains 

per ear, 1000-grain weight, grain yield and biological yield were noted in maize crop 

subjected to the ridge planting method. (Bakht et al., 2011).  
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However, Ali and Ehsanullah (2007) did not support the ridge planting techniques   

by reporting that sowing of cotton crop in flat was superior to ridge planting and bed 

planting methods in terms of seed cotton yield and water use efficiency. 

2.3  Irrigation water management 

“And We send down water from the sky in fixed measures”. O Children of Adam!...Eat and 

drink but waste not by excess, for God loveth not the wasters”.    Al-Qura’an. 

 

Water is a precious, scarce and finite natural resource. By the year 2025 a severe 

water stress and scarcity will be faced by 48 countries with a population of more than 

1.4 billion persons. In Asia, between 1950 and 2000 the per capita water availability 

declined from 9.6 to 3.3 km-3 per year (Anon., 2002).  Pakistan is currently almost 

using all of its available surface and ground water resources, yet it is predicted that 

within next 20 years thirty percent more water will be needed to meet increased 

agricultural, domestic and industrial demands (Anon., 2005). This situation imposes a 

serious threat to agricultural production due to water scarcity and demands a judicious 

use of shrinking water resources to enhance agricultural products for tremendously 

increasing population of the country.  

Irrigation is defined as the science of artificial application of water to the soil 

according to the “crop requirements” throughout the “crop growth period” for 

complete nourishment of crop plants (Khan, 2001).   

A specific quantity of water is required by the crop plants for manufacturing one unit 

of dry matter. But when nutrients are not sufficiently provided to the soil, the roots 

might have to absorb more quantity of water in search of the nutrients. However, 

application of more irrigation water to crops does not necessarily mean higher crop 
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yields. Thus, in experiments, the yields obtained at the highest stress levels were 

greater than the national average that is an indication that much higher yields can be 

achieved by using water and fertilizers efficiently. Similarly, studies on the movement 

of moisture under different irrigation depths viz. 2 acre inch, 3 acre inch and 4 acre 

inch revealed that under 3 acre inch irrigation 75% of  moisture permeated upto three 

feet depth and the remaining 25% moved  into the deeper soil layers. But under 2 acre 

inches irrigation most of the water was confined to the three feet depth that is in 

general effective root zone for most of the crops.  This reflected that application of 

irrigation water above 3 acre inches would prove rather wasteful. The crops with 

shallow rooting systems must be given 2 acre inches irrigation each time (Abdullah, 

1990).  

Ground water resources are being depleted at an alarming rate and the major reason 

for declining water table is the application of excessive irrigation by abundant 

pumping of ground water that resulted in unnecessarily increase in soil evaporation as 

well as transpiration losses and intensified the proportion of non beneficial soil water 

consumption. This was concluded on the basis of a study conducted in North China 

Plain for measuring the evapotranspiration in winter wheat fields (Zhang et al., 2004). 

The irrigation management on the basis of reference evapotranspiration (ETo) 

measurement permitted the use of limited water supplies in a more efficient way for 

wheat production (Zhang et al., 2002). It was also studied that the water uptake for 

transpiration from a point in soil profile at low soil moisture content is an exponential 

function of soil and root depth (Novak, 1987).    

2.3.1  Irrigation and evapotranspiration 

The reference crop evapotranspiration  or reference evapotranspiration (ETo) or 

potential evapotranspiration (PET) is the rate of evapotranspiration from a large area, 
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covered by green grass (reference crop) such as alfalfa, 8-15 cm tall which grows 

actively, completely shades the ground, and which is not short of water. It is denoted 

by ETo and due to ambiguities in the definitions the use of other denominations such 

as ET is strongly discouraged. The ETo is expressed usually in mm day-1, mm month-1 

or mm season-1. ETo is dependent only on the climatic factors, mainly on the energy 

available to evaporate moisture and carry it away. Thus, ETo is a climatic parameter 

and it can be calculated from climatological data e.g. humidity, wind speed, radiation, 

temperature etc. ETo expresses the evaporating power of atmosphere during specific 

time of the year at a specific location and is not affected by the crop characteristics 

and soil factors. FAO Penman-Monteith method is solely recommended for 

calculation of ETo (Khan, 2001; Allen et al., 1998). 

Walia et al. (1992) in an experiment conducted at Ludhiana, Punjab during  

1980-1982 studied the relationship of root growth to irrigation water in wheat crop 

and determined that when irrigation was applied equivalent to the 0.8 ETo and 

nitrogen fertilizer was used @ 120 kg ha-1 along with good weed control, root weight, 

grain yield and water use efficiency of wheat crop was significantly improved. Walia 

et al. (2000) also reported that nitrogen uptake by wheat plants was reduced under 

heavy application of irrigations as compared to the light irrigations. This conclusion 

was drawn on the basis of experimentation in which wheat crop was subjected to 

various irrigation depths and application of weedicides. The irrigation application was 

as; 2 irrigations both with 7.0 cm depth, or first irrigation at 7.0 cm depth and the 

second at 10.5 cm depth, or the first at 10.5 cm depth and the second at 7.0 cm depth, 

or both irrigations with 10.5 cm depth.  

Jain et al. (1997) tested 22 treatments of different IW/CPE combinations to evaluate 

the water stress response function of groundnut (Arachis hypogea L.). Three crop 
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growth stages were studied and it was concluded that when deficiency in IW/CPE was 

made at one stage only the WUE increased at a decreasing rate. But by the application 

of stress at more than one stages, water use efficiency increased at an increasing rate.  

Choubey et al. (1998) made a field investigation during winter seasons of 1993 and 

1994 to study the influence of irrigation scheduling on wheat productivity and found 

that with increasing level of irrigation from 0.6 IW/CPE to 0.8 IW/CPE increased the 

grain yield significantly but a further rise in the irrigation level could not give 

significant improvement in the yield.  In another similar experiment on wheat crop 

Singh et al. (1998) applied irrigation equivalent to 0.3 IW/CPE, 0.6 IW/CPE, 0.9 

IW/CPE, and 1.2 IW/CPE, and nitrogen fertilizer at the rate of 0, 40, 80 and 120 kg 

ha-1. They concluded that increasing irrigation levels improved the plant height, 

spikes per square meter, grain weight per spike, grain yield and water user use 

efficiency of wheat.   

When irrigation water utilization is under consideration, water use efficiency should 

be given prime importance. In wheat crop the water use efficiency declined with 

increasing amount of irrigation water. Considering both the water use efficiency as 

well as grain yield 80% ETo irrigation treatment gave the best results  

(Mehmood et al., 1999).  

Ertek (2000) concluded that the cotton crop could be grown successfully obtaining 

maximum yields by irrigating it on a 10 days interval at plant-pan-coefficients (Kcp): 

0.9 Kcp or 1.05 Kcp. In another study, Luchiari et al. (1997) found that the total water 

evaporation during 1982, a less warm year, was 345 mm with nearly 80% of net 

radiation while during 1983, a warmer year, the total amount of water evapotranspired 

reached the value 385 mm, which revealed that evapotranspiration, is primarily a 

function of climatic conditions prevailing at the time of plant growth.  
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In another similar study  Bandyopadhay and Mallick (2003) conducted experiments 

on a sandy loam soil at University Experimental Farm, Memari, West Bengal, India 

during 1989 to 1991 to determine the optimum schedule for irrigation of wheat on the 

basis of ratio of irrigation water  and cumulative pan evaporation depth (CPE) using 

the ratios of 1.2, 0.9 and 0.6 IW/CPE. The maximum root density was observed in the 

top 150 mm layer and highest water extraction efficiency of roots was noted at  

600-750 mm depth under 0.9 and 0.6 IW/CPE, while the maximum water application 

efficiency was under 0.6 IW/CPE irrigation regime.     

Sahin et al. (2007) during the year 2003- 2004 conducted experiments at Agricultural 

Research Station of Ataturk University, Erzurum, Turkey to determine the pan 

coefficients for sugar beet and potato crops under cool season semi arid climate. 

During the growing season, reference evapotranspiration (ETo) was estimated as a 

daily average for a 10 day period using CropWat for Windows (Version 4.2) 

programme, which was based on FAO Penman-Monteith equation. Crop actual 

evapotranspiration (ETc) was obtained by multiplying the ETo with crop coefficient 

(Kc) i.e. ETc = ETo x Kc. It was observed that overall ETo values measured for  

sugar-beet and potato were higher as compared to the corresponding ETc values, and 

that under the semi-arid cool climatic conditions actual evapotranspiration of  

sugar-beet and potato crops was equal to the 50% and 45% of class-A pan 

evaporation, respectively.   

It is also of crucial importance to apply appropriate quantity of irrigation water to 

avoid any losses caused by drought stress. Moreover, application of optimum dose of 

N fertilizer enables the plants to extract water from deeper soil layers. The study also 

negates the belief that the lower limit of soil water content (permanent wilting point) 

is unique characteristic of the soil or soil-species combination, rather it is a variable 
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strongly influenced by the vigour of the growing crop. These findings were made 

during an investigation conducted in Canberra, Australia for increasing water use and 

water use efficiency in dry land wheat by Angus and Herwaarden (2001) who 

observed that the ratio of yield to transpiration called transpiration efficiency (TE) 

was stable for well managed crops whereas the amount of water used was greatly 

affected by management practices. Application of optimum N fertilizer or controlling 

the root diseases increased the water use by the crop by 23 mm whereas the grain 

yield was increased by 378 kg ha-1 that was equivalent to 10% of yield in control 

plots. Under low soil moisture content the extraction of additional soil water by plant 

roots reached to a level of water potential as low as -5.0 MPa.  

Sekhon and Sandhu (2004) reported that the irrigation treatment I4,12,18  

(7 cm irrigation each at 4, 12 and 18 weeks after sowing) produced the highest grain 

yield of 4841kg ha-1. The data on rainfall and pan evaporation showed that demand 

and supply balance between reference evapotranspiration and rainfall + irrigation had 

a good matching in I4,12,18 treatment that resulted in maximum grain yield. Whereas in 

I4,8,12,18 (7 cm irrigation each at 4, 8, 12 and 18 weeks after sowing) irrigation water 

inputs  exceeded the demand (i.e. ETo) that promoted water losses through deep 

percolation as well as loss of N fertilizer through leaching, which resulted in lower 

grain yields in I4,8,12,18  as compared to that of I4,12,18. With increasing irrigation the 

grain protein contents decreased significantly.   

Guttieri et al. (2005) investigated the effect of management of irrigation and nitrogen 

fertility of hard spring wheat. Main plots comprised of irrigation treatments namely 

early irrigation (Ie), moderate irrigation (Im) and optimal irrigation (Io) while sub-plots 

contained three cultivars whereas four N levels were assigned to sub-sub plots. In the 

optimal irrigation treatment (Io) the plots were irrigated weekly to replace 100% ET 
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till the final irrigation 3rd Aug. 1999 and 27 July 2000, while in early (Ie) and 

moderate (Im) irrigation treatments irrigation water equivalent to 100% ET was 

applied weekly till jointing stage.  Beginning from 10 June 1999 and 30 May 2000 

irrigation was applied weekly to early and moderate irrigation treatments equal to 

50% ET. On 30 June 1999 and 19 June 2000 only 25% of ET was applied to early 

irrigation treatment through the final irrigation. On 22 July 1999 and 12 July 2000 the 

moderate irrigation treatment received irrigation 50% of ET until final germination. In 

1999 and 2000, the cumulative rainfall plus irrigation amounts for early, moderate and 

optimal irrigation treatments were equal to 38.46% and 88% of estimated ET, 

respectively.  A reduction of 24% and 15% was recorded in grain yield by early (Ie) 

and moderate (Im) irrigation treatments as compared to optimal irrigation (Io). Test 

weight was reduced by Ie as compared to that of Im and Io. Elevation in grain protein 

contents, peak flour pasting viscosity and final flour pasting viscosity was noted by 

decreasing irrigation levels. 

Pierre et al. (2008) cultivated nine wheat genotypes for a period of 2 years  

(2002–2004) under a  line source irrigation system at two locations in Oregon  i.e. 

Hermiston Agricultural Research and Extension Center (Hermiston)  having deep, 

well drained, silt loam soils and Central Oregon Agricultural Research Center 

(Madras) with shallow, well drained, loam soil.  The plots were uniformly irrigated 

one week prior to anthesis stage to replace 100% crop ET.  Thereafter, a continuous 

irrigation gradient was imposed and four irrigation levels were maintained.  Measured 

quantity of irrigation water was applied to plots as; equal to the 100 to 80% of ET (I3), 

80 to 50% of ET (I2), 50 to 30% of ET (I1), and <30% of ET (I0). Schedule of 

irrigation was decided on the basis of climatic data and ET estimates. Grain yield, 

grain protein, total dry matter, and single kernel weight and diameter, and kernel 
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hardness all were significantly affected by irrigation levels.  However, the differences 

were non-significant on average grain yield when the irrigation level was reduced 

from 100% of ET to 80% of ET. With a further decrease in irrigation, the average 

grain yield was declined by 16% and 19% when irrigation was 50 to 30% of ET and 

<30% of ET, respectively.  The average grain protein content increased from 116.4 to 

128.3 g kg-1 when the irrigation was reduced from 100% of ET to <30% of ET.  With 

increasing water stress the grain weight and diameter decreased. There was a 

reduction of 16% in grain weight and 11% in grain diameter when irrigation was 

decreased from I3 to I0 (the highest and lowest irrigation levels).   

While considering the irrigation scheduling, the concept of IW/CPE is the most 

appropriate one which is a climatological approach. This approach integrates all the 

weather parameters that ultimately determine the water use by the crop plants. By 

applying this concept of IW/CPE production can be increased at least 15-20% (Patel 

et al., 2008; Dastane, 1972). 

Akhtar et al. (2010) studied the effect of different irrigation levels  viz. 75, 100 and 

125% ETc (crop evapotranspiration) on wheat crop while using the climatic data 

2003-2010 to calculate ETo (reference evapotranspiration) based on Penman-

Monteith approach. Irrigation was applied at 25, 42, 60, 75, 90 and 110 days after 

sowing. Thus there were six irrigations in total. Excluding 147 mm of initial available 

moisture in soil, the total quantity of applied water was 150, 200 and 250 mm in the 

treatments of 75, 100 and 125% of ETc. They found that biomass and grain yield 

decreased non-significantly when irrigation was reduced from 125 to 100% ETc but at 

the irrigation level of 75% ETc both the biomass and grain yield declined 

significantly.  
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2.3.2  Deficit irrigation  

Perrier and Salkini (1991) on the basis of their studies at ICARDA on supplemental 

irrigation reported that the application of 2 or 3 irrigations (80-200 mm) to wheat crop 

improved grain yield by 36 to 450% that was similar or even higher than the yields 

obtained from fully irrigated wheat crop.   

However, while allocating the scarce water resources to the crop, the critical growth 

and development stages must be observed to escape the undesirable effects of drought 

on the crop plants. Ozturk (1999) determined that early drought reduced grain number 

per unit area while late drought enhanced the rapid leaf senescence thus decreased the 

leaf area duration resulting in lighter kernels. The early drought more negatively 

affected the grain yield as compared to the late drought.    

Siddique et al. (1999) under semi arid controlled conditions evaluated the influence of 

drought stress on photosynthetic rate and leaf gas exchange characteristics of wheat 

crop and recorded a noticeable decrease in stomatal conductance, mesophyll 

conductance, photosynthesis rate whereas an increase in intercellular concentration of 

CO2 in wheat plants exposed to drought stress. It was also observed that the rate of 

photosynthesis reduced with a decrease in stomatal conductance but there was a week 

relationship between them. 

The influence of regulated deficit irrigation (RDI) on yield performance of spring 

wheat in arid area of China was studied by Zhang et al. (2006) in an experiment 

during 2003 and 2004. An increase of 16-25% in grain yield, 23-27% in harvest 

index, 12-19% in biomass, 32-39% in water use efficiency (WUE) and 44-59% in 

water supply use efficiency (WSUE) was recorded  under regulated deficit irrigation 

treatments as compared to that of control (no-deficit or full irrigation). Similarly, 

regulated deficit irrigation improved grain weight, grains per spike, spike length and 
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number of fertile spikelets per spike as compared to full irrigation (no deficit). 

Decrease in amount of irrigation water was noted 14-22% in RDI over control.   

Karam et al. (2007) studied the response of sunflower to deficit irrigation and found 

that daily ETc reached at its peak value of 13 mm day-1 at flowering stage when leaf 

area index was 6 and then the ETc decreased to 6.0 mm day-1 at seed maturity stage. 

At early seed formation stage the deficit irrigation increased seed yield that was 

attributed to the increase in fraction of assimilate allocation to the heads thus giving 

compensation to decreased number of seeds per square meter through enhanced seed 

weight.  Harvest index was not significantly affected by deficit irrigation.    

Similarly, Tantawi and Ghanem (2007) reported that maintaining an irrigation interval 

of every six days throughout the growth season showed a reasonable production of 

rice crop as compared to applying irrigation every 3rd day or a continuous flooding. 

Under limited water supplies the farmers’ objective must be to enhance net income 

per unit of water rather than per unit of land.  Fereres and Soriano (2007) named this 

concept as Water Productivity (WP). On the basis of their studies conducted in Spain 

on deficit irrigation for reducing agriculture water use, they stated that when irrigation 

water applied was less than evapotranspiration, to compensate the deficit the crop 

extracted water from soil reservoir thus the WP was increased under deficit irrigation 

rather the full irrigation. The small increments in the irrigation water increased the 

crop ET linearly up to a point where this relationship became curvilinear due to the 

reason that a part of water applied was not used in ET and hence was lost. At this 

point the yield achieved its peak value and no further increase in yield was observed 

by additional water application. But unfortunately the location of that point is not 

easily defined, so the farmers apply irrigation in excessive amounts to avoid any risk. 

Moreover, uniformity of water application had major impact on amount of irrigation 
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water needed for maximum yields. Under low uniformity of irrigation application, 

when full irrigation is applied half of the field is over irrigated while the rest faces 

deficit. Water deficits reduced growth, development, carbon assimilation, biomass 

production and H.I resulting in declined crop yields. But the research showed that the 

crop response to water stress depended largely on the pattern of stress imposed. One 

pattern is called Sustained Water Deficit (SWD) i.e. as the season advanced the water 

stress progressively increased due to the combination of uniform application of 

reduced amounts of water and the depletion of soil water reservoir. In SWD the water 

stress increased slowly that allowed the plants to adapt to the water deficits. On the 

basis of differential response of growth and photosynthesis to water deficits the 

canopy size and radiation interception was decreased that resulted in reduction in 

biomass production. However, dry matter partitioning remained unaffected and 

harvest index was maintained. The H.I remained unchanged till a 60% reduction in 

biomass was noted. But as the severity of water stress increased, it directly affected 

the H.I. One other aspect was that leaf area was reduced by water stress during 

vegetative phase that favoured the E (evaporation from soil) component of ET which 

in turn declined the water productivity. Enhancement in emergence and plant vigour 

resulted in early and speedy canopy development that reduced E and thus enhanced 

water productivity. Finally, it was concluded that irrigation level during deficit 

irrigation treatments maintained within the range where H.I was conserved at its 

maximum value (60-100% of ET) achieved the highest water productivity without 

scarifying the crop yields. The concept of SWD or RDI (regulated deficit irrigation) 

increased water productivity as well as farmers’ profits.    

Ali et al. (2007) and Ali (2008) studied the response of wheat yield to deficit 

irrigation during three consecutive years (2002-03 to 2004-05) by conducting pot and 
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field experimentation at the Experimental Farm of Bangladesh Institute of Nuclear 

Agriculture, Ishurdi, Bangladesh. The observations made on leaf area index, root 

growth, nutrient uptake, chlorophyll content, plant height, and yield attributes 

revealed small differences between partial deficit (i.e. single stage or alternate stage 

deficits) or no deficit (full irrigation) whereas the difference between partial or no 

deficit and that of full deficit increased sharply. The non-significant differences were 

noted among the straw yields of partial or no deficit treatments. The highest grain 

yield was produced by the well irrigated (no deficit) treatment that was statistically at 

par with that of single deficit treatment. Water productivity was effectively enhanced 

by deficit irrigation. On the basis of evaluation of yield, amount of irrigation water 

applied, productivity of irrigation water, relative water savings, relative yield 

reduction and profit under limited water supplies, it was concluded that the alternate 

deficit treatment (irrigation at crown root development stage and booting-heading 

stage) gave the maximum net financial return from both land and water as compared 

to the full irrigation (no deficit).  

The deficit irrigation should be managed with great care to avoid the deleterious 

effects of drought on crop. Jaleel et al. (2008) observed that on 70 DAS drought stress 

(60%) reduced the leaf area duration (LAD), dry weight, net assimilation rate (NAR) 

and harvest index (H.I) as compared to control (100%). The reduction in fruits dry 

matter due to drought stress was also noted that was possibly due to source limitation 

that resulted from large carbon demands under water-stress induced limitations on 

photosynthesis.    

Sial et al. (2009) observed that reduced irrigation (water stress) induced earliness in 

heading and thus decreased the maturity period (i.e. days taken to maturity). Irrigation 

treatments had no significant effect on grain filling period that ranged from 39.1 to 
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39.9 days in three and four irrigation treatments, respectively. Plant height was 

reduced by water stress, however, the non-significant differences were observed 

among three irrigations and four irrigations treatments. The maximum number of 

grains per spike (50.0) was obtained under three irrigations whereas it reduced to 

48.06 under four irrigations. Similarly mean number of grains per spike noted were 

higher under three irrigations as compared to the four irrigation treatment.   

Cabrera-Bosquet et al. (2009) observed that N and water supply improved plant 

growth, however, the reduced water supply did not significantly decreased gas 

exchange parameters of the wheat plants. These findings were made on the basis of 

experiments conducted during December 2004 to April 2005 by planting four durum 

wheat (Triticum turgidum L.) genotypes in a greenhouse at the University of 

Barcelona, Spain.  

Noorka et al. (2009) reported that the decreasing irrigation levels increased the grain 

protein contents of all the genotypes, and that protein contents, gluten contents and 

quality  expressed negative correlation with grain yield and 1000-grain weight under 

stressed (reduced irrigation) conditions.   

Malik et al. (2010) conducted field trails to investigate the response of wheat crop to 

various irrigation regimes. The study comprised of three treatments viz. Four 

irrigations, Five irrigations and Six irrigations. Significantly the maximum grain yield 

and higher yield contributing parameters were recorded from the crop plants subjected 

to the Five irrigations treatment. It was also noted that the irrigation applied at 

tillering played a major role in yield enhancement whereas, application of irrigation at 

maturity stage reduced the yield. A similar study was conducted by Rahim et al. 

(2010) and it was found that the application of only three irrigations instead of four or 
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five was sufficient to obtain the maximum yield and improve phosphorus use 

efficiency.  

Tingting et al. (2010) applied three irrigation regimes to sweet sorghum viz. serious 

drought (SD), moderate drought (MD) and normal water (NW) and observed a 

decrease in photoinhibition, water use efficiency and stem biomass under SD. The 

maximum stem biomass and water use efficiency was recorded with the irrigation 

regime of MD. 

2.3.3  Water use efficiency 
 
Water use efficiency (WUE) is the ratio of grain yield to crop water use that provides 

simple means for making an assessment that whether only limited water supply is the 

main cause of reducing the yield or other factors too. Different physiological 

mechanisms are involved in improving the water use efficiency of crop plants. 

Schneider and Howell (1994) measured the yield response of wheat cultivar        

TAM-202 to irrigation in Southern High Plains of USA. Four irrigation amounts 

ranging from 0 to 100% of soil water replenishment in 33% increments and two 

irrigation timings (spring irrigation delayed till booting or early grain filling) were 

studied in the experiment. It was noted that each incremental irrigation enhanced the 

grain yield. The lower water use efficiency was recorded for non-irrigated treatments 

as compared to the irrigated ones.  

Oweis et al. (2000) reported that the agronomic practices that promoted the large 

canopy development and early ground cover as well as enhanced the crop’s ability to 

extract more water resulted in a decrease in the amount of water evaporated while 

increased the amount of water transpired thus enhancing the crop yields and WUE. 

They also observed that in November sowing the increment of irrigation from 1/3 SI 

(supplemental irrigation) to 2/3 SI  the WUE increased but it dropped sharply at full 
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irrigation, whereas in December and January sowings a decline in WUE was noted 

after 1/3 SI that interpreted that WUE decreased with delayed sowing. The 1/3 SI and 

2/3 SI displayed the highest WUE.  

To study the contribution of various mechanisms involved in enhancing water use 

efficiency of wheat under deficit irrigation, a field experiment was conducted by  

Xue, et al. (2006) at United States Department of Agriculture, Agricultural Research 

Services, Conservation and Production Research Laboratory, Bushland, Texas during 

1992-1993 growing season on a Pullman clay loam soil. Irrigation treatments 

comprised of no irrigation (T1) to full irrigation (T9) On the basis of results it was 

noted that the severe water stress in T1, T2 and T3 reduced net photosynthetic rate (Pn) 

and stomatal conductance (Gs) as compared to the T4 and T8. The leaf area index 

(LAI) was associated with the time and frequency of irrigation. In all the treatments a 

rapid decline in LAI after anthesis was observed showing that during grain filling 

stage water stress accelerated the leaf senescence. Although 100 mm more irrigation 

was applied to T9 than T8 but no difference was recorded in the evapotranspiration 

(ET) of both treatments. With increasing irrigation grain yield increased whereas the 

WUE decreased significantly. A 67% decrease in irrigation (from 3 irrigations to 1 

irrigation) resulted in a yield loss of 30%. It was concluded that deficit irrigation 

between jointing stage and anthesis stage more effectively increased WUE and saved 

irrigation water resources. Total remobilization of carbon reserves as measured by the 

stem loss (SL) was high in the treatments with more water stress, resulting in 

enhanced H.I and thus an increase in the WUE. Irrigation at early stage (jointing and 

booting) proved more beneficial than at late  stage (anthesis and grain filling)  for 

remobilization of pre-anthesis carbon because early irrigation improved the number of 

heads/stems m-2 that increased the sink demand which in turn enhanced the 
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remobilized carbon reserves per meter square. The root length and dry weight gained 

its maximum value at anthesis and declined during the grain filling stage.  

Waraich et al. (2007) recorded a linear increase in the wheat grain yield with 

increasing irrigation levels. It was also noted that the reduced irrigation enhanced the 

grain filing rate, harvest index whereas decreased grain fill duration, spikes per meter 

square, grains per spike, effective tillers and grain yield.  In another similar study 

Waraich and Ahmad (2009) observed a remarkable improvement in net CO2 

assimilation rate, transpiration rate and stomatal conductance by increasing 

irrigations. Water stress decreased the water potential, osmotic potential and relative 

water content. Moreover, the relative water contents dropped from 98% to 75% with 

reduction in number of irrigations. The relative water contents and leaf water potential 

was found to be associated with higher photosynthetic rates. The WUE declined with 

increasing the number of irrigations.   

For efficient and uniform application of limited water quantities to the crop, it is a 

prerequisite that the field should be properly and precisely leveled. Asif et al. (2003) 

reported that the maximum grain yield of wheat (5.56 t ha-1) was recorded under laser 

leveling that was significantly higher than that of unleveled fields (3.99 t ha-1). 

However, the 1000- grain weight was not significantly influenced by the treatments 

under study. The reduction in the total irrigation duration and water depth was 47% 

and 15% in laser leveled field as compared to that of traditional leveling and control. 

Laser leveled field exhibited a 98.7% and 29.36% higher WUE than unleveled field 

and that of traditional leveling, respectively.  

The above review can be summarized as; different seed priming techniques were used 

by many scientists as a tool for early emergence but the major work comprised of lab 
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studies except that of on-farm priming. As far as planting geometry is concerned, in 

case of tillage systems majority of reports favour conventional tillage system in terms 

of enhanced grain yield, on the other hand the zero tillage is also supported by many 

scholars. Regarding spatial arrangements most of the studies reported yield 

improvement and reduction in weed population under narrow row spacing but what 

should be the appropriate row spacing under our conditions is yet to be decided, as 

majority of the farmers are still planting wheat crop in 22 cm wide rows. Similarly 

grain yield of wheat increased as a result of improvement in the yield components 

under ridge planting and bed planting systems, however, few reports described flat 

planting superior to bed planting. These contradictions might be linked to the 

variation in nature of soil and climate type of experimental sites.   

As far as the irrigation requirements of wheat crop are concerned most of the 

scientists reported a linear increase in the grain yield of wheat crop with increasing 

irrigations, however, there is sufficient material stating the deficit irrigation as an 

appropriate strategy for obtaining optimum wheat yields. Similarly many scientists 

found an increase in the water use efficiency with increasing irrigations but few 

determined an inverse relationship among these attributes. The literature also lacks in 

combined studies of planting geometry, seed priming and irrigation regimes. Keeping 

in view the above scenario the present study was designed to investigate an effective, 

practicable and affordable package of seed priming and planting geometry for 

sustainable wheat production in arid region using the limited water supplies 

efficiently. 
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MATERIALS AND METHODS 
 
 

General materials and methods 
 
3.1. Experimental site and soil 

The research work reported in this manuscript (a set of three experiments) was 

conducted for three consecutive years (2006-07, 2007-08 and 2008-09) under field 

conditions at two sites viz. Agronomic Research Station Khanewal (30o18’0 N and 

71 55’60 E with altitude 128 m) and Research and Demonstration Farm, Regional 

Agricultural Economic Development Centre (RAEDC), Vehari, Pakistan (30o1’0 N 

and  71 21’0 E  with altitude 135 m) that fall under the arid region of southern 

Punjab (Arnon, 1992). From the experimental site pre-sowing soil samples were taken 

with the help of soil auger in steps of 15 cm from 0 to 15 cm, 15 to 30 cm and 30 to 

45 cm depths to diagnose the fertility status of the soil. The samples were air-dried, 

ground and passed through <2 mm sieve and analyzed for physico-chemical 

properties according to the method given in Hand Book No.60 (US Salinity Lab. 

Staff, 1954) except available P, that was determined  by Olsen Method (Watanabe and 

Olsen, 1965), and texture by Moodie et al. (1959). Soil analysis data and chemical 

analysis of irrigation water used during the studies are given in Table 3.1a, b, c and d). 

The soil of this region was developed in an arid sub-tropical continental climate in the 

areas of sub-recent flood plains and was friable, porous, slightly calcareous and 

weakly structured. The soil with smectites and mica being dominant clay minerals 

followed by kaolinites and chlorites was alluvium of mixed mineralogy with various 

degrees of weathering (Krauss et al., 1996). 
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Water Analysis 

The analysis of water samples was done by employing methods described by Richards 

(1954). 

i. Electrical conductivity: measured with the help of conductivity meter, 

Chemtrix-70 (Method 72). 

ii. pH: measured by pH meter model Jenway 3310 using combination electrode 

(Method 21). 

iii. Sodium: estimated by flame photometer (Method 80b). 

iv. Calcium and Magnesium: by titration with EDTA using NH4Cl + NH4OH 

buffer and Eriochrome Black-T indicator (Method 7). 

v. Sulphate: by difference. [TSS in me L-1 – (CO3
-2 + HCO3

- + Cl-] 

vi. Carbonates and bicarbonates: by titration with standard H2SO4 using 

phenolphthalein and methyl orange indicators, respectively (Method 82) 

vii. Chloride: by titration with AgNO3 using K2CrO4 indicator (Method 84) 

viii. Residual Sodium Carbonate (RSC) = [(CO3
-2 + HCO3

- ) - (Ca+2 + Mg+2)] (all 

concentrations expressed in meq L-1 ) 

Sodium Adsorption Ratio (SAR) = [Na+] / {([Ca2+] + [Mg2+]) / 2}1/2 

 when concentration of soluble cations is expressed in mmol L -1(Method 20 b) 
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Table 3.1a: Soil characteristics of the experimental site (Khanewal) 

Characteristics 
Depth (cm) 

0-15 15-30 30-45 

Organic matter (%) 0.77 0.55 0.34 

pH 8.5 8.5 8.6 

EC (µS cm-1) 253 228 314 

T.S.S. (%) 0.85 0.10 0.14 

Available-P (ppm) 7.2 5.3 4.8 

 Available-K (ppm) 115 108 107 

Saturation % age 35 34 34 

Soil separates 

Sand (%) 38 35 36 

Silt (%) 40 38 38 

Clay (%) 22 27 26 

Textural class Loam Loam Loam 

 

 

Table 3.1b: Quality of irrigation water used during the entire course of 
studies (Khanewal) 

Characteristics 
Unit Tube well water 

 

Electrical conductivity  µS cm-1 1105 

 pH   7.42 

 Ca2+ + Mg+2  me L-1 7.86 

 Na+  me L-1 3.12 

CO3 
-2  me L-1 Nil 

HCO3
-  me L-1 4.8 

 Cl- me L-1 3.06 

 SO4
-2  me L-1 1.05 

Sodium adsorption ratio  (m mol L-1)0.05 1.57 

Residual sodium carbonate  me L-1 Nil 
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Table 3.1c: Soil characteristics of the experimental site (Vehari) 

Characteristics 
Depth (cm) 

0-15 15-30 30-45 

Organic matter (%) 0.84 0.68 0.32 

pH 8.4 8.4 8.5 

EC (µS cm-1) 261 230 278 

T.S.S. (%) 0.87 0.14 0.14 

Available-P (ppm) 8.2 6.5 5.8 

 Available-K (ppm) 235 180 125 

Saturation % age 38 36 35 

Soil separates 

Sand (%) 29 30 29 

Silt (%) 39 35 35 

Clay (%) 32 35 36 

Textural class Clay loam Clay loam Clay loam 

 

Table 3.1d: Quality of irrigation water used during the entire course  

   of studies (Vehari) 

Characteristics 
Unit Tube well water 

 

Electrical conductivity  µS cm-1 1165 

 pH   7.55 

 Ca2+ + Mg+2  me L-1 7.82 

 Na+  me L-1 3.08 

CO3 
-2  me L-1 Nil 

HCO3
-  me L-1 5.3 

 Cl- me L-1 3.14 

 SO4
-2  me L-1 1.12 

Sodium adsorption ratio  (m mol L-1)0.05 1.61 

Residual sodium carbonate  me L-1 Nil 
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Application of irrigation water 
 
In all the experiments, first irrigation (75 mm) was applied uniformly to all the 

treatments while subsequent irrigations were applied as and when needed using a 

measured quantity of irrigation water as per treatment. Irrigation was done with the 

help of a water pump of known discharge fitted with four outlet pipes. The pipes were 

placed in the plot at equal spacing for uniform distribution of water. Amount of water 

applied in different irrigation regimes and rainfall during the crop growth period is 

given in Appendix 3.1.  At each irrigation, the amount of water applied was equal to 

the differences between reference evapotranspiration (ETo) and rainfall. Daily ETo 

values were calculated by FAO computer program CROPWAT 4 Windows version 

4.3 based on Penman-Monteith formula (Smith, 1992). In all four irrigations, 

excluding pre-soaking irrigation (rauni), were given to mature the crop during each 

crop growth season.    

3.2. Observations recorded 

Observations on the following characteristics were recorded during the course of 

studies. 

 

a. Agronomic traits 

1. Mean emergence time (days)  

2. Germination count (m-2) 

3. Number of tillers (m-2) 

4. Number of productive tillers (m-2) 

5. Number of grains per spike 

6. Spike length (cm) 

7. 1000-grain weight (g) 

8. Plant height at maturity (cm) 
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9. Days taken to maturity 

10. Lodging percentage 

11. Biological yield  (kg ha-1) 

12. Grain yield  (kg ha-1) 

b. Growth and development 

1. Leaf area index  

2. Leaf area duration (days) 

3. Crop growth rate (g m-2 day-1) 

4. Net assimilation  rate (g m-2 day-1) 

5. Total dry matter accumulation (g m-2) 

6. Root dry weight (g cm-3) 

7. Harvest index (%) 

c. Grain growth and development 

1. Grain fill duration (days) 

2. Grain filling rate (g day-1) 

d. Water relations and physiological parameters 

1. Relative water content (%) 

2. Leaf water potential (–M Pa) 

3. Leaf  osmotic potential (–M Pa) 

4. Leaf  stomatal conductance (mol m-2 s-1) 

5. Net CO2 assimilation rate  (mol m-2 s-1) 

6. Transpiration rate (mol m-2 s-1) 

e. Grain quality parameter  

1. Grain protein contents (%)  
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f. Irrigation water data 

1. Total water applied (mm) 

2. Water use efficiency (kg ha-1 mm-1) 

g. Weeds 

1. Weed fresh biomass (g m-2) 

h. Soil characteristics  

1. Soil bulk density 

2. Soil penetration resistance 

 

3.3. Procedure for data collection 

During both the crop growth seasons, the data regarding physiological attributes, yield 

and yield components were recorded following the procedures described below. 

3.3.1. Yield and yield components  

3.3.1.1. Mean emergence time (MET) {days}  

Number of emerged seeds was recorded daily according to the seedling evaluation 

Handbook of Association of Official Seed Analysts - AOSA (1990). Mean emergence 

time was calculated according to the equation of Farooq et al. (2008) and Ellis and 

Roberts (1981) as under: 

 
 

Where n is the number of seeds which emerged on day D, and D is the number of 

days counted from the beginning of emergence. 
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3.3.1.2. Germination count (m-2) 

Well after seedling emergence but before the start of tillering, germination count was 

recorded in a unit area of 1 m2 at four different locations in experimental unit and then 

average was calculated.  

3.3.1.3. Number of tillers (m-2) 

Total number of tillers from an area of 1m2 selected randomly from each sub plot at 

four different locations was counted and then average was computed.  

3.3.1.4. Number of productive tillers (m-2) 

Similarly, at random a unit area of 1 m2 in each treatment at four different locations 

was selected and number of spike bearing tillers was counted and then averaged. 

3.3.1.5. Number of grains per spike 

Ten randomly selected spikes from each plot were threshed manually, counted total 

number of grains and thereafter the average number of grains per spike was worked 

out.  

3.3.1.6. Spike length (cm) 

At harvest, the length of ten randomly selected spikes from each plot was measured 

individually with a scale in centimeters and then average length was recorded.  

3.3.1.7. 1000-grain weight (g) 

A sample of one thousand grains was taken from each plot and weighed on an 

electrical balance (Model No. MJ500 Chyo, Japan) after drying at 70oC for 24 hours 

in an oven.  
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3.3.1.8. Plant height at maturity (cm) 

Twenty tillers selected randomly from each plot were clipped at the ground level and 

plant height was measured from base to leaf tip with meter rod in centimeters and 

then average plant height per plant was computed.  

3.3.1.9. Days taken to maturity 

Days taken to maturity were recorded from the date of sowing to the complete 

physiological maturity of crop plants. In each treatment, maturity time was recorded 

from three different sites and then average was noted.  

3.3.1.10. Lodging percentage 

Lodging was also called natural lodging occurring due to the factors like wind storm, 

rains etc. Crop plants standing 90o were taken as normal or upright plants while the 

plants bowed to > 30o were considered as lodged crop. Lodging was estimated as 

percentage of plot area that lodged at maturity (Khakwani et al., 2010). 

3.3.1.11. Biological yield (kg ha-1) 

The crop was manually harvested at maturity, tied into bundles that were tagged, sun 

dried for a week and then weighed with a spring balance to measure the total biomass 

per plot that was converted into kg ha-1. 

3.3.1.12. Grain yield (kg ha-1) 

The crop samples cut for biological yield were threshed manually and grain yield per 

plot was recorded and then converted to kg ha-1. 

3.3.2. Growth and development   

3.3.2.1. Leaf area index (LAI) 

The above ground portion of the crop plants from an area of 0.5 m x 0.5 m was 

harvested at fortnight interval (starting from 30 days after sowing till 120 days after 
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sowing) from each plot and total fresh weight was recorded. The leaves were 

separated from the rest of plant and weighed. A sub sample of 5 grams was taken and 

leaf area was measured using a leaf area meter (CI-202 Area Meter, CID, Inc., U.S.A) 

and then leaf area of the whole leaf sample was computed. Leaf area index (LAI) was 

calculated as the ratio of total leaf area to land area. 

 
 

3.3.2.2. Leaf area duration (days) 

  (Hunt, 1978) 
Where, LAI1 and  LAI2 are the  leaf area indices at time t1 and t2, respectively.  

3.3.2.3. Crop growth rate (g m-2 day-1)  

The gain in weight of community of plants on a unit of land in a unit of time that was 

calculated after determining the dry matter accumulation over time was described as 

crop growth rate. The dry weight of the plant samples harvested for leaf area index 

was recorded after drying at 70 oC  to a constant weight. The crop growth rate (CGR) 

was calculated using the following formula (Hunt, 1978): 

 
Where W1 and W2 are the total dry weights harvested at time t1 and t2, respectively. 

3.3.2.4. Net assimilation rate (g m-2 day-1) 

Net assimilation rate (NAR) was computed using the formula (Hunt, 1978): 

 
Where, TDM and LAD are final total dry matter and leaf area duration, respectively. 
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3.3.2.5. Total dry matter accumulation (g m-2) 

The weight of the plant samples harvested for leaf area index after drying at 70 oC  to 

a constant weight, gave the total dry matter (TDM).  

3.3.2.6. Root dry weight (g cm-3) 

At crop maturity stage soil samples for root measurements were taken with the help of 

a hydraulic probe having a sampling tube 75 mm in diameter and 1.12 m long. 

Clipping of the plant material at the soil surface was done and it was removed before 

sampling. Any kind of loose plant residue present on the soil surface was brushed 

away to clean the sampling site. The sampling tube was centered over the target spot 

and sample was taken to a depth of 1.12 m. In Flat planting treatment, samples were 

taken from two locations_immediately adjacent to plant row, and mid-way between 

rows. Whereas, in the Bed planting treatment four samples were taken at roughly 

equally spaced positions across the bed/furrow system_ mid-bed, inside plant row, 

outside plant row (mid-slope), mid-furrow. While, the plot under the treatment of 

Seed spreading augmented with furrows was sampled at three uniformly spaced 

positions across the ridge/furrow system_ centre of ridge, mid-slope and mid-furrow. 

All the samples from one plot were combined to get a composite sample 

(Humphreys et al., 2004). After putting the samples in plastic sealable bags, the bags 

were placed in Styrofoam cooler for transport from the field. After each half days 

sample collecting, the samples were stored in the refrigerator till washing the next 

day. During washing, to extract roots, the soil cores were immersed in warm (60oC) 

water for 14 to 16 hours. Detergent was added to the samples to aid dispersion of the 

clay. Roots were separated from the soil by sieving (0.63 mm). Whereas, from coarse 

organic material (e.g. straw) separation of roots was done manually with forceps by 

placing the sample in a tray and examining it with the help of a 3x lighted magnifier 
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(Benjamin and Neilson, 2005 and 2004; Kucke et al., 1995: Newmann, 1966).  These 

root samples were put into small, tared brown paper bags to measure dry weight. 

These paper bags were placed inside a forced-draft oven at 75+2oC to a constant 

weight. Dried samples were weighed on a laboratory scale (Model No. MJ500 Chyo, 

Japan) located in the same laboratory as the oven (Bashan and de-Bashan, 2005). Dry 

weight of roots per volume of soil sample was calculated. The volume of the soil was 

assumed to be equivalent to the inner volume of the sampling tube and the inner 

volume of sampling tube was computed as; 

 
Where  
V = Volume of tube (cm3) 

r = Inner radius of tube (cm) 

h = Height/length of tube (cm) 

3.3.2.7. Harvest index (%) 

Harvest index was calculated using the following formula; 

 

 
 

3.3.2.8. Grains fill duration (GFD) {days} 

Grain fill duration was estimated by recording the number of days from anthesis to the 

day of physiological maturity. 

3.3.2.9. Grain filling rate (GFR) 

According to Tottman and Makepeace (1979) phenological stage 61 described  as 

“beginning of anthesis” was used as the sign of the beginning of grain filling , while 

the stage 91 defined as “caryopsis hard” was used as an indicator of  termination of 

grain filling i.e. the stage at which the spikes have gained  maximum dry weight  and 
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physiological maturity of kernels. The complete disappearance of green colour from 

flag leaves and glumes was used as visual indicator of physiological maturity (Hantf 

and Wych, 1982). Sampling was started when 75% spikes reached at stage 61. At 

different time intervals, a sample consisting of 5 spikes was taken from each sub plot. 

Central portion from each spike was cut, dried at 80 oC upto a constant weight, 

threshed and then the grain dry weight was recorded. Grain filling rate was calculated 

using the following formula: 

 
 Where  

W1 = Dry weight at first harvest (g) 

W2 = Dry weight at second harvest (g) 

t1 = Time of first harvest 

t2 = Time of second harvest 

 

3.3.3. Water relations and physiological attributes 

3.3.3.1. Relative water content (%) 

Five flag leaves were taken from each sub plot and fresh weight was recoded. Leaves 

were dipped in distilled water for 14-16 hours and saturated weight was noted after 

blotting off the excess water. Then after drying in an over at 80 oC for 48 hours the 

dry weight was recorded and the relative water contents were calculated using the 

following formula:  

 
Where 

RWC  = Relative water content 
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Wf   = Fresh weight  

Wd  = Dry weight 

Ws  = Saturated weight 

3.3.3.2. Leaf water potential (w) 

For recoding leaf water potential (w),  randomly selected, fully expanded, three flag 

leaves were excised from each treatment and measurements were made from 8.00 am 

to 9.00 am with a water potential apparatus (Chas W. Cook Div., England).  

3.3.3.3. Leaf osmotic potential (s): 

The same leaves used for water potential were frozen at -20 oC and were kept in 

Eppendoff tubes for a period of seven days, then thawed, and crushed with a metal 

rod to extract the cell sap. After centrifugation (8000 x g) for 4 minutes, the sap was 

used for osmotic potential determination in a Vapor Pressure Osmometer (Wescor 

5520, Logan, USA). 

3.3.3.4. Gas exchange parameters  

The instantaneous measurements of net photosynthetic rate (PN), transpiration rate (E) 

and leaf stomatal conductance (gs) were made on flag leaves of three plants, randomly 

selected from each experimental unit. Measurements were made from 9.00 am to 

11.00 am using an open system portable infra-red gas analyzer LCA 4 ADC 

(Analytical Development Company, Huddleston, England). The LCA-4 analyzer is 

used in conjunction with portable leaf chambers, to measure various parameters 

associated with photosynthesis. Such measurements are carried out in an open system 

configuration in which fresh air is passed through the chamber on continuous basis. 

Measurements are carried out on the state of incoming gas (the reference air) and after 
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passing the leaf specimen (the analysis level). This arrangement tolerates some 

outward gas leakage and adsorption/absorption by the material used in the gas path. 

Measurements were performed with the following adjustments/specifications: molar 

flow of air per unit leaf area 409.3 m mol m-2 s-1, ambient pressure 98.4 KPa, water 

vapor pressure inside chamber 21.1 - 25.3 mbar, PAR at leaf surface was maximum 

up to 1185 mol m-2 s-1, temperature of leaf chamber ranged from 32.6 C to 38.1, 

ambient temperature 32.1-37.5 C, ambient CO2 concentration 332.3 µmol mol-1 and 

leaf surface area 6.11 cm2. 

3.3.4. Grain quality parameters 

3.3.4.1. Grain protein contents 

To determine the total nitrogen contents of the grain samples micro Kjeldahl method 

was used (Tecator, 1991). A 0.5 g of dried and finely ground sample was put in 

Kjeldahl flask with 3.0 g of digestion mixture (K2SO4, CuSO4, Se at 10.0:1.0:0.1) and 

20 ml of H2SO4 was added up. The sample was boiled in digestion apparatus from 1.5 

to 2.0 hours till the contents became clear. The digestion material was cooled and 

diluted upto 250 ml in volumetric flask by adding distilled water. An aliquot 10 ml 

was transferred to the micro Kjeldahl distillation apparatus. It was mixed with 10 ml 

of 40% NaOH and distilled in the presence of 50 mg Zn dust. Ammonia evolved was 

collected in receiver that contained 10 ml of 2% boric acid solution with methyl red as 

indicator. Against the standard H2SO4 (N/10) the contents of the distillate were 

titrated till the light pink end pint was reached. A blank was run for the complete 

procedure. Nitrogen and crude proteins were estimated as follows: 
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  (A.O.C.S., 1989) 

Where 

V1 =  Volume of standard H2SO4 to titrate the sample solution 

V2 =   Volume of standard H2SO4 to titrate the blank solution 

N =   Normality of H2SO4 

W =   Weight of sample 

3.3.5. Irrigation water data 

3.3.5.1. Total water applied (mm)  

Total water applied in case of each treatment was calculated. 

3.3.5.2. Water use efficiency (WUE) 

Water use efficiency was calculated by using the formula given below: 

 
Where 

WUE = Water use efficiency (kg ha-1 mm-1) 

GY = Grain yield (kg ha-1) 

TWA = Total water applied (mm) 

3.3.6. Weeds 

3.3.6.1. Weed fresh biomass (g m-2) 

An area of 1m2 was selected randomly from each sub plot at four different locations 

and weed fresh biomass was recorded by weighing above ground parts of all weeds. 
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3.3.7. Soil characteristics 

3.3.7.1. Soil bulk density 

Bulk density was determined by taking four undisturbed soil cores from each plot; 

two at 0-10 cm depth and the other two at 10-20 cm depth. Cores were taken by 

hammering into the ground a stainless steel cutter edge cylinder 5 cm high and 6 cm 

in diameter. The volume of the cylinder was calculated by using the equation:  

,  

where V is volume (cm3), r is the inner radius (cm) and h is the height (cm) of the 

cylinder. The cores were stored and transported in hermetic cans. This ensured that 

the samples would remain at their field water content. The samples were dried at 105 

oC for 48 h in an oven and were weighed. Soil bulk density was calculated by using 

the formula: 

 

   (Anon., 1999) 
 
3.3.7.2. Soil penetration resistance 
 
To measure the soil penetration resistance in the field cone penetrometer model CP20 

(Agridry RIMIK Pty. Ltd., Toowoomba, Australia) was used. It measures the mean 

vertical stress needed for penetration of a steel cone of 12.8 mm diameter and 30o 

total included angle. The maximum value of stress that can be recorded is Q = 5 MPa. 

The penetrometer records electronically the value of Q at intervals of 2.5 cm. The data 

were subsequently downloaded to a computer for analysis. We used the first four 

values (2.5, 5, 7.5 and10 cm depth) to get the average value of Q at 0-10 cm depth, 2nd 

four values (12.5, 15, 17.5 and 20 cm depth) to compute the average value of Q at  

10-20 cm depth and the next four values (22.5, 25, 27.5 and 30 cm depth) to estimate 
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the mean value of Q at 20-30 cm depth. Three replicate penetrations were done for 

each plot.  

3.4 Statistical Analysis 

Preparation of graphs and figures was done by using the Microsoft Excel 2003 and for 

statistical analysis of the data Computer programme MSTAT-C (Russel and 

Eisensmith, 1983) was used. To test the overall significance of the data Fisher’s 

analysis of variance technique was applied and least significant difference (LSD) test 

at P<0.05 was used to compare the differences among the treatment means  

(Steel et al., 1997).  

3.5. Meteorological data 

Daily weather data for the entire growing period of the experimental crop was 

collected. Appendix 3.2a and b presents the monthly average weather elements during 

the growing seasons.  
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 The growing season of 2007-08 was drier than 2006-07 (Appendix 

3.2a and b). Whereas, seasonal precipitation received during 

growing season 2008-09 was more than that of 2007-08. Thus, it is 

obvious that there were moisture and heat stresses prevailing during 

2007-08 that ultimately influenced the results especially productive 

tillers and grain weight that was reflected in final grain yield. 

At the time of first irrigation soil was in dry, porous and pulverized 

condition. So it needed full/ complete irrigation of 3 acre inches  

(75 mm) to saturate the soil colloids completely. Limited irrigation 

e.g. 40% or 60% may not be able to cover all the plot area 

thoroughly. Therefore, a uniform (establishment) irrigation of 75 

mm (3 acre inches) was applied to all the experimental units 20 

days after sowing. However, thereafter on second, third and fourth 

irrigation, a specific quantity of irrigation water was applied as per 

treatment. It was also observed that the phenomena of germination, 

emergence and tillering were almost completed by crop plants prior 

to the imposition of irrigation treatments. Therefore, the effect of 

irrigation was not reflected in the data on mean emergence time 

(MET), germination count, tillers per unit area and on that of leaf 

area index, total dry matter and crop growth rate recorded at 30, 45 

and 60 DAS harvests.  

 

 
 

NB: 
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Exp. I-   Agro-physiological characters of wheat crop as influenced  
      by seed priming under various irrigation regimes 
 
 
The experiment was carried out for two consecutive growth seasons i.e. 2006-07 and 

2007-08 at Agronomic Research Station, Khanewal, Pakistan on loam soil  having 

pH; 8.5, EC; 253  S cm-1 and  organic matter; 0.77%. The study was conducted with 

the aim to find the appropriate seed priming technique and irrigation regime for 

obtaining optimum yield of wheat crop.     

 

Experimental Design 

The experiment was laid out in a randomized complete block design with split plot 

arrangement using three replicates. The irrigation regimes were kept in main plots 

while the seed priming techniques in sub plots. 

 

Treatments  

The treatments for this experiment were as under: 

(a) Irrigation regimes (5) 

I0 =  Irrigation equal to 120% ETo  

I1 =  Irrigation equal to 100% ETo 

I2 = Irrigation equal to 80% ETo  

I3 =  Irrigation equal to 60% ETo 

I4 =  Irrigation equal to 40% ETo  

(b) Seed priming (7) 

P0 =  No-priming 

P1 =  Hydropriming for 12 hours  

P2 =  Matriconditioning for 12 hour 

P3 =  On-farm priming for 12 hour 
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P4 =  Hydropriming for 12 hours followed by chilling stress  
    for 12 hours at -20 oC 

P5 =  Hydropriming for 24 hours 

P6 =  Matriconditioning for 24 hour 

 
Materials and Methods 

The laser leveled experimental field was irrigated to the field capacity by applying 

heavy irrigation (locally called “rauni”) and seed bed was prepared when the field was 

at proper moisture condition (locally called “wattar”). A recommended wheat variety 

“Inqlab-91” was sown on December 15 during 2006-07 and on December 16 during 

2007-08 by using a single row hand drill in rows 22 cm apart with the seed rate of 150 

kg ha-1.  

Nitrogen, phosphorus and potassium fertilizers were applied at the rate of 105, 85 and 

62 kg ha-1, respectively. All the phosphorus and potassium fertilizer was applied at the 

time of sowing in the form of triple super phosphate (46% P2O5) and sulphate of 

potash (50% K2O), respectively, while the nitrogen fertilizer was applied in the form 

of urea (46% N) in two splits i.e. the half of nitrogen was applied as basal dose at the 

time of sowing and the remaining half was top dressed with first irrigation. Further, 

the irrigations were applied as per treatment according to the procedure mentioned in 

General Materials and Methods. Buctril Super 60% EC (Bromoxinil + MCPA); a 

broad leaf herbicide and Topik 15WP (Clodinafop propargyl + Cloquintocet mexyl); a 

narrow leaf herbicide, were used to control the broad leaved weeds and grasses, 

respectively. All other cultural practices were kept standard and uniform for all the 

treatments through out the crop growth. 
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Seed Treatments 

During this study, seeds were subjected to different priming treatments that are 

explained below; 

Pre-treatment operations 

 Prior to the priming treatments, the seeds were dipped into 5% (v/v) sodium 

hypochlorite (NaClO) solution for three minutes to protect the seeds from fungal 

infestation (Farooq, 2005; Ruan et al., 2002). Then the seeds were thoroughly washed 

with deionized water and surface dried.  

On-farm priming 

Seeds were soaked in tap water for 12 hours then surface dried for one hour and used 

for sowing as fresh (Farooq et al., 2008; Harris et al., 2001). 

Hydropriming 

The seeds were soaked in distilled water for a specific time as per treatment (i.e. 12 or 

24 hours) and during this phenomena a continuous supply of fresh air was maintained 

through a plastic pipe connected with an aeration pump  (Farooq et al., 2006b; Basra 

et al., 2003). 

Matriconditioning 

Matriconditioning was carried out in gunny bags that is a cheaper solid matrix 

priming agent as compared to Calcined clay® and Micro Cell E®; commercial solid 

matrices used most commonly in the developed countries. Gunny bags were soaked 

overnight, to absorb water, in a container having distilled water and then taken out 

and spread on a perforated floor. After the excess water had leached down, the seeds 

were spread uniformly on the saturated gunny bags and were covered with another 

gunny bag which was treated as the earlier one. The gunny bags were kept moist by 
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applying water with the help of a fountain bucket for duration of 12 or 24 hours 

(Basra et al., 2003). 

Post treatment operations 

Primed seeds (Hydropriming and Matriconditioning) were given three washings with 

de-ionized water and re-dried near to original weight with forced air under shade at 

the room temperature (27+3oC) for 48 hours. These seeds were then sealed properly in 

polythene bags and stored in refrigerator at 7+2oC till further use for sowing (Bennett 

and Waters, 1987). 

Chilling treatment 

The hydroprimed seeds (re-dried to original weight) were sealed properly in 

polythene bags and placed in a refrigerator (Model National NR 245 TES) at -20+2 oC 

for 12 hours. Thereafter, the seeds were surface dried and stored in refrigerator at 

7+2oC till further use for sowing (Khan et al., 2010; Afzal et al., 2007b). 

. 

 

Results 
 
 

 Agronomic traits and yield components 
 
 
4.1.1-   Mean emergence time  
  
Mean emergence time (MET) is a key attribute that reflects the uniformity and 

synchronization of emergence and the seedling vigour. The seeds that take less time to 

complete the emergence are considered healthy which result in better crop 

establishment. The comparison of treatment means (Table 4.1.1) indicated that during 

2006-07 and 2007-08, seed priming techniques exerted a significant (P<0.01) effect 

on mean emergence time. The lowest mean emergence time of 9.3 days was achieved 
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with On-farm priming treatment that was followed by Hydropriming for 12 hours 

treatment having mean emergence time of 10.2 days during 2006-07 however the 

differences between these treatments were found to be non-significant statistically. 

Whereas, significantly (P<0.01) the maximum mean emergence time of 13.9 days 

was recorded with the No-priming treatment. A similar trend was observed during the 

second crop growth season however the treatments of On-farm priming and 

Hydropriming for 12 hours differed significantly from one another whereas, during 

the previous crop growth season non-significant differences were recorded between 

them. 

 

4.1.2-  Germination count m-2 

Germination count per square meter is an important index of vigour evaluation that 

helps to attain the targeted plant population. The data revealed that the seed priming 

techniques significantly (P<0.01) influenced the germination count during both the 

crop growth seasons (Table 4.1.2). The highest number of 149.5 seedlings m-2 was 

counted with On-farm priming treatment during 2006-07 that was followed by the 

treatments of Hydropriming for 12 hours, Hydropriming for 24 hours and 

Matriconditioning for 12 hours having a germination count of 148.0, 146.9 and 144.3, 

respectively and the differences among these three treatments were found to be  

non-significant statistically. Whilst, significantly (P<0.01) the lowest germination 

count of 123.1 was recorded with treatment of Matriconditioning for 24 hours 

however, it remained statistically at par with No-priming treatment. A similar trend 

for germination count appeared during the second crop growth season and again the 

Matriconditioning for 24 hours gave significantly (P<0.01) the lowest number of 

119.2 seedlings. 
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Table 4.1.1-   Effect of seed priming techniques on mean emergence time  
          (days) of wheat 

Seed priming 2006-07 2007-08 

No-priming  13.88 15.55 

Hydropriming 12h 10.15 12.25 

Matriconditioning 12 h 11.41 13.52 

On-farm priming 12 h 9.25 10.63 

Hydropriming 12h + Chilling 12 h 12.93 14.85 

Hydropriming 24h 12.18 13.96 

Matriconditioning 24 h 11.55 13.85 

SEs 0.581 0.518 

LSD (5%) 1.791 1.597 

 
 

Table 4.1.2-   Effect of seed priming techniques on germination count m-2 of  
           wheat 

Seed priming 2006-07 2007-08 

No-priming  127.17 122.08 

Hydropriming 12h 148.03 142.75 

Matriconditioning 12 h 144.32 140.50 

On-farm priming 12 h 149.46 145.27 

Hydropriming 12h + Chilling 12 h 142.72 134.49 

Hydropriming 24h 146.93 141.68 

Matriconditioning 24 h 123.06 119.18 

SEs 4.597 4.634 

LSD (5%) 14.172 14.283 
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4.1.3-  Number of tillers m-2 

The number of tillers is considered to be a direct reflection of emergence percentage 

and seedling establishment and it is clear from the results that seed priming 

techniques significantly (P<0.01 and P<0.05)   influenced the number of tillers m-2 of 

wheat crop (Table 4.1.3). Thus, significantly (P<0.01) the maximum number of 393.8 

tillers was obtained with the treatment of On-farm priming while the lowest number 

of 293.3 was recorded with No-priming treatment during 2006-07. However, the  

On-farm priming was followed by Hydropriming for 12 hour (383.3), which was 

followed by Matriconditioning for 12 hours, Hydropriming for 24 hours, 

Hydropriming with chilling stress and Matriconditioning for 24 hours. A similar trend 

was observed during 2007-08 however, the differences among the treatments were 

found to be highly significant (P<0.01).  

 
Table 4.1.3-   Effect of seed priming techniques on number of tillers m-2 of   
           wheat 

Seed priming 2006-07 2007-08 

No-priming  293.27 280.05 

Hydropriming 12h 383.31 360.87 

Matriconditioning 12 h 340.13 338.50 

On-farm priming 12 h 393.81 371.84 

Hydropriming 12h + Chilling 12 h 321.22 292.28 

Hydropriming 24h 337.04 327.87 

Matriconditioning 24 h 306.24 283.85 

SEs 17.216 15.829 

LSD (5%) 53.052 48.780 
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4.1.4-  Number of productive tillers m-2 

Number of productive tillers plays a vital role in determining the yield of a cereal 

crop. A higher number of spike bearing tillers results in more and better crop yield 

and vice versa. The data showed that during both the crop growth seasons, the 

different irrigation regimes significantly (P<0.01) affected the number of productive 

tillers (Table 4.1.4). The number of productive tillers recorded for all the irrigation 

regimes during 2007-08 were 6-15% lower than the number of productive tillers noted 

during 2006-07 that might be associated with the drier weather conditions prevailing 

during 2007-08 (Appendix 3.2a & b). The maximum number of 314.7 and 295.0 

productive tillers was achieved with the treatment of Irrigation = 120% ETo during 

2006-07 and 2007-08, respectively that was followed by the treatment of  

Irrigation = 100% ETo, however, the differences between these treatments were found 

to be non-significant statistically. Thereafter, the number of productive tillers 

significantly (P<0.01) reduced with each decrease in irrigation level and thus, the 

lowest number of 151.3 and 129.0 productive tillers was recorded with the treatment 

of Irrigation = 40% ETo during 2006-07 and 2007-08, respectively. 

The data regarding the effect of seed priming techniques on number of productive 

tillers showed a similar picture like that of number of tillers m-2. The priming 

techniques significantly (P<0.01) influenced the number of productive tillers and the 

On-farm priming produced the highest number of 301.2 and 282.1 productive tillers 

during 2006-07 and 2007-08, respectively while the lowest values of  220.3, 195.3 for 

productive tillers during 2006-07 and 2007-08, respectively  were recorded with the 

No-priming treatment. Hydropriming for 12 hours followed the On-farm priming 

treatment and differences between them were found to be non-significant statistically 
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Table 4.1.4- Effect of  irrigation regimes and seed priming on  number of productive tillers  m-2 of wheat 

Treatments 
2006-07   2007-08 

Irrigation (% of ETo) Irrigation (% of ETo) 

Seed priming 120 100 80 60 40 Means 120 100 80 60 40 Means 

No-priming  266.59 261.99 239.92 206.24 126.63 220.27 238.69 231.07 218.60 189.07 98.93 195.27 

Hydropriming 12h 359.00 356.63 317.87 243.45 162.78 287.95 344.32 338.81 283.94 226.69 144.48 267.65 

Matriconditioning 12 h 320.61 312.61 284.85 231.32 147.77 259.43 310.67 303.87 269.93 215.21 143.34 248.60 

On-farm priming 12 h  384.40 379.27 328.03 249.97 164.48 301.23 363.37 360.37 295.96 241.10 149.51 282.06 

Hydropriming 12h+Chilling 12 h 287.47 272.30 255.12 238.77 159.88 242.71 264.46 256.92 240.75 199.37 116.30 215.56 

Hydropriming 24h 306.40 293.56 275.32 232.07 162.58 253.99 297.61 289.76 254.79 213.24 141.93 239.47 

Matriconditioning 24 h 278.26 269.82 251.01 221.13 134.89 231.02 246.12 245.60 231.09 199.12 108.81 206.15 

Means 314.68 306.60 278.88 231.85 151.29  295.03 289.48 256.44 211.97 129.04  

SEs             

Irrigation   5.048      4.332  

Seed priming   5.499      4.683  

I x P   12.296      10.472  

LSD (5%)             

Irrigation   16.460      14.133    

Seed priming   15.562      13.250    

I x P   34.791      29.624    
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          Fig. 4.1.1- Interactive effect of irrigation regimes and seed priming    
                            techniques on number of productive tillers m-2 of wheat 
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during 2006-07 while during the second crop growth season these treatments differed 

significantly from each other. 

It is evident from the results that the interactions between the irrigation regimes and 

seed priming techniques were significant (P<0.01) during both the crop growth 

seasons. These significant effects might have arisen, as the On-farm priming and 

Hydropriming for 12 hours showed a better response to each irrigation regime during 

both the crop growth seasons as compared to other priming treatments. Thus, the 

treatment combination of Hydropriming for 12 hours along with the irrigation regime 

of 120% ETo displayed the maximum tillering potential by producing 384.4 and 

363.4 productive tillers during 2006-07 and 2007-08, respectively. It was followed by 

the treatment of On-farm priming subjected to the Irrigation = 100% ETo and these 

treatment combinations were found to be statistically at par with each other  

(Fig. 4.1.1). 

 
4.1.5-  Number of grains per spike 

Number of grains per spike substantially contributes towards the final grain yield of 

wheat. The data regarding the number of grains per spike revealed that various 

irrigation regimes significantly (P<0.01) influenced grains per spike during both the 

crop growth seasons (Table 4.1.5). The maximum number of 41.5 grains per spike 

was counted with the treatment of Irrigation = 120% ETo that was followed by the 

treatment of Irrigation = 100% ETo with grain number of 40.7 during 2006-07 and the 

differences were not significant statistically between them, but thereafter, with each 

decrease in irrigation level the grains per spike decreased significantly (P<0.01) and 

thus, the lowest grain number of 31.6 was recorded with the treatment of 
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Table 4.1.5- Effect of  irrigation regimes and seed priming on  number of grains per spike of wheat 

Treatments 
2006-07   2007-08 

Irrigation (% of ETo) Irrigation (% of ETo) 

Seed priming 120 100 80 60 40 Means 120 100 80 60 40 Means 

No-priming  39.93 39.84 39.53 36.78 31.03 37.42 38.17 37.79 36.28 31.47 26.05 33.95 

Hydropriming 12h 41.49 41.03 41.01 38.08 32.41 38.80 39.62 39.35 38.92 34.45 29.79 36.42 

Matriconditioning 12 h 41.39 41.00 39.94 37.67 31.41 38.28 39.70 38.76 36.31 33.50 29.21 35.50 

On-farm priming 12 h  42.31 42.09 41.32 38.14 32.51 39.27 40.22 40.51 39.01 35.54 30.15 37.08 

Hydropriming 12h+Chilling 12 h 41.45 40.58 40.19 37.05 30.48 37.95 38.94 38.45 35.66 32.86 29.01 34.99 

Hydropriming 24h 42.39 40.03 41.19 37.39 31.18 38.44 39.46 39.04 36.11 33.38 29.05 35.41 

Matriconditioning 24 h 41.34 40.55 40.35 37.44 32.11 38.36 39.70 39.15 36.40 33.55 29.23 35.61 

Means 41.47 40.73 40.50 37.51 31.59  39.40 39.01 36.96 33.54 28.93  

SEs             

Irrigation   0.630      0.662    

Seed priming   0.729      0.747    

I x P   1.629      1.670    

LSD (5%)             

Irrigation   2.056      2.160    

Seed priming   ns      ns    

I x P   ns      ns    
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Irrigation = 40% ETo. A similar trend appeared during 2007-08 with an exception that 

the treatment of Irrigation = 80% ETo tended to decrease the grains per spike than the 

treatment of Irrigation = 100% ETo but the differences between them remained  

non-significant statistically.  It is obvious from the data that during 2006-07 and  

2007-08, seed priming techniques could not exert a significant effect on the number of 

grains per spike.  

It is clear from the results that the interactions between the priming techniques and 

irrigation regimes were found to be non-significant, during both the crop growth 

seasons.   

 
4.1.6-  Spike length (cm) 

The data showed that the various irrigation regimes significantly (P<0.01) influenced 

the spike length of wheat plants (Table 4.1.6) during both the crop growth seasons. 

The maximum spike length of 14.69 cm was measured from the crop plants subjected 

to the treatment of Irrigation = 120% ETo that was followed by the treatments of 

Irrigation = 100% ETo and Irrigation = 80% ETo having spike length of 14.64 and 

14.36 cm, respectively and the differences among them were not significant 

statistically however, thereafter, with each decrease in irrigation level the spike length 

significantly (P<0.01) decreased. A similar trend was observed during 2007-08 with 

an exception that the treatment of Irrigation = 80% ETo exhibited significantly 

(P<0.01) lower spike length of 12.25 cm than the treatment of Irrigation = 120% ETo.   

It is obvious from the data that during 2006-07 the seed priming techniques could not 

exert a significant effect on the spike length. However, the influence of priming 

techniques was found to be significant (P<0.05) on the spike length during 2007-08 
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Table 4.1.6- Effect of  irrigation regimes and seed priming on  spike length (cm) of wheat 

Treatments 
2006-07   2007-08 

Irrigation (% of ETo) Irrigation (% of ETo) 

Seed priming 120 100 80 60 40 Means 120 100 80 60 40 Means 

No-priming  14.43 14.39 13.62 13.07 11.94 13.49 12.51 12.18 11.54 10.85 9.46 11.31 

Hydropriming 12h 14.85 14.85 14.69 13.98 12.86 14.25 13.44 12.87 12.55 12.25 10.21 12.26 

Matriconditioning 12 h 14.81 14.79 14.55 13.87 12.74 14.15 13.28 12.70 12.25 11.85 10.08 12.03 

On-farm priming 12 h  14.89 14.87 14.72 14.43 12.88 14.36 13.59 13.42 13.14 12.45 10.55 12.63 

Hydropriming 12h+Chilling 12 h 14.57 14.45 14.19 13.11 11.78 13.62 12.67 12.32 11.74 11.46 9.19 11.48 

Hydropriming 24h 14.64 14.56 14.33 13.32 12.63 13.90 13.26 12.64 12.22 11.85 9.48 11.89 

Matriconditioning 24 h 14.65 14.58 14.41 13.27 12.44 13.87 13.33 12.75 12.28 11.84 9.97 12.03 

Means 14.69 14.64 14.36 13.58 12.47  13.15 12.70 12.25 11.79 9.85  

SEs             

Irrigation   0.218      0.242    

Seed priming   0.249      0.277    

I x P   0.559      0.619    

LSD (5%)             

Irrigation   0.711      0.791    

Seed priming   ns      0.784    

I x P   ns      ns    
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and thus, On-farm priming produced the spikes with the maximum length of 12.63 cm 

that was followed by Hydropriming for 12 hours and Matriconditioning for 12 hours 

having 12.26 and 12.03 cm spike length, respectively. However, the differences 

among these treatments were found to be non-significant statistically. Whereas, the 

shortest spikes of 11.31 cm were noted with the No-priming treatment. 

It is evident from the results that the interactions between the priming techniques and 

irrigation regimes remained non-significant, during both the crop growth seasons.   

 
4.1.7-  1000-grain weight (g) 

Grain size that is indicated by 1000-grain weight is one of the important yield 

contributing attributes. Crop with bold and plump grains results in higher yield. Both 

the seed priming techniques and irrigations regimes exerted a significant (P<0.01) 

effect on 1000-grain weight of wheat crop during 2006-07 and 2007-08 (Table 4.1.7). 

Each increment in the irrigation level significantly (P<0.01) enhanced the 1000-grain 

weight from the treatment of Irrigation = 40% ETo to the treatment of  

Irrigation = 100% ETo. However, a further increase in the irrigation level showed no 

significant improvement in this yield component. The maximum 1000-grain weight of 

36.66 g during 2006-07 was achieved with the treatment of Irrigation = 120% ETo 

that was statistically at par with the treatment of Irrigation = 100% ETo which 

produced 35.59 g weight of 1000 grains which was followed by the treatment of 

Irrigation = 80% ETo. Whilst, the minimum 1000-grain weight of 28.54 g was 

measured in case of Irrigation = 40% ETo that was significantly (P<0.01) lower than 

all other treatments. The response of this attribute was found almost similar during the 

crop growth season of 2007-08 with the exception that during the 2006-07,  

1000-grain weight of the treatments, Irrigation = 100% ETo and Irrigation = 80% ETo 
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Table 4.1.7- Effect of  irrigation regimes and seed priming on  1000-grain weight (g) of wheat 

Treatments 
2006-07   2007-08 

Irrigation (% of ETo) Irrigation (% of ETo) 

Seed priming 120 100 80 60 40 Means 120 100 80 60 40 Means 

No-priming  35.15 33.29 31.54 30.36 27.12 31.49 33.52 32.88 29.50 26.28 24.14 29.26 

Hydropriming 12h 38.64 38.05 36.75 35.01 29.54 35.60 35.40 36.20 34.76 30.77 27.61 32.95 

Matriconditioning 12 h 37.12 36.45 35.19 32.15 29.02 33.99 35.19 34.85 33.42 29.29 25.69 31.69 

On-farm priming 12 h  38.61 38.26 37.15 35.48 30.31 35.96 36.45 36.09 35.30 32.00 28.61 33.69 

Hydropriming 12h+Chilling 12 h 35.61 34.29 33.07 30.75 26.79 32.10 34.53 32.07 31.44 26.96 25.06 30.01 

Hydropriming 24h 35.68 34.35 32.90 32.09 28.48 32.70 35.15 34.39 31.80 28.81 25.54 31.14 

Matriconditioning 24 h 35.79 34.40 32.87 32.05 28.52 32.72 34.95 34.16 32.19 28.90 26.21 31.28 

Means 36.66 35.59 34.21 32.56 28.54  35.03 34.38 32.63 29.00 26.12  

SEs             

Irrigation   0.481      0.518    

Seed priming   0.536      0.573    

I x P   1.199      1.280    

LSD (5%)             

Irrigation   1.567      1.688    

Seed priming   1.516      1.620    

I x P   ns      ns    
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remained statistically at par with one another whereas, during the second crop growth 

season these treatments differed significantly (P<0.01). 

The data showed that among all the seed priming treatments the maximum 1000-grain 

weight of 35.96 and 33.69 g during 2006-07 and 2007-08, respectively was recorded 

with the treatment of On-farm priming that was followed by Hydropriming for 12 

hours that exhibited 35.60 g and 32.95 g weight of 1000-grains during 2006-07 and 

2007-08, respectively however, the difference between these two treatments was 

statistically non-significant. Whereas, the minimum 1000-grain weight of 31.49 

during 2006-07 and 29.26 g during 2007-08 was displayed by the No-priming 

treatment. 

The results indicated that the interactions of irrigation regimes with seed priming 

techniques were found to be non-significant during the both crop growth seasons.    

  
4.1.8-  Plant height at maturity (cm) 

An important morphological attribute_ plant height is a function of cumulative effects 

of soil nutrient status, genetic make up of a plant, seed vigour and the environmental 

conditions under which the plant was grown. The results showed that the plant height 

was significantly (P<0.01) influenced by the irrigation regimes and seed priming 

techniques during the both crop growth seasons (Table 4.1.8). Comparatively taller 

plants were observed at higher irrigation levels than at lower ones. Significantly 

(P<0.01) the minimum plant height of 59.84 cm during 2006-07 was measured from 

the crop plants subjected to the lowest irrigation regime of Irrigation = 40% ETo. It 

was observed that each increment of irrigation increased the plant height and thus, the 

highest value of 96.90 cm was achieved with the treatment of Irrigation = 120% ETo 

that was followed by the treatment of Irrigation = 100% ETo and the difference 
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Table 4.1.8- Effect of  irrigation regimes and seed priming on  plant height at maturity (cm) of wheat 

Treatments 
2006-07   2007-08 

Irrigation (% of ETo) Irrigation (% of ETo) 

Seed priming 120 100 80 60 40 Means 120 100 80 60 40 Means 

No-priming  89.11 85.45 79.18 68.91 54.11 75.35 87.43 80.02 72.58 57.62 39.92 67.51 

Hydropriming 12h 101.64 97.84 91.67 81.91 64.84 87.58 97.08 91.01 82.79 66.90 50.72 77.70 

Matriconditioning 12 h 98.66 96.49 90.21 81.31 62.77 85.89 92.87 87.67 79.47 63.22 46.95 74.04 

On-farm priming 12 h  103.29 99.96 94.03 84.93 67.15 89.87 98.80 91.77 83.81 68.54 51.30 78.85 

Hydropriming 12h+Chilling 12 h 93.78 88.64 82.45 73.62 55.38 78.77 88.79 83.71 75.16 59.12 43.48 70.05 

Hydropriming 24h 97.15 94.89 86.58 76.12 58.10 82.57 92.16 86.42 79.59 61.77 46.32 73.25 

Matriconditioning 24 h 94.65 90.70 83.61 74.35 56.55 79.97 90.71 86.43 78.35 60.98 46.51 72.59 

Means 96.90 93.42 86.82 77.31 59.84  92.55 86.72 78.82 62.59 46.46  

SEs             

Irrigation   1.631      1.668    

Seed priming   1.785      1.736    

I x P   3.992      3.883    

LSD (5%)             

Irrigation   5.322      5.442    

Seed priming   5.051      4.913    

I x P   ns      ns    
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between these two treatments was found to be non-significant statistically. A similar 

picture appeared from the results of the second crop growth season however, during 

the second crop growth season the treatment of Irrigation = 100% ETo produced 

significantly (P<0.01) shorter plants than the treatment of Irrigation = 120% ETo. 

In case of seed priming techniques, the shortest plants of 75.35 cm height were 

produced with No-priming treatment during 2006-07, whereas the maximum plant 

height of 89.87 cm was achieved with the On-farm priming treatment that was 

statistically at par with the treatment of Hydropriming for 12 hours and 

Matriconditioning for 12 hours having the plant heights of 87.58 and 85.89 cm, 

respectively.  A similar trend was observed during the second crop growth season.  

It is clear from the results that the interactions between irrigation regimes and seed 

priming techniques remained non-significant during the both crop growth seasons.  

 
4.1.9- Biological yield (kg ha-1) 

Vegetative growth behaviour of a crop is reflected by the biological yield that is an 

indirect index of photosynthetic machinery. Interestingly, seed priming techniques, 

irrigation regimes and their interactions exerted a significant (P<0.01) effect on 

biological yield during the both crop growth seasons (Table 4.1.9). The data revealed 

that biological yield significantly (P<0.01) increased with each increment in the 

irrigation level from Irrigation = 40% ETo to Irrigation = 120% ETo. Significantly 

(P<0.01) the highest biological yield of 9160.5 kg ha-1 during 2006-07 was obtained 

from the treatment of Irrigation = 120% ETo that was followed by treatment of 

Irrigation = 100% ETo. Whereas, the treatment of Irrigation = 40% ETo produced 

significantly (P<0.01) the lowest biological yield of 2805.3 kg ha-1. A similar picture 

was reflected from the results recorded during the second crop growth season. 
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The data showed that among all the seed priming techniques, significantly (P<0.01) 

the highest biological yield of 8461.1  kg ha-1 was produced by the treatment of      

On-farm priming that was followed by 8104.0 kg ha-1 of total biomass recorded with 

the treatment of Hydropriming for 12 hours, during 2006-07. Whereas, the minimum 

biological yield of 5681.1 kg ha-1 was noted from the crop plants subjected to the  

No-priming treatment that remained significantly (P<0.01) lower that all other 

priming treatments. Like 2006-07, during the second crop growth season the On-farm 

priming treatment again produced the highest biological yield of 6944.3 kg ha-1 and 

was followed by the treatment of Hydropriming for 12 hours which produced 6718.0 

kg ha-1 of total biomass however, the differences between these two treatments were 

found to be non-significant statistically. Other treatments showed a similar response 

like that of the previous crop growth season and the bottom rank was again occupied 

by the No-priming treatment by producing 4346.7 kg ha-1 of total biomass.  

It is evident from the results that the interactions between irrigation regimes and seed 

priming treatments were found to be significant (P<0.01) during both the crop growth 

seasons. These significant effects might be associated to the fact that the treatments of 

On-farm priming and Hydropriming for 12 hours gave better response to each 

irrigation regime by producing higher number of tillers per unit area and greater leaf 

area index during 2006-07 and 2007-08. Thus the highest biological yield was 

realized with the treatment combination of On-farm priming along with the treatment 

Irrigation = 120% ETo during both the crop growth seasons (Fig. 4.1.2). 
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Table 4.1.9- Effect of  irrigation regimes and seed priming on  biological yield of wheat (kg ha-1) 

Treatments 
2006-07   2007-08 

Irrigation (% of ETo) Irrigation (% of ETo) 

Seed priming 120 100 80 60 40 Means 120 100 80 60 40 Means 

No-priming  7447.72 6873.28 6703.67 5172.96 2207.69 5681.06 6305.30 5769.73 4925.32 3386.36 1346.88 4346.72

Hydropriming 12h 10645.25 10116.71 9467.31 7086.01 3204.64 8103.98 9704.33 9069.80 7764.94 4709.81 2341.20 6718.02

Matriconditioning 12 h 9477.58 8844.81 8534.08 6324.79 2955.06 7227.27 8341.07 7708.32 6565.93 4208.34 2057.55 5776.24

On-farm priming 12 h  11340.29 10889.62 9689.70 7198.97 3186.71 8461.06 9858.18 9424.70 7901.21 5098.72 2438.56 6944.27

Hydropriming 12h+Chilling 12 h 8180.56 7738.24 7398.19 6104.88 2708.70 6426.11 7286.76 6635.72 5625.80 3886.57 1947.38 5076.44

Hydropriming 24h 8935.04 8445.70 8156.80 6108.73 2784.21 6886.10 7949.35 7489.40 6060.88 4187.38 2042.84 5545.97

Matriconditioning 24 h 8096.79 7499.02 7309.68 6043.78 2589.96 6307.85 6650.11 6104.59 5387.12 3846.20 1505.41 4698.69

Means 9160.46 8629.63 8179.92 6291.45 2805.28  8013.59 7457.47 6318.74 4189.05 1954.26  

SEs             

Irrigation   117.173      109.162    

Seed priming   124.817      108.183    

I x P   279.099      241.904    

LSD (5%)             

Irrigation   382.104      356.003    

Seed priming   353.111      306.021    

I x P   789.501      684.013    
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     Fig. 4.1.2- Interactive effect of irrigation regimes and seed priming techniques  
                       on biological yield of wheat 
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4.1.10- Grain yield (kg ha-1) 

Grain yield is a function of combined effects of different yield components which 

developed under a given set of environmental conditions. The results indicated that 

treatments i.e. seed priming techniques, irrigation regimes and their interactions 

significantly (P<0.01) affected the grain yield during 2006-07 and 2007-08  

(Table 4.1.10). 

It was observed that each increase in the irrigation level from Irrigation = 40% ETo to 

Irrigation = 100% ETo significantly (P<0.01) improved the grain yield, but thereafter 

this improvement was non-significant statistically. The treatment of Irrigation = 120% 

ETo produced the highest grain yield of 3856.5 kg ha-1 during 2006-07 that was 

statistically at par with the grain yield of 3753.8 kg ha-1 recorded with the treatment of 

Irrigation = 100% ETo which was followed by treatment of Irrigation = 80% ETo that 

produced significantly (P<0.01) lower grain yield than the treatment of  

Irrigation = 120% ETo.  Whereas, significantly (P<0.01) the minimum grain yield of 

1124.2 kg ha-1 was obtained with the treatment of Irrigation = 40% ETo. A similar 

trend was observed during the second crop growth season. 

The data revealed that the seed priming techniques had a significant (P<0.01) 

influence on grain yield during both the crop growth seasons. The maximum grain 

yield of 3722.6 kg ha-1 during 2006-07 and 3234.4 kg ha-1 during 2007-08 was 

recorded with the treatment of On-farm priming that was followed by the treatment of 

Hydropriming for 12 hours which produced 3536.6 and 3105.7 kg ha-1 of grains 

during 2006-07 and 2007-08, respectively however, the differences between these two 

treatments were found to be non-significant statistically whilst the minimum grain 

yield was noted with No-priming treatment during both the crop growth seasons. 
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It is evident from the results that the interactions between irrigation regimes and seed 

priming treatments were found to be significant (P<0.01) during crop growth seasons 

of 2006-07 and 2007-08. These significant effects might be attributed to the fact that 

the treatments of On-farm priming and Hydropriming for 12 hours responded more 

positively to each irrigation regime by producing higher number of tillers, greater leaf 

area index, higher leaf area duration, better crop growth rate and total dry matter 

accumulation that translated into higher grain yield during both the crop growth 

seasons. So the highest grain yield of 4985.4 kg ha-1 was presented by the treatment 

combination of On-farm priming along with treatment Irrigation = 120% ETo  

(Fig. 4.1.3). 

There was a strong and linear relationship of grain yield with the number of 

productive tillers m-2, number of grains per spike and 1000-grain weight. The 

regression accounted for 98.3, 86.6 and 92.4% variance in grain yield for the above 

mentioned yield components, respectively during 2006-07 while the corresponding 

figures for the crop growth season 2007-08 were 97.7, 88.3 and 90.9%, respectively 

(Fig. 4.1.4, 4.1.5 and 4.1.6). Grain yield was also linearly related to the leaf area 

duration and total dry matter accumulation and the regression accounted for 96.8 and 

91.5% variance in grain yield for the leaf area duration and total dry matter 

accumulation, respectively during 2006-07 while the corresponding figures for  

 2007-08 were 94.3 and 95.2%, respectively (Fig. 4.1.8 and 4.1.11).  
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Table 4.1.10- Effect of  irrigation regimes and seed priming on  grain yield of wheat (kg ha-1) 

Treatments 
2006-07   2007-08 

Irrigation (% of ETo) Irrigation (% of ETo) 

Seed priming 120 100 80 60 40 Means 120 100 80 60 40 Means 

No-priming  3041.95 2901.88 2820.53 2077.45 866.38 2341.64 2715.88 2609.22 2175.66 1461.64 555.54 1903.59

Hydropriming 12h 4579.09 4549.98 4242.94 2995.73 1315.28 3536.60 4392.03 4351.80 3643.94 2133.00 1007.69 3105.69

Matriconditioning 12 h 4004.25 3903.00 3749.85 2627.46 1195.00 3095.91 3710.82 3632.86 3023.64 1874.57 873.20 2623.02

On-farm priming 12 h  4985.44 4901.61 4357.03 3051.35 1317.68 3722.62 4555.19 4525.67 3719.80 2314.16 1057.11 3234.39

Hydropriming 12h+Chilling 12 h 3349.33 3265.40 3110.41 2454.16 1061.40 2648.14 3146.04 2999.37 2483.45 1677.60 802.72 2221.84

Hydropriming 24h 3768.10 3610.75 3472.81 2471.79 1109.81 2886.65 3530.32 3427.02 2708.05 1820.24 854.97 2468.12

Matriconditioning 24 h 3267.31 3143.68 3056.06 2393.13 1004.14 2572.86 2831.71 2743.05 2365.48 1642.99 615.51 2039.75

Means 3856.50 3753.76 3544.23 2581.58 1124.24  3554.57 3469.86 2874.29 1846.31 823.82  

SEs             

Irrigation   65.645      62.797    

Seed priming   70.492      63.479    

I x P   157.625      141.944    

LSD (5%)             

Irrigation   214.110      204.805    

Seed priming   199.408      179.609    

I x P   445.921      401.500    
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       Fig. 4.1.3- Interactive effect of irrigation regimes and seed priming techniques 
                         on grain yield of wheat 
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               Fig. 4.1.4- Relationship between grain yield and productive tillers 
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                     Fig. 4.1.5- Relationship between grain yield and grains per spike 
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            Fig. 4.1.6- Relationship between grain yield and 1000-grain weight 
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Growth and development   
     
 

4.1.11- Leaf area index  
 
Leaf area index (LAI) is an indicator of the size of the assimilatory system of a crop 

and it is the main physiological determinant of crop yield. The magnitude of 

development of leaf area indices varied significantly (P<0.01) during 2006-07 and 

2007-08. However, relatively higher LAIs were recorded during the 2006-07 as 

compared to the second crop growth season. Periodic data on LAI are presented in 

Fig. 4.1.7 a and  b.  

Significant (P<0.01) differences in leaf area index of wheat crop grown under 

different irrigation regimes were observed through out the crop growth season during 

2006-07 and 2007-08. At early growth stages, these differences were narrow but with 

the advancement in development stages of the crop these grew wider. At all harvests, 

the treatment of Irrigation = 120% ETo gave higher values of leaf area index than all 

other treatments but remained statistically at par with the treatment of  

Irrigation = 100% ETo, except at the final harvest (120 days after sowing) when the 

treatment of  Irrigation = 120% ETo with LAI values of  0.65 and 0.55 during  

2006-07 and  2007-08, respectively was followed by the treatment of  

Irrigation = 100% ETo having the LAI values of 0.63 and 0.54 during  2006-07 and  

2007-08, respectively, and the differences between these two treatments were found 

to be significant (P<0.01) statistically. The maximum LAI values of 4.24 and 3.74 at 

90 days after sowing were recorded  during 2006-07 and 2007-08 respectively, with 

the treatment where irrigation was given equivalent to 120% ETo, while the minimum 

LAI values of 3.14 and 2.76 were noted at the same harvest during 2006-07 and  

2007-08, respectively in case of  Irrigation = 40% ETo. It was observed that the leaf 
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area index increased up to 90 days after sowing and later on started declining sharply 

(Fig 4.1.7a).  

A visual integration of changes in climatic conditions is reflected by the growth 

curves of leaf area index of wheat crop. During winter months (December and 

January), leaf development rates were slow but from February to onward as the 

temperature started rising, rapid rates of development occurred. A sharp decline in 

leaf development rate after mid March was observed that was probably associated 

with the phenomena of leaf senescence.  

The results revealed that all the seed priming treatments resulted in a significant 

improvement in leaf area index over No-priming treatment. At all harvests, the 

maximum leaf area index was measured in case of On-farm priming treatment that 

was followed by Hydropriming for 12 hours, however, the differences between these 

two treatments were found to be non-significant statistically. On 90 days after sowing, 

On-farm priming exhibited the highest leaf area index of 4.21 during 2006-07 and 

3.69 during 2007-08 while at the same harvest the lowest values of 3.49 and 3.09 

during 2006-07 and 2007-08, respectively were recorded with No-priming treatment 

(Fig 4.1.7 b). 

It is evident from the results that the interactions between irrigation regimes and seed 

priming techniques were found to be highly significant (P<0.01) at the last harvest 

(120 days after sowing) during 2006-07  while at 105 DAS and 120 DAS harvests  

during 2007-08. This might be associated with higher plant population and greater 

tiller number resulting from the treatment of On-farm priming along with the 

irrigation regime of 120% ETo and 100% ETo.  In all the treatments, a consistent 

decline in leaf area index towards maturity was observed that resulted from the 

senescence of leaves which is a common phenomenon in wheat and other cereals. 



118 
 

 

 

 

            Fig. 4.1.7a- Effect of different  irrigation regimes on leaf area index of wheat 
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     Fig. 4.1.7 b- Effect of different  seed priming techniques on leaf area index of wheat   
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4.1.12- Leaf area duration  

Leaf area duration (LAD) expresses the magnitude and persistence of leaf area or 

leafiness during the period of crop growth. Management practices which can prolong 

the duration of leaf surface in an active state help in improving the crop yield. Leaf 

area duration provides a means for comparing treatments on the basis of their leaf 

persistence. Merely maximum LAIs may not be able to categorically elaborate the 

differences in grain yield and total biomass production therefore, the variation in yield 

between treatments is sometimes accounted for leaf area duration. So the leaf area 

duration was estimated to examine the importance of photosynthetic area during 

growth. 

The data given in Table 4.1.11 regarding leaf area duration showed that during  

2006-07 and 2007-08 the irrigation regimes significantly (P<0.01) affected the leaf 

area duration. The maximum leaf area duration of 189.9 days during 2006-07 and 

153.7 days during 2007-08 was recorded with the treatment of Irrigation = 120% ETo 

that was followed by the leaf area duration values noted with the treatment of 

Irrigation = 100% ETo and Irrigation = 80% ETo, however, the differences among 

these treatments were found to be non-significant statistically indicating that the 

diminishing levels of irrigation from Irrigation = 120% ETo to Irrigation = 80% ETo 

resulted in a non-significant decline in leaf area duration. However, a further decrease 

in irrigation level reduced the leaf area duration significantly. Thus, the lowest leaf 

area duration values of 143.8 and 106.1 days during 2006-07 and 2007-08, 

respectively were estimated under the irrigation regime of 40% ETo.  

A keen perusal of the data deciphered that the leaf area duration increased 17 - 22% 

by increasing the irrigation level from Irrigation = 40% ETo to Irrigation = 60% ETo. 

This increment in leaf area duration was 7-12% when irrigation level was increased 
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from Irrigation = 60% ETo to Irrigation = 80% ETo, 3.95 - 4.14% when irrigation 

level was increased from Irrigation = 80% ETo to Irrigation = 100% ETo and was 

merely 0.81 to 1.57% when irrigation was further increased to Irrigation = 120% ETo.   

The data showed that the seed priming treatments significantly influenced the leaf 

area duration during both the crop growth seasons. The highest leaf area duration of 

187.1 days was recorded with the treatment of On-farm priming that was followed by 

the treatment of Hydropriming for 12 hours with LAD value of 184.8 days during 

2006-07 and the differences between these treatments were found to be  

non-significant statistically. Whilst, the lowest leaf area duration was noted with the 

treatment of No-priming having the LAD value of 160.0 days. A similar picture 

emerged from the results of second crop growth season. 

The results indicated that the interactions between irrigation regimes and seed priming 

techniques were found to be non-significant statistically during both the crop growth 

seasons.  
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Table 4.1.11- Effect of  irrigation regimes and seed priming on  leaf area duration (days) of wheat 

Treatments 
2006-07   2007-08 

Irrigation (% of ETo) Irrigation (% of ETo) 

Seed priming 120 100 80 60 40 Means 120 100 80 60 40 Means 

No-priming  172.92 170.22 166.51 156.18 134.16 160.00 136.74 134.70 130.11 114.58 91.89 121.60 

Hydropriming 12h 203.73 201.51 190.11 176.60 152.03 184.79 165.38 164.08 157.01 140.35 115.94 148.55 

Matriconditioning 12 h 192.07 190.03 184.13 171.55 147.99 177.15 154.09 153.57 148.91 132.73 108.14 139.49 

On-farm priming 12 h  206.04 203.60 192.87 180.11 152.97 187.12 166.57 165.25 158.46 142.43 117.71 150.08 

Hydropriming 12h+Chilling 12 h 183.41 180.53 175.65 164.79 140.60 169.00 148.71 147.11 141.34 126.23 103.34 133.35 

Hydropriming 24h 190.25 187.24 179.13 168.85 144.74 174.04 153.52 152.38 145.83 131.10 107.33 138.03 

Matriconditioning 24 h 181.10 175.82 170.79 158.91 134.16 164.16 146.40 145.68 138.86 123.03 98.05 130.40 

Means 189.93 186.99 179.88 168.14 143.81  153.06 151.83 145.79 130.07 106.06  

SEs             

Irrigation   3.187      2.494    

Seed priming   3.673      2.813    

I x P   8.214      6.292    

LSD (5%)             

Irrigation   10.392      8.133    

Seed priming   10.390      7.961    

I x P   ns      ns    
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               Fig. 4.1.8- Relationship between grain yield and leaf area duration 
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4.1.13- Crop growth rate (g m-2 d-1) 

The rate of dry matter accumulation is expressed in terms of crop growth rate. The 

periodic effect of the irrigation and seed priming on the crop growth rate (CGR) 

during 2006-07 and 2007-08 is given in Fig.4.1.9a and b. The crop growth rate was 

relatively lower during 2007-08 than 2006-07 that may be attributed to the erratic and 

low rainfall during the second crop growth season. It was also noted that higher 

growth rates were observed during pre-anthesis as compared to the post-anthesis 

growth phase.   

The irrigation regimes exerted a significant effect (P<0.01) on crop growth rate 

during both the crop growth seasons. The data presented in Fig.4.1.9a indicated that 

crop growth rate increased significantly with increasing levels of irrigation at all 

growth stages. The differences in crop growth rate for irrigation regimes at early 

growth stages were less prominent and became wider at the later stages of growth. 

The treatment of Irrigation equivalent to 120% ETo exhibited a higher crop growth 

rate than all other treatments and achieved its peak value of 46.92 g and 40.77  

g m-2 d1 during 2006-07 and 2007-08, respectively on 90 days after sowing and 

thereafter a steep decline was observed. While the minimum crop growth rate at all 

harvests was recorded with the treatment of Irrigation = 40% ETo. 

The data indicated a promoting effect of seed priming techniques on crop growth rate 

during both crop growth seasons. The highest crop growth rate of 46.55 and 42.99  

g m-2 d-1 during 2006-07 and 2007-08, respectively was achieved with On-farm 

priming treatment on 90 days after sowing, however, it was statically at par with the 

treatment of Hydropriming for 12 hours having the crop growth rate of 45.49 g m-2 d-1 

during 2006-07 and 41.62 g m-2 d-1 during 2007-08 recorded at the same growth stage. 
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               Fig. 4.1.9a- Effect of different  irrigation regimes on crop growth rate of   
                                   wheat
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            Fig. 4.1.9 b- Effect of different  seed priming techniques on crop growth rate of 
                                 wheat 
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Table 4.1.12- Effect of  irrigation regimes and seed priming on  mean crop growth rate (g m-2 day-1) of wheat 

Treatments 
2006-07   2007-08 

Irrigation (% of ETo) Irrigation (% of ETo) 

Seed priming 120 100 80 60 40 Means 120 100 80 60 40 Means 

No-priming  28.81 28.04 26.05 23.07 19.13 25.02 21.23 20.68 20.13 16.85 14.01 18.58 

Hydropriming 12h 34.50 34.63 29.84 27.12 23.16 29.85 28.09 27.32 23.26 20.36 16.99 23.20 

Matriconditioning 12 h 32.62 31.78 29.68 26.10 22.01 28.44 26.61 26.45 22.56 19.45 16.62 22.34 

On-farm priming 12 h  35.21 34.39 30.62 27.24 23.24 30.14 28.26 27.59 24.14 20.63 17.48 23.62 

Hydropriming 12h+Chilling 12 h 30.59 30.12 26.88 23.70 20.51 26.36 24.62 24.52 21.34 18.32 15.87 20.94 

Hydropriming 24h 32.50 31.36 29.05 25.34 21.50 27.95 26.28 25.75 22.17 19.31 16.17 21.94 

Matriconditioning 24 h 29.95 29.01 26.02 23.79 19.62 25.68 22.38 22.12 20.86 18.17 14.84 19.68 

Means 32.03 31.33 28.31 25.19 21.31  25.35 24.92 22.07 19.01 16.00  

SEs             

Irrigation   0.581      0.387    

Seed priming   0.609      0.409    

I x P   1.362      0.914    

LSD (5%)             

Irrigation   1.869      1.262    

Seed priming   1.724      1.156    

I x P   ns      ns    



128 
 

Whereas, the minimum values of crop growth rate were noted with the No-priming 

treatment (Fig.4.1.9 b). 

The data regarding the mean crop growth rate of wheat crop indicated that the highest 

mean crop growth rate of 32.03 and 25.35 g m-2 day-1 during 2006-07 and 2007-08, 

respectively was realized with the treatment of Irrigation = 120% ETo that was 

followed by the treatment of Irrigation = 100% ETo having the mean CGR values of 

31.33 g m-2 day-1 and 24.92 g m-2 day-1 during 2006-07 and 2007-08 respectively, 

however, non-significant differences were observed between these two treatments 

(Table 4.1.12). Whereas, significantly (P<0.01) the lowest values of 21.31 and 16.00  

g m-2 day-1 during 2006-07 and 2007-08, respectively were recorded from the crop 

plants subjected to the irrigation equivalent to 40% ETo.  

It was also noted that a significant (P<0.01) influence was exerted by all the seed 

priming treatments on the mean crop growth rate during both crop growth seasons. 

The maximum mean crop growth rate of 30.14 g m-2 day-1 was achieved with  

On-farm priming treatment that was followed by the treatments of Hydropriming for 

12 hours and Matriconditioning for 12 hours having the mean CGR values of 29.85 

and 28.44 g m-2 day-1, respectively during 2006-07. However, all the three treatments 

remained statistically at par with each other. Whereas, the No-priming treatment 

presented the minimum crop growth rate value of 25.02 g m-2 day-1.  A similar picture 

appeared during the second crop growth season however, the treatment of 

Matriconditioning for 12 hours expressed significantly (P<0.01) a lower crop growth 

rate than that of On-farm priming treatment.  
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4.1.14- Total dry matter accumulation (g m-2) 

Relatively less dry matter was accumulated during 2007-08 as compared to 2006-07 

that might be associated to less favourable climatic conditions prevailing during the 

later crop growth season. Accumulation of dry matter was in general slow upto 60 

DAS harvest in all the treatments and subsequently increased linearly till 90 DAS 

harvest but thereafter this increase progressed at a diminishing rate till 120 DAS 

harvest.   

Statistically (P<0.01) the maximum total dry matter accumulation of 2217.03 g m-2 

was achieved with the treatment of Irrigation = 120% ETo at 120 DAS harvest, during 

2006-07. A significant reduction in the total dry matter accumulation was noted with 

each decrease in the irrigation level, reaching its minimum value of 1574.18 g m-2 

with the treatment of Irrigation = 40% ETo. It was observed that on an average, there 

was an additional benefit of about of 13.45% when irrigation level was raised from  

40% ETo to 60% ETo, 9.33% from 60% ETo to 80% ETo and 8.13 % from 80% ETo 

to 100% ETo. Whereas, the TDM production improved merely <1.0% when irrigation 

was increased from 100% ETo to 120% ETo (Fig. 4.1.10a). It is assumed that at 

higher irrigation levels higher leaf area index (Fig. 4.1.7a) and leaf area duration 

enabled the crop for interception of more light that resulted in increased dry matter 

accumulation. A similar trend was observed during the second crop growth season. 

At almost all harvests, the On-farm priming treatment remained at the top of all other 

priming treatments by producing the maximum dry matter that reached its peak value 

of 2142.95 g m-2 at 120 DAS harvest during 2006-07 which was followed by the 

treatment of Hydropriming for 12 hours. However, the differences between these two 

treatments were found to be non-significant statistically. Whereas, at the same harvest  
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                   Fig. 4.1.10a- Effect of different  irrigation regimes on total dry matter 
                                         accumulation of wheat 
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        Fig. 4.1.10b- Effect of different  seed priming techniques on total dry matter  
                              accumulation of wheat 
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                        Fig. 4.1.11- Relationship between grain yield and total dry matter 
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                    Fig. 4.1.12- Relationship between  total dry matter and leaf area duration     
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the minimum dry matter accumulation of 1757.62 g m-2 was recorded with the  

No-priming treatment. The lowest values for total dry matter accumulation were noted 

at 30 DAS harvest (Fig. 4.1.10 b). A similar trend was observed during 2007-08.  

It is obvious from the data that the priming techniques especially On-farm priming 

and Hydropriming for 12 hours enhanced the speed of germination and emergence, 

improved seedling vigour and gave a better stand establishment  by reducing the mean 

germination time (Table.4.1.1) and increasing the germination count (Table. 4.1.2), 

which in turn resulted in more tillers per unit area (Table.4.1.3), early and better 

development of leaf area that provided the basis for enhanced dry matter 

accumulation and ultimately higher crop yield. Thus, it supports the idea that 

agronomic practices should be aimed at the early emergence of wheat crop especially 

in case of late sowing.  

There was a linear and positive relationship of total dry matter production with the 

leaf area duration. The regression accounted for 96.5 and 92.5% variance in total dry 

matter accumulation for the leaf area duration during 2006-07 and 2007-08 

respectively (Fig. 4.1.12).  

 
4.1.15- Harvest index (%) 

Harvest index is a key parameter that indicates the efficiency of a crop in 

transformation of photosynthates into economic yield. Comparison of treatment 

means showed that seed priming techniques and irrigation regimes both significantly 

(P<0.01) affected the harvest index during 2006-07 and 2007-08 (Table 4.1.13).  

It was observed that during 2006-07 each increment of irrigation from the treatment 

of Irrigation = 40% ETo to Irrigation = 80% ETo significantly (P<0.01) increased the 
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Table 4.1.13- Effect of  irrigation regimes and seed priming on  harvest index (%) of wheat 

Treatments 
2006-07   2007-08 

Irrigation (% of ETo) Irrigation (% of ETo) 

Seed priming 120 100 80 60 40 Means 120 100 80 60 40 Means 

No-priming  40.83 42.21 42.06 40.15 39.23 40.89 43.06 45.21 44.16 43.15 41.23 43.36 

Hydropriming 12h 42.98 44.94 44.78 42.24 41.01 43.19 45.22 47.94 46.89 45.24 43.01 45.66 

Matriconditioning 12 h 42.24 44.12 43.93 41.53 40.43 42.45 44.48 47.12 46.04 44.53 42.43 44.92 

On-farm priming 12 h  43.93 44.98 44.93 42.35 41.32 43.50 46.17 47.98 47.04 45.35 43.32 45.97 

Hydropriming 12h+Chilling 12 h 40.93 42.19 42.03 40.19 39.17 40.90 43.16 45.19 44.13 43.15 41.21 43.37 

Hydropriming 24h 42.05 42.71 42.53 40.42 39.70 41.48 44.27 45.71 44.63 43.42 41.70 43.95 

Matriconditioning 24 h 40.34 41.87 41.66 39.55 38.73 40.43 42.57 44.87 43.74 42.66 40.83 42.93 

Means 41.90 43.29 43.13 40.92 39.94  44.13 46.29 45.23 43.93 41.96  

SEs             

Irrigation   0.303      0.319    

Seed priming   0.344      0.363    

I x P   0.769      0.812    

LSD (5%)             

Irrigation   0.989      1.039    

Seed priming   0.974      1.027    

I x P   ns      ns    
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harvest index. Whereas, a further increase in the irrigation level from 80% ETo to 

100% ETo resulted in a non-significant improvement in the harvest index. Later on, 

an additional increment of irrigation beyond this point i.e. 120% ETo caused a 

significant (P<0.01) decline in the harvest index. The maximum harvest index of 

43.29% was achieved with the treatment of Irrigation =100% ETo while the minimum 

value of 39.94% was recorded with the treatment of Irrigation = 40% ETo.  A similar 

picture emerged from the results of second crop growth season.  

Data regarding the seed priming techniques showed that almost all priming 

treatments, except Matriconditioning for 24 hours, improved the harvest index over 

No-priming treatment. During both the crop growth seasons, the maximum harvest 

index was achieved with On-farm priming treatment having the values of 43.50 and 

45.97% during 2006-07 and 2007-08, respectively that was followed by the treatment 

of Hydropriming for 12 hours. However, the differences between these two treatments 

were non-significant statistically. Further, Hydropriming for 12 hours was followed 

by Matriconditioning for 12 hours, Hydropriming for 24 hours and Hydropriming for 

12 hours along with chilling stress, respectively. The bottom rank was secured by the 

No-priming treatment however it remained statistically at par with the treatment of 

Matriconditioning for 24 hours.  

It is evident from the results that the interactions between irrigation regimes and seed 

priming treatments were found to be non-significant during the both crop growth 

seasons.    

 
4.1.16- Water use efficiency (kg ha-1 mm-1) 

Water use efficiency shows that how efficiently crop plants use irrigation water to 

produce economic yield. Data indicated that seed priming techniques and irrigation 
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regimes both significantly (P<0.01) affected this attribute during 2006-07 and  

2007-08 (Fig 4.1.13).  

Increasing the irrigation level from the treatment of Irrigation = 40% ETo to Irrigation 

equivalent to 80% ETo gave a significant (P<0.01) improvement in water use 

efficiency but a further increase in the irrigation level from 80% ETo to 100% ETo 

either expressed a non-significant increment in this parameter or showed a decline. 

Whereas, increasing the irrigation level beyond 100% ETo significantly (P<0.01) 

reduced WUE of crop plants. Thus, the highest water use efficiency of 12.40 kg ha-1 

mm-1 was achieved with the treatment of Irrigation =80% ETo while the lowest one 

was recorded with the treatment of Irrigation = 40% ETo.  A similar trend appeared 

from the results of second crop growth season.  

During both the crop growth seasons, among the seed priming techniques the 

maximum water use efficiency was expressed by the treatment  of On-farm priming 

having the values of 12.57 and 14.36 kg ha-1 mm-1 during 2006-07 and 2007-08, 

respectively, that was followed by the treatment of Hydropriming for 12 hours. 

Whereas, the minimum value for water use efficiency was recorded with the  

No-priming treatment.  

It is evident from the results that the interactions between irrigation regimes and seed 

priming treatments were found significant (P<0.01) during both crop growth seasons. 

Thus, the highest WUE was expressed by the treatment combination of On-farm 

priming along with the irrigation regime of 80% ETo however, it remained 

statistically at par with the same priming treatment subjected to the irrigation regime 

of 100% ETo.   
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            Fig. 4.1.13 - Interactive effect of different irrigation regimes and seed priming 
                                 techniques on water use efficiency of wheat 
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Discussion  

Wheat being a determinate in growth habit is considered a sensitive crop to the 

temperature prevailing at the time of sowing and through out its growth period. In 

Exp-I different seed priming techniques were studied with the aim to find out an 

appropriate and possible tool for enhancing the germination and emergence to 

mitigate the adverse effects of low temperature at the time of sowing in late planted 

wheat crop. Thus, the priming techniques employed here reduced the mean 

emergence time up till 4 to 5 days that was considered a significant decrease in mean 

emergence time. This decrease in emergence time enhanced germination count and 

early seedling establishment which resulted in more number of tillers per unit area 

that improved the leaf area index. This higher leaf area index facilitated the crop 

plants for more interception of radiant energy which was used in manufacturing of 

higher quantity of photosynthates that ultimately increased the grain yield.  

Moreover, early plant establishment enabled the crop for timely completion of the 

tillering phenomenon thus the crop availed sufficient period for other developmental 

stages; jointing, booting, anthesis and grain development. The improved leaf area 

duration and crop growth rate promoted the dry matter accumulation which resulted in 

higher grain weight, more grains per spike and harvest index that translated into a 

higher grain yield. Amongst the seed priming treatments, the On-farm priming and 

Hydropriming for 12 hours appeared with better performance. These results are in 

consonance with the findings of other scientists who observed that On-farm priming 

for 10-12 hours duration resulted in 2-3 days early emergence, better germination 

percentage, more vigorous growth and higher grain yield in rice, chickpea, maize, 

sorghum and especially wheat with an increase of 6% in yield (Abro et al., 2009; 
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Harris et al., 2007 and Harris et al., 2001), increased crop stand up to 14% and also 

improved tillers m-2, harvest index, grains per spike, 1000- grain weight and CGR  

(Farooq et al., 2008; Murungu et al., 2004). Our results are also in line with Moradi 

and Younesi (2009), Golezanik et al. (2008) and Farooq et al. (2006a) who reported 

Hydropriming technique as an excellent tool for enhancing emergence and 

productivity of wheat. It was also observed that On-farm priming and Hydropriming 

for 12 hours showed a lower mean emergence time than Hydropriming for 24 hours, 

Matriconditioning and Hydropriming along with chilling stress (Afzal et al., 2007b, 

Iqbal and Ashraf, 2006; Basra et al., 2005; Basra et al., 2003). The lower germination 

count and less seedling vigour exhibited by the treatment of Hydropriming along with 

chilling stress might be due to membrane rupture during the chilling treatment 

(Farooq et al., 2004). However, Basra et al. (2002) differed with our findings by 

stating that Hydropriming for 24 hours along with chilling stress for 12 or 24 hours 

used less time to complete emergence than Hydropriming for 12 hours.  

Improved harvest index and increased grain as well as biological yield through seed 

priming seemed to be associated with more spikes per unit area, higher dry matter 

accumulation and the better dry matter partitioning to the developing grains resulting 

from enhanced crop growth rate, leaf area duration and leaf area index at all harvests. 

Sarkar and Pal (2006) also reported that Hydropriming enhanced TDM, LAI, CGR, 

NAR and final yield. Whereas, an inverse relationship of mean emergence time with 

that of grain yield and harvest index was observed that shows a persistent impact of 

early seedling establishment on plant growth and phenology.  

It was also observed that seed priming duration for more than 12 hours increased the 

mean emergence time resulting in a decline in germination count and total number of 

tillers per unit area. It is considered that longer priming periods produced free radicals 
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of oxygen that destroyed the cell membrane (Rahnavard et al., 2009). Giri and 

Schillinger (2003) favour our results by reporting a reduction in rate and extent of 

germination in wheat by increasing the priming time over 12 hours and they proposed 

12 hours duration as optimum soaking time for wheat seeds.  

The irrigation management of wheat crop based on reference evapotranspiration 

(ETo) enables us to use the limited water supplies more efficiently. The ETo measures 

the evaporative demand of the atmosphere at a particular location during specific 

period and is estimated by using FAO Penman-Monteith method (Zhang et al., 2002a; 

Khan, 2001; Allen et al., 1998).  

It is evident from the results of this study that each incremental irrigation from 40% to 

100% ETo increased the number of productive tillers, grains per spike, 1000-grain 

weight and spike length. A similar trend was also observed in physiological attributes 

viz. leaf area index, leaf area duration, crop growth rate, dry matter accumulation and 

harvest index that resulted in an enhanced grain and biological yield. But a further  

increase in the irrigation level (from 100% to 120% ETo) showed no significant 

improvement in these traits rather resulted in a lower harvest index indicating that this 

additional water was not efficiently utilized in improving the economic portion of the 

crop and the photosynthates were less efficiently translocated from ‘source’ to the 

‘sink’ (grains). This implies that increasing the quantity of irrigation water results in a 

linear increase in the evapotranspiration by the crop up to a point where this 

relationship becomes curvilinear because a portion of water applied is not used in 

evapotranspiration rather it is lost and at this point the crop yield attains its maximum 

value with no further improvement by additional water application. Thus, it advocates 

that the application of more irrigation water to crops does not necessarily mean higher 

crop yield (Fereres and Soriano, 2007; Abdullah, 1990). Other scientists (Ali, 2008; 
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Ali et al., 2007, Zhang et al., 2006; Perrier and Salkini, 1991) also supported deficit 

irrigation and reported a 23-27% increase in harvest index and the maximum financial 

return under deficit irrigation as compared to the fully irrigated crop. Our results are 

also in line with the findings of Pierre et al. (2008), Fereres and Soriano (2007), 

Guttieri et al. (2005) and Sekhon and Sandhu (2004) who recorded the maximum 

grain yield, total dry matter, seed weight and seed diameter at the irrigation level of 

100% ETo in wheat crop while a further decrease in irrigation level resulted in a 

decline in grain yield whereas, the application of water above 100% ETo accelerated 

the water and fertilizer losses.  

On the other hand it was noticed that at 40 and 60% ETo irrigation levels, crop 

suffered from drought stress which was expressed by reduced LAI and LAD that 

caused ‘source’ limitation resulting in lower dry matter accumulation and reduced 

crop growth rate that translated into lighter grains, lower harvest index and ultimately 

severe reduction in the grain yield. Moreover, the leaf area reduction during 

vegetative phase due to severe water stress promoted E (evaporation from the soil) 

component of ET which resulted in lower water productivity (Fereres and Soriano, 

2007).  Jaleel et al. (2008) also reported that drought stress reduced the leaf area 

duration and harvest index. However, these findings are not in line with the work of 

Karam et al. (2007) who described that water stress didn’t significantly affect the 

harvest index. Similarly, the work of Waraich et al. (2007) and Waraich and Ahmad 

(2009) is not in coincidence with our findings, who observed a linear increase in the 

grain yield, LAI, LAD, CGR and biomass of wheat with increasing irrigations. 

The interaction of seed priming techniques and irrigation regimes significantly 

affected various yield and growth attributes. The higher biomass and grain yield was 

exhibited by On-farm priming or Hydropriming for 12 hours subjected to irrigation 
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regime of 100% ETo or 120% ETo. This may be attributed to the higher germination 

count, early and synchronized emergence which resulted in vigorous seedlings and a 

uniform crop stand that promoted the tillering phenomenon giving more fertile tillers 

that enhanced leaf area index which was maintained for longer periods, and thus 

favoured early canopy development and a better ground cover that reduced the 

evaporation from the soil saving sufficient water for transpiration which was 

efficiently used by the crop plants in manufacturing more metabolites that resulted in 

bold grains, higher dry matter accumulation, improved crop growth rate,  and better 

yield. Moreover, early emergence induced by seed priming resulted in vigorous plants 

that may have deeper and more extensive root system capable of extracting water 

efficiently which was exhibited by the better performance of On-farm priming and 

Hydropriming treatments over un-treated control (No-priming) even at lower 

irrigation regimes. Harris et al. (2001) give strength to our results by reporting that 

seed priming (On-farm priming) induced drought tolerance in crop plants. 
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Exp. II-    Performance of late sown wheat crop under different 
                 planting geometries and irrigation levels  
 
The study was conducted for two consecutive growth seasons i.e.  2006-07 and  

2007-08 at Research and Demonstration Farm, Regional Agricultural Economic 

Development Centre (RAEDC), Vehari, Pakistan  on clay loam soil  having pH; 8.4, 

EC; 261  S cm-1 and  organic matter; 0.84%. The objective of this study was to 

determine the response of wheat crop to different planting geometries under various 

irrigation levels.     

 

Experimental Design 

The experiment was laid out in randomized complete block design with split plot 

arrangement having three replications, keeping the irrigation regimes in main plots 

and planting geometries in sub plots. 

 

Treatments  

The experiment comprised of the following treatments: 

(a) Irrigation regimes (5) 

I0 =  Irrigation equal to 120% ETo  

I1 =  Irrigation equal to 100% ETo 

I2 = Irrigation equal to 80% ETo  

I3 =  Irrigation equal to 60% ETo 

I4 =  Irrigation equal to 40% ETo  

(b) Planting geometries (4) 

G1 =  Planting in 11 cm apart rows under conventional tillage  

G2 =  Planting in 22 cm apart rows under conventional tillage 
  (farmer practice)  
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G3 =  Planting in 22 cm apart rows under minimum tillage  
  (farmer practice) 

G4 =  Planting in 22 cm apart rows under zero tillage  

 

Materials and Methods 

The experiment was sown at Research and Demonstration Farm, Regional 

Agricultural Economic Development Centre (RAEDC), Vehari, Pakistan during  

2006-07 and    2007-08 in a laser leveled field. The experimental field was irrigated to 

the field capacity by applying a heavy irrigation (locally called “rauni”). In the 

treatments of conventional tillage and minimum tillage (G1, G2, G3) seed bed was 

prepared when the field was at proper moisture condition (locally called “wattar”) 

whereas, no preparatory tillage was done in zero tillage (G4) treatment. For seed bed 

preparation, in conventional tillage treatments, two ploughings with cultivator 

followed by two plankings were done. Whereas, in case of minimum tillage seed bed 

was prepared by running the rotavator once across the field. Prior to sowing, soil 

samples were taken to record data regarding penetration resistance and soil bulk 

density. A recommended wheat variety “Inqlab-91” was planted on December 12 

during 2006-07 and on December 13 during 2007-08 using the seed rate of 150  

kg ha-1. Planting was done with the help of single row hand drill in rows maintaining 

a specific inter row distance as per treatments. Nitrogen, phosphorus and potassium 

fertilizers were applied at the rate of 105, 85 and 62 kg ha-1, respectively. All the 

phosphorus and potassium fertilizer was applied at the time of sowing in the form of 

triple super phosphate (46% P2O5) and sulphate of potash (50% K2O), respectively, 

while the nitrogen fertilizer was applied in the form of urea (46% N) in two splits i.e. 

the half of nitrogen was applied as basal dose at the time of sowing and the remaining 

half was top dressed with first irrigation. Further, the irrigations were applied as per 
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treatment according to the procedure mentioned in General Materials and Methods. 

Buctril Super 60% EC (Bromoxinil + MCPA); a broad leaf herbicide and Topik 

15WP (Clodinafop propargyl + Cloquintocet mexyl); a narrow leaf herbicide, were 

used to control the broad leaved weeds and grasses respectively. All other cultural 

practices were kept standard and uniform for all the treatments through out the crop 

growth. 

 
 

Results 
 
 

 Agronomic traits and yield components 
 
 
4.2.1-   Mean emergence time  
 
The data showed that the planting geometries non-significantly influenced the mean 

emergence time (MET) during 2006-07 and 2007-08 (Table 4.2.1). The lowest mean 

emergence time of 12.3 days during 2006-07 was achieved with the planting 

geometry having 22 cm apart rows under conventional tillage that was followed by 

MET value of 12.4 days recorded with the planting geometry having 11 cm apart 

rows under conventional tillage while the highest mean emergence time of 12.7 days 

was noted with the planting geometry having 22 cm apart rows under zero tillage as 

well as with minimum tillage having the same row spacing. Later on, during the 

second crop growth season the lowest mean emergence time of 14.9 days was 

recorded with the planting geometry having 11 cm apart rows under conventional 

tillage whilst like the previous crop growth season the planting geometry having 22 

cm apart rows under minimum tillage system again used the maximum time i.e. 15.7 

days to complete the emergence phase.  
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Table 4.2.1- Effect of planting geometry on mean emergence time(days) 
       of wheat 

        

Planting geometry 2006-07 2007-08 

Conventional tillage- row spacing 22 cm 12.28 15.13 

Minimum tillage- row spacing 22 cm 12.65 15.71 

Zero tillage- row spacing 22 cm 12.72 15.64 

Conventional tillage- row spacing 11 cm 12.39 14.92 

SEs 0.535 0.743 

LSD (5%) ns ns 

 
 

 Table 4.2.2- Effect of planting geometry on germination count m-2 of 
       wheat 

 

Planting geometry 2006-07 2007-08 

Conventional tillage- row spacing 22 cm 140.73 135.55 

Minimum tillage- row spacing 22 cm 137.22 134.67 

Zero tillage- row spacing 22 cm 133.52 129.32 

Conventional tillage- row spacing 11 cm 145.00 143.28 

SEs 7.188 5.689 

LSD (5%) ns ns 
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4.2.2- Germination count m-2 

 
The data regarding the germination count per unit area presented in Table 4.2.2 

showed that the effect of different planting geometries on the number of seedlings per 

unit area was found to be non-significant statistically during the both crop growth 

seasons. The maximum number of 145.0 seedlings m-2 during 2006-07 was achieved 

with the planting geometry having 11 cm apart rows under conventional tillage that 

was followed by 140.7 seedlings per unit area counted with the planting geometry 

having 22 cm apart rows under conventional tillage. Whereas, the minimum value of 

133.5 for germination count m-2 was recorded with the planting geometry having 22 

cm apart rows under zero tillage. A similar trend was observed during 2007-08.  

 
4.2.3- Number of productive tillers m-2 

The results showed that the number of productive tillers were significantly (P<0.01) 

influenced by irrigation regimes and planting geometries during 2006-07 and 2007-08 

(Table 4.2.3). Like the Exp-I, again 5-10% less number of productive tillers m-2 was 

recorded during 2007-08 as compared to 2006-07 that might be due to less favourable 

weather conditions prevailing during the second crop growth season. The highest 

count of 321.8 productive tillers was achieved with the treatment of Irrigation = 120% 

ETo during 2006-07, that was statistically at par with the treatment of  

Irrigation = 100% ETo, thereafter the number of productive tillers significantly 

(P<0.01) decreased with each decrease in irrigation level up till the lowest irrigation 

regime i.e. Irrigation = 40% ETo that produced significantly (P<0.01) the minimum 

tiller number of 136.1. A similar trend was observed during 2007-08.      

It was also observed that planting geometries significantly (P<0.01) influenced the 

number of productive tillers and thus, the highest count of 309.0 tillers per unit area 
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was achieved with the planting geometry having 11 cm apart rows under conventional 

tillage system during 2006-07 that was followed by the planting geometry having row 

spacing of 22 cm under conventional tillage with a tiller number of 249.9 m-2 and the 

differences between these two treatments were significant statistically. However, 

these both planting geometries expressed significantly higher tillering potential as 

compared to the minimum and zero tillage planting geometries. Significantly 

(P<0.01) the minimum number of productive tillers 213.1 was recorded with the 

planting geometry having 22 cm apart rows with zero tillage which remained 

statistically at par with the planting geometry having 22 cm apart rows under 

minimum tillage.  A similar picture appeared during the second crop growth season 

with a single deviation that the planting geometry having 22 cm apart rows under 

minimum tillage produced significantly higher number of productive tillers than the 

planting geometry of zero tillage having the same row spacing. 

It is evident from the results that the interactions between irrigation regimes and 

planting geometries were significant (P<0.05) during both the crop growth seasons. 

These significant effects might have occurred because the crop sown under the 

conventional tillage system with either row spacing of narrow or wide gave better 

response to each irrigation regime than that of minimum or zero tillage, during both 

the crop growth seasons. Thus significantly (P<0.05) the highest number of 

productive tillers was achieved with planting geometry having 11 cm apart rows 

under conventional tillage along with the irrigation regime of 120% ETo which was 

followed by the number of productive tillers produced with the same planting 

geometry along with irrigation regime of 100% ETo, and the differences between 

these two treatment combinations were found to be non-significant statistically  

(Fig. 4.2.1). 
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Table 4.2.3- Effect of planting geometry and irrigation regimes on number of productive tillers m-2 of wheat 

Treatments 
2006-07  2007-08

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting geometry 120 100 80 60 40 Means 120 100 80 60 40 Means

Conventional tillage- row spacing 22 cm 320.97 311.43 271.20 206.41 139.60 249.92 312.48 303.34 254.58 201.25 121.31 238.59

Minimum tillage- row spacing 22 cm 295.14 277.38 234.09 189.43 128.78 224.96 272.51 261.60 229.25 185.61 125.32 214.86

 
Zero tillage- row spacing 22 cm 

275.50 265.92 224.41 181.80 118.07 213.14 258.90 249.65 219.39 168.44 101.65 199.61

Conventional tillage- row spacing 11 cm 395.54 384.62 353.38 253.57 158.04 309.03 381.24 362.31 301.49 225.57 148.09 283.74

Means 321.79 309.84 270.77 207.80 136.12  306.28 294.23 251.18 195.22 124.09  

SEs             

Irrigation   4.402      4.302    

Planting geometry   5.342      4.641    

I x G   11.946      10.378    

LSD (5%)             

Irrigation   14.362      14.033    

Planting geometry   15.431      13.406    

I x G   34.504      29.971    
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              Fig. 4.2.1- Interactive effect of irrigation regimes and planting geometries on  
                                number of productive tillers m-2 of wheat                  
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4.2.4- Number of grains per spikes 

The data revealed that the number of grains per spike was significantly (P<0.01) 

affected by irrigation regimes during the crop growth seasons of 2006-07 and  

2007-08. The maximum grain number of 40.1 per spike during 2006-07 (Table 4.2.4) 

was achieved with the treatment of Irrigation = 120% ETo that was followed by the 

treatments of Irrigation = 100% ETo and Irrigation = 80% ETo having 39.5 and 38.6 

grains per spike, respectively and the differences among these treatments were found 

to be non-significant statistically. Whereas, significantly (P<0.01) the lowest number 

of 33.0 grains per spike was counted from plots where irrigation was applied 

equivalent to 40% ETo. A similar picture emerged from the results of second crop 

growth season.  

The results showed that the planting geometries exerted a significant (P<0.05) 

influence on the number of grains per spike during 2006-07 and thus the highest 

number of 38.9 grains per spike was produced with the planting geometry having 11 

cm apart rows under conventional tillage system which was followed by the planting 

geometry having 22 cm apart rows under conventional tillage that produced 38.4 

grains per spike and these two treatments remained statistically at par with each other. 

While the minimum number of 36.4 grains per spike was recorded from the crop 

plants subjected to the planting geometry of 22 cm wide rows under zero tillage 

however, it remained statistically at par with the planting geometry having 22 cm 

apart rows under minimum tillage system. A similar trend was observed during the 

crop growth season of 2007-08 but the differences among the treatments remained 

non-significant statistically.  
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Table 4.2.4- Effect of planting geometry and irrigation regimes on number of grains per spike of wheat 

Treatments 
2006-07  2007-08

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting geometry 120 100 80 60 40 Means 120 100 80 60 40 Means

Conventional tillage- row spacing 22 cm 41.17 40.60 39.49 37.15 33.39 38.36 39.45 38.92 37.88 36.09 32.05 36.88 

Minimum tillage- row spacing 22 cm 38.73 38.03 37.34 35.62 32.27 36.40 38.08 37.41 36.75 35.42 31.79 35.89 

 
Zero tillage- row spacing 22 cm 38.76 37.99 37.38 35.49 32.11 36.35 38.13 37.39 36.81 35.42 31.65 35.88 

Conventional tillage- row spacing 11 cm 41.56 41.21 40.14 37.72 34.01 38.93 39.43 39.15 38.12 36.28 32.31 37.06 

Means 40.05 39.46 38.59 36.50 32.95  38.77 38.22 37.39 35.80 31.95  

SEs             

Irrigation   0.623      0.610    

Planting geometry   0.697      0.709    

I x G   1.558      1.585    

LSD (5%)             

Irrigation   2.032      1.990    

Planting geometry   2.013      ns    

I x G   ns      ns    

153 
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It is obvious from the results that interactions between planting geometries and 

irrigation regimes were found to be non-significant during both the crop growth 

seasons.    

 
4.2.5- Spike length (cm) 

The data showed that the spike length of wheat plants was significantly (P<0.01) 

influenced by irrigation regimes during 2006-07 and 2007-08. The longest spikes 

having 13.95 cm length were recorded with the treatment of Irrigation = 120% ETo 

that was followed by the treatments of Irrigation = 100% ETo and Irrigation = 80% 

ETo having the spike length of 13.81 cm and 13.27 cm, respectively and the 

differences among these treatments were found to be non-significant statistically, 

during 2006-07 (Table 4.2.5). Whereas, significantly (P<0.01) the shortest spikes of 

10.91 cm length were obtained from the crop plants having irrigation equivalent to 

40% ETo. A similar trend was observed during the second crop growth season, 

however, the treatment of Irrigation = 80% ETo produced significantly (P<0.01) 

shorter spikes of 12.35 cm length than that of Irrigation = 120% ETo which gave 

13.05 cm lengthy spikes whereas, during the previous crop growth season these two 

treatments were found to be statistically at par with each other. Again the lowest spike 

length was recorded from the crop plants subjected to the treatment of  

Irrigation = 40% ETo.  

The results indicated that during 2006-07 the maximum spike length of 13.23 cm was 

achieved with the planting geometry having 11 cm apart rows under conventional 

tillage system that was followed by the planting geometry of 22 cm wide rows under 

conventional tillage and the planting geometry having 22 cm apart rows under 

minimum tillage, respectively. While the lowest spike length of 12.66 cm was 
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Table 4.2.5- Effect of planting geometry and irrigation regimes on spike length (cm) of wheat 

Treatments 
2006-07  2007-08

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting geometry 120 100 80 60 40 Means 120 100 80 60 40 Means

Conventional tillage- row spacing 22 cm 14.13 13.82 13.41 12.67 11.06 13.02 13.13 12.85 12.48 11.89 8.72 11.81 

Minimum tillage- row spacing 22 cm 13.75 13.61 13.04 12.22 10.71 12.67 12.94 12.72 12.19 11.24 8.42 11.50 

 
Zero tillage- row spacing 22 cm 

13.61 13.60 13.04 12.35 10.68 12.66 12.95 12.72 12.20 11.09 8.38 11.47 

Conventional tillage- row spacing 11 cm 14.33 14.21 13.59 12.84 11.17 13.23 13.19 13.05 12.52 11.95 8.73 11.89 

Means 13.95 13.81 13.27 12.52 10.91  13.05 12.84 12.35 11.54 8.56  

SEs             

Irrigation   0.217      0.197    

Planting geometry   0.288      0.217    

I x G   0.644      0.486    

LSD (5%)             

Irrigation   0.707      0.643    

Planting geometry   ns      ns    

I x G   ns      ns    
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recorded with the planting geometry of 22 cm apart rows with zero tillage method. 

However, the differences among all these planting geometries were found be to  

non-significant statistically. A similar trend was observed during 2007-08. 

It is clear from the results that the interactions of irrigation regimes and planting 

geometries were found to be non-significant statistically during both the crop growth 

seasons of 2006-07 and 2007-08.  

 
4.2.6- 1000-grain weight (g) 

A keen perusal of the data indicated that the 1000-grain weight of wheat crop was 

significantly (P<0.01) influenced by irrigations regimes during 2006-07 and 2007-08 

(Table 4.2.6). It was noted that with each increment of the irrigation from  

Irrigation = 40% ETo to Irrigation = 100% ETo, the grain weight increased 

significantly (P<0.01) but thereafter a non-significant improvement in the grain 

weight was observed. The treatment of Irrigation = 120% ETo produced the heaviest 

grains having 1000-grain weight of 35.76 g during 2006-07 that was followed by the 

treatment of Irrigation = 100% ETo having grain weight of 34.90 g however, the 

differences between these treatments were found to be non-significant statistically. 

While the lightest grains having a 1000-grain weight of 24.90 g were produced with 

the treatment of Irrigation = 40% ETo. A similar picture emerged from the results of 

second crop growth season.  

The data showed that during 2006-07 the planting geometries exerted a significant 

(P<0.05) influence on 1000-grain weight of wheat crop and thus the maximum  

1000-grain weight of 32.76 g was achieved with the planting geometry having 11 cm 

apart rows under conventional tillage that was followed by the planting geometry of 

22 cm apart rows under conventional tillage and these treatments remained 
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Table 4.2.6- Effect of planting geometry and irrigation regimes on 1000-grain weight (g) of wheat 

Treatments 
2006-07  2007-08

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting geometry 120 100 80 60 40 Means 120 100 80 60 40 Means

Conventional tillage- row spacing 22 cm 36.91 36.63 33.71 30.44 25.65 32.67 35.25 34.89 32.92 29.32 24.88 31.45 

Minimum tillage- row spacing 22 cm 35.03 33.27 31.30 28.84 24.62 30.61 34.10 32.40 30.50 28.12 24.01 29.83 

 
Zero tillage- row spacing 22 cm 

34.69 33.09 31.22 28.80 23.80 30.32 33.75 32.21 30.41 28.06 23.20 29.53 

Conventional tillage- row spacing 11 cm 36.41 36.61 34.68 30.57 25.55 32.76 35.39 35.12 33.28 29.35 24.92 31.61 

Means 35.76 34.90 32.73 29.66 24.90  34.62 33.66 31.78 28.71 24.25  

SEs             

Irrigation   0.526      0.515    

Planting geometry   0.637      0.643    

I x G   1.424      1.439    

LSD (5%)             

Irrigation   1.717      1.679    

Planting geometry   1.839      ns    

I x G   ns      ns    
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statistically at par with each other. Whereas, the lowest 1000-grain weight of 30.32 g 

was recorded with the planting geometry of 22 cm wide rows under zero tillage 

method that gave a non-significant difference from 30.61 g noted with the planting 

geometry having 22 cm apart rows under minimum tillage. A similar trend was 

observed during 2007-08 however, the differences among all the planting geometries 

were found to be non-significant statistically.  

It is obvious from the results that the interactions of irrigation with planting 

geometries were found to be non-significant statistically during both the crop growth 

seasons.   

 
4.2.7- Biological yield (kg ha-1) 

A significant influence of planting geometries, irrigation regimes, and their 

interactions on biological yield was observed during 2006-07 and 2007-08  

(Table 4.2.7). The comparison of treatment means showed that during both the crop 

growth seasons, each additional increment of irrigation from the treatment of 

Irrigation = 40% ETo to Irrigation = 120% ETo resulted in a significant (P<0.01) 

improvement in the biological yield. It was noted that the biological yield increased 

linearly from the treatment of Irrigation = 40% ETo to Irrigation = 80% ETo and 

thereafter this increase became curvilinear. Significantly (P<0.01) the maximum 

biological yield of 7812.5 kg ha-1 was achieved with the treatment of  

Irrigation = 120% ETo during 2006-07 that was followed by 7171.8 kg ha-1 of total 

biomass recorded with the treatment of Irrigation = 100% ETo. Whilst, the lowest 

biological yield of 2642.0 kg ha-1 was noted with the treatment of Irrigation = 40% 

ETo. A similar picture appeared from the results of the second crop growth season. 
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Table 4.2.7- Effect of planting geometry and irrigation regimes on biological yield (kg ha-1) of wheat 

Treatments 
2006-07  2007-08

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting geometry 120 100 80 60 40 Means 120 100 80 60 40 Means

Conventional tillage- row spacing 22 cm 8046.22 7537.59 6752.88 4880.91 2755.05 5994.53 6703.07 6300.02 5520.39 4000.55 2106.69 4926.14 

Minimum tillage- row spacing 22 cm 6917.42 6260.31 5412.18 4298.63 2404.27 5058.56 5771.67 5313.01 4549.57 3473.14 2017.09 4224.90 

 
Zero tillage- row spacing 22 cm 

6354.35 5556.73 4821.48 4003.61 2219.67 4591.17 5542.06 4947.60 4278.86 3157.12 1685.15 3922.16 

Conventional tillage- row spacing 11 cm 9931.92 9332.65 8512.15 6417.61 3189.08 7476.68 8321.27 7693.50 6655.06 4744.73 2597.11 6002.33 

Means 7812.48 7171.82 6374.67 4900.19 2642.02  6584.52 6063.53 5250.97 3843.89 2101.51  

SEs             

Irrigation   105.958      88.876    

Planting geometry   144.540      100.535    

I x G   323.201      224.804    

LSD (5%)             

Irrigation   345.503    289.802    

Planting geometry   417.511    290.410    

I x G   933.505      649.307    
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               Fig. 4.2.2- Interactive effect of irrigation regimes and planting geometries on  
                                 biological yield of wheat                 
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The data regarding the planting geometries showed that, significantly (P<0.01) the 

highest biological yield of 7476.7 kg ha-1 was produced with the planting geometry 

having 11 cm apart rows under conventional tillage during 2006-07 that was followed 

by 5994.5 kg ha-1 of  total biomass recorded with the planting geometry of 22 cm 

apart rows under conventional tillage system. Whereas, the lowest biological yield of 

4591.2 kg ha-1 was obtained with the planting geometry having 22 cm apart rows 

under zero tillage. A similar trend was observed during 2007-08.  

It is obvious from the results that the interactions between irrigation regimes and 

planting geometries were significant (P<0.05) during 2006-07 while highly 

significant (P<0.01) during 2007-08. This significant effect might have occurred 

because the planting geometry having 11 cm apart rows under conventional tillage 

responded more favourably under all irrigation regimes by expressing higher 

germination count per unit area and producing more tillers as compared to all other 

planting geometries. Thus, the maximum biological yield of 9931.9 kg ha-1 was 

recorded with the planting geometry of 11 cm wide rows under conventional tillage 

along with irrigation regime of 120% ETo however, it remained statistically at par 

with the treatment combination of same planting geometry along with the irrigation 

regime of 100% ETo (Fig. 4.2.2). 

 
4.2.8- Grain yield (kg ha-1) 

The data presented in Table 4.2.8 indicated that the planting geometries and irrigation 

regimes exerted a significant (P<0.01) influence on the grain yield during both the 

crop growth seasons. It was noted that the grain yield increased significantly (P<0.01) 

with each increase in the irrigation level from the treatment of Irrigation = 40% ETo 

to Irrigation = 100% ETo but thereafter a non-significant enhancement in the grain 
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yield occurred. The treatment of Irrigation = 120% ETo produced the maximum grain 

yield of 3402.7 kg ha-1 during 2006-07 and it was followed by the treatment  

of Irrigation = 100% ETo having grain yield of 3299.7 kg ha-1 but the differences 

between these two treatments were found to be non-significant statistically. 

Thereafter, the grain yield tended to decline significantly with each decrease in the 

irrigation level and thus the minimum grain yield of 1064.0 kg ha-1 was measured 

from the crop plants subjected to the irrigation regime of 40% ETo. A similar trend 

was observed during the second crop growth season when again significantly 

(P<0.01) the highest grain yield was recorded with the treatment of Irrigation = 120% 

ETo whereas, the lowest figure was noted with the irrigation regime of 100% ETo.   

The results showed that significantly (P<0.01) the highest grain yield of 3317.7  kg 

ha-1 was expressed by the planting geometry having 11 cm apart rows under 

conventional tillage system during 2006-07 that was followed by the planting 

geometry of 22 cm apart rows under conventional tillage that produced grain yield of 

2629.2 kg ha-1, which in turn was followed by 2190.4 kg ha-1 of grains obtained with 

the planting geometry having 22 cm apart rows under minimum tillage system and the 

differences among all these three treatments were found to be significant statistically. 

Whilst, the lowest grain yield of 1982.8 kg ha-1 was recorded from the crop plants 

subjected to the planting geometry having 22 cm wide rows under zero tillage system. 

A similar picture emerged from the results of the second crop growth season, 

however, non-significant differences were observed between the planting geometry 

having 22 cm apart rows under minimum tillage and the planting geometry having  

22 cm apart rows under zero tillage system. 

It is clear from the results that the interactions between planting geometries and 

irrigation regimes were found to be significant (P<0.05) during both the crop growth 
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seasons. This significant influence might be associated with the fact that the planting 

geometry having 11 cm apart rows under conventional tillage gave a better response 

to increasing irrigation levels as compared to all other planting geometries by 

expressing higher number of productive tillers, number of grains per spike and  

1000-grain weight. Thus, the maximum grain yield of 4379.8 kg ha-1 was realized 

with the planting geometry having 11 cm apart rows under conventional tillage along 

with the treatment Irrigation = 120% ETo and it was followed by the treatment 

combination of planting geometry having 22 cm wide rows under conventional tillage 

along with the irrigation regime of 100% ETo. However, these two treatment 

combinations remained statistically at par with each other (Fig. 4.2.3).  

There was a strong and linear relationship of grain yield with the number of 

productive tillers m-2, number of grains per spike, spike length and 1000-grain weight. 

The regression accounted for 98.9, 93.6, 85.8 and 88.1% variance in grain yield for 

the above mentioned yield components, respectively during 2006-07 while the 

corresponding figures for the year 2007-08 were 99.4, 89.7, 79.3 and 91.9%, 

respectively (Fig. 4.2.4, 4.2.5, 4.2.6 and 4.2.7). Grain yield was also linearly related to 

the leaf area duration and total dry matter accumulation and the regression accounted 

for 92.6 and 89.4% variance in grain yield for the leaf area duration and total dry 

matter accumulation, respectively during 2006-07 while the corresponding figures for 

the year 2007-08 were 87.2 and 90.1%, respectively (Fig. 4.2.9 and 4.2.12).  
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Table 4.2.8- Effect of planting geometry and irrigation regimes on grain yield (kg ha-1) of wheat 

Treatments 
2006-07  2007-08

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting geometry 120 100 80 60 40 Means 120 100 80 60 40 Means

Conventional tillage- row spacing 22 cm 3515.63 3473.46 2952.34 2090.66 1113.93 2629.20 2962.12 2889.33 2507.86 1724.93 860.88 2189.03 

Minimum tillage- row spacing 22 cm 2984.75 2852.08 2326.50 1829.25 959.31 2190.38 2546.68 2434.16 2064.35 1494.25 822.60 1872.41 

 
Zero tillage- row spacing 22 cm 

2730.73 2520.58 2074.40 1707.57 880.73 1982.80 2447.40 2268.26 1945.85 1358.92 687.49 1741.58 

Conventional tillage- row spacing 11 cm 4379.80 4352.53 3785.62 2768.23 1302.19 3317.67 3673.55 3536.18 3021.67 2045.54 1061.21 2667.63 

Means 3402.73 3299.67 2784.72 2098.93 1064.04  2907.44 2781.98 2384.93 1655.91 858.04  

SEs             

Irrigation   46.770      39.913    

Planting geometry   70.965      50.493    

I x G   158.682      112.907    

LSD (5%)             

Irrigation   152.521      130.211    

Planting geometry   205.003      145.807    

I x G   458.300      326.112    
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               Fig. 4.2.3- Interactive effect of irrigation regimes and planting geometries on  
                                 grain yield of wheat                 
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               Fig. 4.2.4- Relationship between grain yield and productive tillers                       
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               Fig. 4.2.5- Relationship between grain yield and grains per spike                         
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                Fig. 4.2.6- Relationship between  grain yield and spike length                              
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                     Fig. 4.2.7- Relationship between grain yield and 1000-grain weight              
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Growth and development  
 
 
4.2.9- Leaf area index  
 
The results indicated that during 2006-07 and 2007-08 planting geometries and 

irrigation regimes significantly (P<0.01 and P<0.05) affected the leaf area index. 

Periodic data of leaf area index of wheat crop is presented in Fig. 4.2.8 a, and b. It is 

worth mentioning here that the first irrigation was applied uniformly to all the 

treatments on 25 DAS and the irrigation treatments were imposed from the 2nd 

irrigation that was applied 38 days after first irrigation. Therefore, the effect of 

irrigation didn’t appear on leaf area index at 30, 45 and 60 DAS harvests. At early 

growth stages comparatively narrow differences in leaf area index values for various 

irrigation treatments were observed that became progressively wider with the 

advancement in developmental stages of the crop. At all harvests the highest value of 

leaf area index was achieved with the treatment of Irrigation = 120% ETo that was 

followed by the leaf area index values recorded with the treatment of  

Irrigation = 100% ETo and these two treatments remained statistically at par with one 

another however, at the final harvest i.e.120 DAS the differences between them 

became significant (P<0.01) statistically. The leaf area index attained its peak value at 

90 DAS and tended to decline sharply thereafter. Thus, at 90 DAS harvest during 

2006-07, the maximum leaf area index of 4.35 was measured from the crop plants 

subjected to the irrigation regime of 120% ETo that dropped gradually with each 

decrease in the irrigation level and the minimum leaf area index value of 3.36 at the 

same harvest was recoded with the lowest irrigation regime of 40% ETo (Fig 4.2.8a). 

A similar trend was observed during the second crop growth season. 
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It was attention-grabbing to observe that low temperatures and foggy days during the 

months of December and January resulted in slower development of leaf area but with 

the rise in temperature and increasing intensity of incoming radiation during sunny 

days from February to onward, the leaf area development increased swiftly. On the 

other hand, the phenomena of leaf senescence prevailing from mid March to April 

caused a gradual decline in the leaf area.  

The data showed that all the planting geometries significantly influenced leaf area 

index throughout the growth season however, non-significant differences were 

observed at 30 DAS and 45 DAS harvests during both the crop growth seasons and 

also at 75 DAS during 2007-08. The comparison of treatment means indicated that the 

higher values of leaf area index were noted with the planting geometry having 11 cm 

apart rows under conventional tillage at all harvests as compared to the other planting 

geometry treatments. At 90 DAS harvest, the highest leaf area index of 4.27 and 3.84 

during 2006-07 and 2007-08 respectively, was recorded from the wheat crop planted 

in 11 cm wide rows under conventional tillage that was followed by the planting 

geometry having 22 cm apart rows under conventional tillage while, the minimum 

LAI values of 3.71 and 3.39 during 2006-07 and 2007-08, respectively at the same 

harvest were obtained with the planting geometry having 22 cm apart rows under zero 

tillage (Fig 4.2.8 b).  

It is obvious from the results that the interactions between irrigation and planting 

geometries at all harvests, except 120 DAS harvest, were found to be non-significant 

statistically during both the crop growth seasons. It was observed that the planting 

geometry having 11 cm apart rows under conventional tillage along with the irrigation 

regimes of 100% ETo or 120% ETo produced the higher leaf area indices as 

compared to all other treatment combinations. 
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The crop was sown during 2nd week of December and was irrigated at 20 DAS-crown 

root development stage, 60 DAS-Booting stage, 80 DAS-Anthesis stage and finally 

on 100 DAS-Milk/Soft dough stage. As per crop need the soil moisture was provided 

continually so the crop plants used this soil moisture to maintain their leaf expansion 

and leaf area. Last irrigation was given on 25 March (100 DAS) and after that no 

irrigation water was applied. The plants were using the residual soil moisture at this 

stage. As a natural process the phenomena of leaf senescence has commenced and the 

weather was also becoming hot gradually due to rising  temperatures at the end of 

March and then in April. The limited supply of soil moisture aggravated the 

phenomena of leaf senescence and plants had to do a hard effort to maintain the 

rapidly decreasing leaf area due to leaf senescence.  The results showed that 

significantly the highest leaf area index of 0.78 was recorded from the crop planted in 

11 cm wide rows under conventional tillage subjected to the irrigation equivalent to 

120% ETo  whereas, the minimum value for LAI (0.14) was expressed by the crop 

plants sown in 22 cm apart  rows under zero tillage and irrigated @40% ETo. It was 

observed that the crop planted in 11 cm wide rows under conventional tillage 

maintained significantly higher leaf area index even at lower irrigation regimes (60% 

ETo and 40% ETo) than other planting geometries. Thus indicating their better ability 

to withstand soil moisture deficit that is reflected by a slower leaf senescence 

phenomena and thus maintaining leaf area in active state even at lower soil moisture 

levels.  

At early growth stages crop plants subjected to various planting geometries could not 

express their drought tolerance ability as an ample supply of soil moisture was being 

maintained by recurrent irrigations so the interactive effect of planting geometry and 

irrigation regimes was found to be non-significant.  
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         Fig. 4.2.8a- Effect of different irrigation regimes on leaf area index of wheat           
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          Fig. 4.2.8b- Effect of different planting geometries on leaf area index of wheat 
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 4.2.10- Leaf area duration  
 
The data regarding the leaf area duration (LAD) showed that during both the crop 

growth seasons i.e. 2006-07 and 2007-08 this growth parameter  was significantly 

(P<0.01) influenced by irrigation regimes (Table 4.2.9). The highest leaf area 

duration of 193.2 days during 2006-07 was achieved with the treatment of  

Irrigation = 120% ETo that was followed by the treatment of Irrigation = 100% ETo 

having the LAD value of 188.7 days, however, the differences between them were 

found to be non-significant statistically. A further decrementing in the irrigation level 

resulted in a reduction in the leaf duration and thus the lowest leaf area duration of 

149.5 days was recorded from the crop plants irrigated equivalent to 40% ETo. A 

similar picture appeared from the results of second crop growth season and the 

maximum leaf area duration of 153.5 days was recorded with the treatment of 

Irrigation = 120% ETo that again remained statistically at par with the treatment of 

Irrigation = 100% ETo. 

The results also revealed that the planting geometries exerted a significant (P<0.01) 

effect on the leaf area duration during the crop growth seasons of 2006-07 and  

2007-08. Thus, the highest leaf area duration of 192.9 days during 2006-07 was noted 

with the planting geometry having 11 cm apart rows under conventional tillage that 

was followed by the planting geometry having 22 cm apart rows under conventional 

tillage and the planting geometry of 22 cm wide rows under minimum tillage, 

respectively, and all these three planting geometries differed significantly from each 

other. Whereas, the minimum leaf area duration of 161.0 days was estimated from the 

crop plants subjected to the planting geometry having 22 cm apart rows under zero 

tillage. A similar trend was observed during the second crop growth season, however, 

the planting geometry having 11 cm apart rows under conventional tillage and the 
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Table 4.2.9- Effect of planting geometry and irrigation regimes on leaf area duration (days) of wheat 

Treatments 
2006-07  2007-08

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting geometry 120 100 80 60 40 Means 120 100 80 60 40 Means

Conventional tillage- row spacing 22 cm 197.97 194.29 188.17 176.28 155.21 182.39 157.08 156.74 155.39 147.28 122.90 147.88

Minimum tillage- row spacing 22 cm 187.70 183.22 174.09 165.64 141.91 170.51 149.47 148.31 144.07 139.11 112.16 138.62

 
Zero tillage- row spacing 22 cm 

177.28 172.99 165.62 154.71 134.59 161.04 145.00 143.98 141.51 134.24 110.50 135.05

Conventional tillage- row spacing 11 cm 209.64 204.08 198.57 185.76 166.40 192.89 162.57 161.21 160.50 151.64 128.60 152.91

Means 193.15 188.65 181.61 170.60 149.53  153.53 152.56 150.37 143.07 118.54  

SEs             

Irrigation   2.534      2.104    

Planting geometry   3.071      2.289    

I x G   6.867      5.118    

LSD (5%)             

Irrigation   8.263      6.863    

Planting geometry   8.870      6.661    

I x G   ns      ns    
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               Fig. 4.2.9- Relationship between grain yield and leaf area duration        
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planting geometry having 22 cm apart rows under the same tillage system remained 

statistically at par with each other whereas, during the previous crop growth season 

the differences between these two treatments were found to be statistically significant.  

It is clear from the results that the interactions between irrigation and planting 

geometries were found to be non-significant statistically, during both the crop growth 

seasons.  

 
4.2.11- Crop growth rate (g m-2 d-1)  

It was observed that the crop growth season of 2007-08 exhibited comparatively 

lower crop growth rate than that of 2006-07 which might be associated with the less 

favourable climatic conditions during the later crop growth season. The significant 

(P<0.01) differences were observed between irrigation regimes at 75, 90, 105 and 120 

DAS harvests. A keen perusal of the periodic data on crop growth rate deciphered that 

the increasing irrigation levels promoted the crop growth rate at all harvests 

(Fig.4.2.10a). The crop growth rate improved progressively reaching its climax on 90 

DAS harvest and a gradual decline occurred thereafter. On 90 days after sowing 

harvest, the maximum crop growth rate of 44.94 and 42.29 g m-2 d-1 during 2006-07 

and 2007-08, respectively was achieved with the treatment of Irrigation = 120% ETo 

that was followed by the treatment of Irrigation = 100% ETo. It is interesting that 

these two treatments remained statistically at par with one another during 2006-07 

while significant differences were noted between them during the second crop growth 

season. Whereas, at the same harvest the minimum crop growth rate of 32.99 and 

32.91 g m-2 d-1 during 2006-07 and 2007-08, respectively was recorded from the crop 

plants to which irrigation was applied equivalent to 40% of ETo.  
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The results indicated that during both the crop growth seasons at all harvests, the 

planting geometry having 11 cm apart rows under conventional tillage system showed 

a higher crop growth rate as compared to all other planting geometry treatments. The 

highest crop growth rate of 42.14 and 39.60 g m-2 d-1 during 2006-07 and 2007-08, 

respectively was obtained with the planting geometry having 11 cm apart rows under 

conventional tillage, at 90 days after sowing harvest, that was followed by the 

planting geometry having 22 cm apart rows under conventional tillage. Whilst, the 

crop plants subjected to the planting geometry of 22 cm apart rows under zero tillage 

expressed the lowest crop growth of 38.38 and 36.64 g m-2 d-1 during 2006-07 and 

2007-08, respectively (Fig.4.2.10b). 

The data relating to the mean crop growth rate (Table 4.2.10) showed that the mean 

crop growth rate was significantly (P<0.01) influenced by the irrigation regimes and 

planting geometries during 2006-07 and 2007-08. Thus, the highest mean crop growth 

rate of 25.43 g m-2 d-1 during 2006-07 was achieved with the treatment of  

Irrigation = 120% ETo that was followed by the treatment of Irrigation = 100% ETo 

having a mean CGR value of 25.08 g m-2 d-1 and the differences between these 

treatments were found to be non-significant statistically. Thereafter, the mean crop 

growth rate tended to decline significantly  with each reduction in the irrigation level  

and thus  the lowest mean crop growth rate of 19.14 g m-2 d-1 was recorded from the 

crop plants to which irrigation was given equivalent to 40% ETo. A similar trend was 

observed during 2007-08.  

The data also revealed that significantly (P<0.01) the maximum mean crop growth 

rate of 25.37 g m-2 d-1 was obtained with the planting geometry having 11 cm apart 

rows under conventional tillage during 2006-07 that was followed by the mean CGR 

value of 24.08 g m-2 d-1 recorded with the planting geometry having 22 cm apart rows 
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under conventional tillage. Whereas, the minimum mean crop rate of 20.71 g m-2 d-1 

was noted with the planting geometry having 22 cm apart rows under zero tillage 

however, it remained statistically at par with the planting geometry having 22 cm 

apart rows under minimum tillage. 

It is clear from the results that the interactions between irrigation and planting 

geometries remained non-significant during 2007-08 while significant (P<0.05) 

differences were observed during the crop growth season of 2006-07. These 

significant differences might have occurred because the planting geometry having 11 

cm apart rows under conventional tillage at all irrigation levels produced higher tiller 

number, higher leaf area and also maintained that leaf area for longer periods as 

compared to other planting geometry treatments. Thus, the maximum crop growth 

rate was displayed by the treatment combination of planting geometry having 11 cm 

wide rows under conventional tillage along with the treatment Irrigation = 120% ETo 

however, it could not prove itself significantly higher than the treatment combination 

of planting geometry having 11 cm apart rows along with the irrigation regime of 

100% ETo.   
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             Fig. 4.2.10a- Effect of different irrigation regimes on crop growth rate of  
                                   wheat             
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                Fig. 4.2.10b- Effect of different planting geometries on crop growth rate of  
                                       wheat 
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Table 4.2.10- Effect of planting geometry and irrigation regimes on mean crop growth rate (g m-2 day-1) of wheat 

Treatments 
2006-07  2007-08

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting geometry 120 100 80 60 40 Means 120 100 80 60 40 Means

Conventional tillage- row spacing 22 cm 27.22 27.13 24.27 22.71 19.09 24.08 24.46 23.76 22.11 20.26 15.11 21.14 

Minimum tillage- row spacing 22 cm 23.30 22.83 21.95 19.78 18.99 21.37 21.29 20.38 20.20 17.94 16.04 19.17 

 
Zero tillage- row spacing 22 cm 

21.99 21.50 21.32 19.70 19.03 20.71 20.09 19.72 19.01 17.81 16.10 18.55 

Conventional tillage- row spacing 11 cm 29.22 28.87 25.53 23.78 19.45 25.37 26.69 25.79 23.73 21.72 16.58 22.90 

Means 25.43 25.08 23.27 21.49 19.14  23.13 22.41 21.26 19.43 15.96  

SEs             

Irrigation   0.468      0.419    

Planting geometry   0.410      0.426    

I x G   0.916      0.953    

LSD (5%)             

Irrigation   1.527      1.365    

Planting geometry   1.181      1.231    

I x G   2.646      ns    
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4.2.12- Total dry matter accumulation (g m-2) 
 
The data relating to total dry matter accumulation showed that during the year2006-07 

and 2007-08, the planting geometries and irrigation regimes significantly (P<0.01) 

influenced the total dry matter (TDM) production. The lowest values for total dry 

matter accumulation were recorded at 30 DAS harvest that increased gradually and 

reached at its climax on 120 DAS harvest. The highest total dry matter accumulation 

of 1822.60 and 1653.19 g m-2 during 2006-07 and 2007-08, respectively was recorded 

at 120 DAS harvest with the treatment of Irrigation = 120% ETo and it was followed 

by the treatment of Irrigation = 100% ETo having the TDM values of 1802.25 and 

1610.40 g m-2 during 2006-07 and 2007-08, respectively however, the differences 

between theses treatments were found to be non-significant statistically. Whereas, at 

the same harvest the minimum total dry matter accumulation of 1445.81 and 1223.27 

g m-2 during 2006-07 and 2007-08, respectively was noted with treatment of 

Irrigation = 40% ETo (Fig. 4.2.11a).  

It was observed that in the beginning the differences of total dry matter accumulation 

among different planting geometries were found to be small while growing larger as 

the growth progressed towards maturity. The planting geometry having 11 cm apart 

rows under conventional tillage showed a better performance than all other planting 

geometries by giving higher values of total dry matter accumulation at all harvests. 

Significantly (P<0.01) the maximum total dry matter production of 1841.53 and 

1665.83 g m-2 during 2006-07 and 2007-08, respectively at 120 DAS harvest was 

achieved with the planting geometry having 11 cm apart rows under conventional 

tillage that was followed by the planting geometry of 22 cm apart rows under 

conventional tillage having the TDM values of 1756.06 and 1555.21 g m-2 during 

2006-07 and 2007-08, respectively. Whilst, the lowest total dry matter of 1517.80 and 
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1350.65 g m-2 during 2006-07 and 2007-08, respectively was produced by the crop 

plants subjected to the planting geometry of 22 cm apart rows under zero tillage that 

remained statistically at par with TDM values obtained with the planting geometry 

having 22 cm apart rows under minimum tillage(Fig. 4.2.11 b).  

It is apparent from the results that the interactions between irrigation and planting 

geometries remained non-significant during 2007-08 and were found to be significant 

(P<0.05) only at 120 DAS harvest during 2006-07. This significant affect might have 

occurred because the planting geometry having 11 cm apart rows under conventional 

tillage responded more favourably to increasing irrigation levels by producing more 

tillers, higher leaf area which was maintained for longer periods that enabled the crop 

plants to harvest more radiant energy as compared to other planting geometry 

treatments. 

There was a linear and positive relationship of total dry matter production with the 

leaf area duration. The regression accounted for 86.3 and 84.5% variance in total dry 

matter accumulation for the leaf area duration during 2006-07 and 2007-08 

respectively (Fig. 4.1.13).  
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                Fig. 4.2.11a- Effect of different irrigation regimes on total dry matter  
                                      accumulation of wheat 
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               Fig. 4.2.11b- Effect of different planting geometries on total dry matter 
                                      accumulation of wheat 
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               Fig. 4.2.12- Relationship between grain yield and total dry matter           



 189

 

 

 

 
                
               Fig. 4.2.13- Relationship between  total dry matter and leaf area duration          
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4.2.13- Harvest index (%) 

Harvest index indicates the capability of crop plant for the production of 

photosynthates and their partitioning to the economic yield. The results showed that 

during 2006-07, the harvest index was significantly (P<0.01) enhanced by increasing 

the irrigation level from 40% ETo to 100% ETo and declined thereafter. Significantly 

(P<0.01) the maximum harvest index of 45.88% was achieved with the treatment of 

Irrigation = 100% ETo that was followed by the harvest index value of 43.47% 

obtained with the treatment of Irrigation = 80% ETo. Whereas, the minimum harvest 

index of 40.19% was recorded from the crop plants subjected to the irrigation 

equivalent to 40% ETo (Table 4.2.11). It is interesting to mention that no significant 

differences were observed among the harvest indices recorded with the treatment of 

Irrigation = 80% ETo and that of Irrigation = 120% ETo. A similar trend appeared 

from the results of second crop growth season. However, the treatment  

Irrigation = 120% ETo presented significantly lower harvest index than the treatment 

of Irrigation = 80% ETo whereas, during the previous crop growth season these two 

treatments remained statistically at par with each other. 

The data revealed that during 2006-07 the planting geometry having 11 cm apart rows 

under conventional tillage expressed significantly (P<0.01) the highest harvest index  

of 43.84% that was followed by the harvest index value of 43.30% recorded with the 

planting geometry having 22 cm apart rows under conventional tillage. Whereas, the 

minimum harvest index value of 42.60% was recorded from the crop plants subjected 

to the planting geometry having 22 cm apart rows under zero tillage, however, it 

remained statistically at par with the planting geometry having 22 cm apart rows 

under minimum tillage. A similar picture appeared during the second crop growth 
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Table 4.2.11- Effect of planting geometry and irrigation regimes on harvest index (%) of wheat 

Treatments 
2006-07  2007-08

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting geometry 120 100 80 60 40 Means 120 100 80 60 40 Means

Conventional tillage- row spacing 22 cm 43.65 46.03 43.67 42.78 40.39 43.30 44.15 45.82 45.39 43.08 40.83 43.85 

Minimum tillage- row spacing 22 cm 43.14 45.55 42.98 42.55 39.90 42.82 44.12 45.81 45.37 43.02 40.78 43.82 

 
Zero tillage- row spacing 22 cm 

42.91 45.29 42.74 42.45 39.63 42.60 44.11 45.79 45.37 42.98 40.75 43.80 

Conventional tillage- row spacing 11 cm 44.12 46.63 44.47 43.13 40.83 43.84 44.18 45.96 45.40 43.11 40.86 43.90 

Means 43.45 45.88 43.47 42.73 40.19  44.14 45.85 45.38 43.05 40.81  

SEs             

Irrigation   0.008      0.007    

Planting geometry   0.168      0.170    

I x G   0.376      0.380    

LSD (5%)             

Irrigation   0.029      0.030    

Planting geometry   0.486      ns    

I x G   ns      ns    
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season, however, the differences among the treatments were found to be  

non-significant statistically.  

It is clear from the results that the interactions of irrigation regimes with planting 

geometries were found to be non-significant statistically during both the crop growth 

seasons.  

 
4.2.14- Water use efficiency (kg ha-1 mm-1) 

A keen perusal of the data revealed that planting geometry and irrigation regimes both 

significantly (P<0.01) influenced the water use efficiency of wheat crop during  

2006-07 and 2007-08 (Fig 4.2.14). Incrementing the irrigation level from the 

treatment of Irrigation = 40% ETo to Irrigation = 100% ETo, during 2006-07, 

significantly (P<0.01) enhanced the water use efficiency but thereafter a  

non-significant improvement in this attribute was observed. While, increasing the 

irrigation level above 100% ETo significantly (P<0.01) decreased water use 

efficiency of wheat crop. Thus, the highest water use efficiency of 10.33 kg ha-1 mm-1 

was recorded with the treatment of Irrigation =100% ETo while the lowest one was 

exhibited by the treatment of Irrigation = 40% ETo. During the second crop growth 

season, the highest WUE was achieved with the treatment of Irrigation = 80% ETo 

which was followed by the irrigation regime of 100% ETo and the differences among 

these two treatments were found to be non-significant statistically. The lowest WUE 

was again obtained with irrigation regime of 40% ETo.  

Among the planting geometries the maximum water use efficiency of 11.24 and 12.05 

kg ha-1 mm-1 during 2006-07 and 2007-08, respectively was achieved with the 

planting geometry having 11 cm apart rows under conventional tillage whilst the 
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lowest value of 6.74 and 7.86 kg ha-1 mm-1 during 2006-07 and 2007-08, respectively 

was recorded with the planting geometry having 22 cm apart rows under zero tillage. 

It is evident from the results that the interactions between irrigation regimes and 

planting geometry were found significant (P<0.01) during both crop growth seasons. 

Thus, the highest WUE was noted with the planting geometry having 11 cm apart 

rows under conventional tillage subjected to the irrigation regime of 100% ETo 

whereas, the planting geometry having 22 cm apart rows under zero tillage along with 

the irrigation regime of 40% ETo expressed the lowest value for water use efficiency.  
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             Fig. 4.2.14- Interactive effect of irrigation regimes and planting geometries on 
                                 water use efficiency of wheat 
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Soil physical properties 
 
 

4.2.15- Soil bulk density and penetration resistance  

The bulk density and penetration resistance are the most common interrelated 

variables used in tillage studies to assess soil strength. Bulk density is inversely 

related to total porosity. The optimal bulk density for plant growth is different for 

each soil. In general high bulk density (low porosity) decreases aeration and increases 

penetration resistance that ultimately limits root growth. Thus, one of the goals of 

tillage is to reduce the bulk density of soil (Lampurlanes and Cantero-Martinez, 2003; 

Carter and Ball, 1993; Cassel, 1982).  

The results showed that at 0-10 cm soil depth different planting geometries could not 

exert a significant influence on soil bulk density during 2006-07 however, a 

significant affect (P<0.05) was observed during 2007-08 (Table 4.2.12 and 4.2.13). 

Thus, significantly the highest bulk density of 1.61 g cm-3 during 2007-08 was 

recorded with the planting geometry having 22 cm apart rows under zero tillage that 

was followed by the planting geometry of conventional tillage having the same row 

spacing. Whereas, the minimum bulk density of 1.18 g cm-3 was expressed by the 

planting geometry having 22 cm apart rows under minimum tillage. At the soil depth 

of 10-20 cm a significant (P<0.01) influence of planting geometries on soil bulk 

density was observed during 2006-07 and 2007-08. Thus the highest soil bulk density 

1.92 g cm-3 during 2006-07 was recorded with the planting geometry of zero tillage 

along with 22 cm row spacing that was followed by the planting geometry of 

minimum tillage having the same row spacing and the difference between these two 

treatments was found to be non-significant statistically. While the lowest bulk density 

of 1.13 g cm-3 was achieved with the planting geometry of conventional tillage along 
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with 11 cm wide rows. A similar picture appeared during the second crop growth 

season.  

The data showed that that the planting geometries significantly (P<0.01) affected the 

penetration resistance at 0-10 cm soil depth during 2006-07. Thus the lowest 

penetration resistance of 0.35 MPa was noted from the plots subjected to the 

minimum tillage having 22 cm wide rows while the highest value of 0.78 MPa was 

recorded with the planting geometry of zero tillage along with 22 cm row spacing. It 

is interesting to mention that at 10-20 cm soil depth a different trend appeared. Thus, 

the minimum penetration resistance of 1.18 MPa was achieved with the planting 

geometry of conventional tillage along with 11 cm row spacing that was followed by 

the planting geometry of conventional tillage along with 22 cm row spacing and the 

differences among them were found to be non-significant statistically. Whereas, the 

maximum value of 1.68 MPa was noted with the planting geometry of zero tillage 

along with 22 cm row spacing. A similar trend appeared during the second crop 

growth season. 

The results can be summarized as; at 0-10 cm soil depth, a lower penetration 

resistance as well as bulk density was recorded with the planting geometry of 

minimum tillage having 22 cm row spacing that was probably linked to the use of 

rotavator, as sampling depth was within the operational depth of the implement. On 

the other hand, cultivator was used for seed bed preparation in case of planting 

geometry comprising of conventional tillage having either row spacing that produced 

lumps of soil having larger size as compared to pulverized soil produced by rotavator 

and this resulted in higher values of penetration resistance and bulk density recorded 

with the planting geometry of conventional tillage having 11 or 22 cm apart rows. 

Whereas, at 20-30 cm soil depth these planting geometries expressed the minimum  
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Table 4.2.12- Effect of planting geometry on soil properties during 2006-07 

Planting geometry 
Penetration resistance 

(MPa) 
Soil bulk density  

(g cm-3) 

 0-10 cm  10-20 cm 0-10 cm  10-20 cm 

Conventional tillage- row spacing 22 cm 0.48 1.21 1.20 1.16 

Minimum tillage- row spacing 22 cm 0.35 1.52 1.14 1.87 

Zero tillage- row spacing 22 cm 0.78 1.68 1.52 1.92 

Conventional tillage- row spacing 11 cm 0.45 1.18 1.19 1.13 

SEs 0.029 0.077 0.092 0.089 

LSD (5%) 0.109 0.268 ns 0.597 

 
Table 4.2.13- Effect of planting geometry on soil properties during 2007-08 

Planting geometry 
Penetration resistance 

(MPa) 
Soil bulk density  

(g cm-3) 

 0-10 cm  10-20 cm 0-10 cm  10-20 cm 

Conventional tillage- row spacing 22 cm 0.51 1.22 1.25 1.14 

Minimum tillage- row spacing 22 cm 0.41 1.60 1.18 1.92 

Zero tillage- row spacing 22 cm 0.89 1.80 1.61 2.02 

Conventional tillage- row spacing 11 cm 0.52 1.19 1.22 1.16 

SEs 0.036 0.078 0.079 0.090 

LSD (5%) 0.126 0.268 0.275 0.316 
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values of soil bulk density and penetration resistance that was possibly associated to 

the deeper working depth and partial inversion of soil by cultivator. Conversely, 

higher penetration resistance and bulk density was displayed by the planting geometry 

of minimum tillage having 22 cm wide rows that might be attributed to the fact that 

rotavator leaves the soil surface very fine but upto only few centimeters and compact 

the soil below its operational depth.    

 
Weeds 
 

4.2.16-   Weed fresh biomass 

The data indicated that that during 2007-08, irrigation regimes significantly (P<0.05) 

influenced the weed fresh biomass. Thus the maximum weed fresh biomass of 52.18 

g m-2 was recorded with the treatment of Irrigation = 120% ETo that was followed by 

the treatment of Irrigation = 100% ETo, however, the difference between these two 

treatments was found to be non-significant statistically. Whereas, the minimum weed 

fresh biomass of 46.95 g m-2 was noted from the plots subjected to the irrigation 

equivalent to 40% ETo (Table 4.2.14). A similar picture emerged from the results of 

the first crop growth season, however, the effect of irrigation regimes on weed fresh 

biomass was found to be non-significant statistically.  

The data revealed that during 2006-07 the planting geometry having 11 cm apart rows 

under conventional tillage expressed significantly (P<0.01) the lowest weed fresh 

biomass of 44.24 g m-2 that was followed by the weed fresh biomass value of 46.55  

g m-2 recorded with the planting geometry having 22 cm apart rows under 

conventional tillage and these treatments remained statistically at par with each other. 

Whereas, the maximum weed fresh biomass of 61.78 g m-2 was recorded from the 
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Table 4.2.14- Effect of planting geometry and irrigation regimes on fresh weed biomass (g m-2) 

Treatments 
2006-07  2007-08

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting geometry 120 100 80 60 40 Means 120 100 80 60 40 Means

Conventional tillage- row spacing 22 cm 48.11 47.65 48.05 45.08 43.88 46.55 46.38 46.19 45.91 45.37 42.20 45.21 

Minimum tillage- row spacing 22 cm 55.25 54.66 53.72 54.34 52.81 54.16 56.05 55.46 53.96 54.03 49.59 53.82 

 
Zero tillage- row spacing 22 cm 

64.09 62.15 62.88 61.55 58.21 61.78 61.50 59.62 60.29 58.95 55.73 59.22 

Conventional tillage- row spacing 11 cm 46.22 45.55 45.01 42.76 41.65 44.24 44.80 44.13 42.11 41.37 40.28 42.54 

Means 53.42 52.50 52.42 50.93 49.14  52.18 51.35 50.57 49.93 46.95  

SEs             

Irrigation   0.974      0.943    

Planting geometry   1.709      1.644    

I x G   3.821      3.675    

LSD (5%)             

Irrigation   ns      3.075    

Planting geometry   4.936      4.747    

I x G   ns      ns    

 



 200

plots subjected to the planting geometry having 22 cm apart rows under zero tillage. 

A similar picture appeared during the second crop growth season. 

 It is clear from the results that the interactions of irrigation regimes with planting 

geometries were found to be non-significant statistically during both the crop growth 

seasons. 
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Discussion 

The process of evapotranspiration is affected by soil management including tillage 

practices that modify the available energy and moisture in the soil profile, as well as 

the exchange rate between the soil and the atmosphere whereas, the plant 

management practices indirectly affect the water use through the physiological 

efficiency of the plant. At favourable soil moisture levels tillage promotes aeration 

that accelerates decomposition of organic matter and consequently nitrogen is 

released for use of crop plants. Thus, the water use efficiency can be increased upto 

25-40% by adopting proper tillage practices (Hatfield et al., 2001; Arnon, 1992). 

Here in this experiment significantly the higher grain yield was obtained under the 

conventional tillage method as compared to the minimum tillage as well as zero 

tillage methods and this increase in yield was observed to be linked to the higher 

number of productive tillers bearing more number of bold grains. Similar results were 

reported by other researchers (Marwat et al., 2007; Anon., 2003; Singh et al., 2001) 

who claimed the higher crop yield under conventional tillage rather than the zero 

tillage. However, mean emergence time, germination count per unit area and spike 

length were not influenced significantly by tillage systems, anyhow, comparatively 

shorter time to complete emergence and a higher germination count were noted under 

conventional tillage method (Lithourgidis et al., 2005; Hayhoe et al., 1993).  

It was observed that at early growth stages, the tillage systems had no significant 

influence on leaf area index, leaf area duration and total dry matter accumulation and 

the affect of tillage systems became pronounced at the later growth stages. It indicates 

that the zero tillage caused no interference in early growth of the crop, however, at 

later growth stages it influenced the root development due to higher penetration 
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resistance and soil bulk density that resulted in slower uptake of water and nutrients 

by the plants that was expressed by lower leaf area index in zero tillage rather than the 

conventional tillage (Gul et al., 2009). Thus, the maximum leaf area index, leaf area 

duration, crop growth rate and total dry matter were achieved with the conventional 

tillage method that might be linked to the vigorous plant growth associated with the 

improved soil moisture content and reduced penetration resistance as well as bulk 

density, thus, promoting the release of nutrients due to better soil oxidation that 

enhanced root proliferation and development (Ahmad et al., 2010b; Campbell et al., 

1990). An increase of 14-28% in total dry matter, greater LAI and LAD were also 

reported by other scientists under conventional tillage against no-tillage or zero tillage 

(Khan et al., 2008b; Subbulakshmi et al., 2008; Unay et al., 2005; Melaj et al., 2003). 

Similarly, Tahir et al. (2008) reported better fertilizer use efficiency and an additional 

return of 4.5% under conventional tillage.  

Choosing an optimum row spacing continues to be one of the most difficult 

challenges for dry land producers. An appropriate spatial adjustment ensures the 

maximum crop yield. While a thick plant population gives rise to an undue 

competition among the crop plants for essential nutrients, soil water, solar energy and 

space that restricts air movement thus increasing the humidity level within the canopy 

and favours the attack of insects and diseases under narrow planted crop. Whereas, on 

the other hand, the weed growth and losses of soil moisture through soil evaporation 

are encouraged under wider row planting (Stewart and Steiner, 1990). 

The planting geometry with narrow (11 cm) row spacing produced greater number of 

fertile tillers, exhibited higher values of leaf area index and leaf area duration 

throughout the crop growth resulting in more dry matter accumulation, higher number 

of heavier grains and better harvest index instead of the geometry having wider (22 
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cm) row spacing.  It indicates that planting geometry with narrow row spacing 

resulted in more uniform spatial distribution of plants and decreased the in-row plant-

plant competition because under wider row spacing with the same seeding rate, plants 

became highly concentrated within the row that resulted in less available space per 

plant. More radiant energy was intercepted by the crop canopy under 11 cm planting 

geometry due to more appropriate leaf orientation of uniformly distributed plants thus 

preventing overlapping and shading of leaves and ultimately resulting in a  better 

resource utilization which was expressed in terms of higher biomass production and 

increased grain yield.  

Moreover, it was observed that closer and more uniform spatial distributions enhance 

the fraction of radiant energy intercepted by the plants and curtailed  that reaching the 

soil surface, in this way discouraging the evaporation losses of applied water thus 

conserving the soil moisture for utilization in transpiration process which resulted in 

assimilation of more photosynthates. These findings are in line with other scientists 

(Marwat et al., 2003; Chen et al., 2000; Koscelny et al., 1990; Joseph. et al., 1985) 

who reported higher number of productive tillers m-2, grains per spike, dry matter 

accumulation, biological and grain yield of wheat under the narrow spaced planting 

geometry. While, the lower LAI, LAD, and biomass were recorded with wider 

planting geometry that might  be associated with the fact that under wider row 

spacing, comparatively larger area of bare soil was exposed to radiation, increasing 

the moisture losses due to evaporation (Ishfaq et al., 2009).  

It was also noted that with the planting geometry of narrow rows under conventional 

tillage system, plant spatial distributions were optimized that resulted in a less 

stressful environment, thus, promoting the plant vigour that enabled the crop for more 

uniform extraction of soil moisture which resulted in an efficient utilization of scarce 
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water resources leading to greater grain producing ability (Arnon, 1992; Grimes and 

Musick, 1960). A lower weed biomass was recorded in the crop under narrow 

planting geometry with conventional tillage system that again resulted in the 

conservation of resources, thus, facilitating utilization of the limited water supplies 

more efficiently by the crop plants in manufacturing their food. Similarly, Abbas et al. 

(2009) and Marwat et al. (2003) recorded the minimum weed biomass and weed 

density under narrow planting of wheat. 

The maximum capturing and utilization of plant growth resources especially the soil 

moisture under arid conditions must be the basic objective while adopting the 

agronomic practices. It was observed that reducing irrigation from 120% to 100% 

ETo had no significant affect on the grain yield, however, a noticeable decline in the 

yield appeared by a further reduction in the irrigation level, indicating that the 

application of irrigation water above the level of ETo (100% ETo) decreased the 

efficiency of crop plants in utilizing the resources. Thus, a major increase in the 

number of productive tillers, spike length, grains per spike and 1000-grain weight was 

noticed by increasing the irrigation level up till 100% ETo beyond which these 

parameters showed a minor improvement. 

Similarly, the higher leaf area index was maintained for longer periods under the 

irrigation regime of 120% and 100% ETo resulting in higher crop growth rate and dry 

matter accumulation and this ultimately contributed towards the higher grain yield. 

The application of water beyond 100% ETo promoted unnecessary vegetative growth, 

mobilizing the photosynthates to the ‘sink’ less efficiently that was expressed by 

increased biological yield and lower values of harvest index. Whereas, on the other 

hand applying irrigation below the level of 80% ETo caused a moisture stress that 

decreased LAI and LAD thus, reducing the capacity of photosynthetic apparatus to 
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capture the optimum amount of radiant energy that resulted in “source” limitation. 

These results are in line with the findings of other scientists (Bandyopadhay and 

Mallick, 2003; Walia et al., 2000; Mehmood et al., 1999; Choubey et al., 1998; Walia 

et al., 1992) who reported an increase in root density, better water extraction by roots 

and the higher grain yield of wheat at 100% or 80% ETo irrigation level and added 

that nitrogen uptake by wheat plants was reduced under heavy irrigation. Thus, a keen 

perusal of the results indicated that planting geometry of 11 cm row spacing under 

conventional tillage system along with water application equivalent to 100% ETo 

proved to be a better strategy in efficient utilization of land and environmental 

resources with out scarifying the crop yield.   
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Exp. III-    Productivity enhancement of late sown wheat crop using 
                   primed seed and different planting techniques under         
                   limited water supplies in arid climate 
 
 
The study was conducted for two crop growth seasons of 2007-08 and 2008-09 at 

Research and Demonstration Farm, Regional Agricultural Economic Development 

Centre (RAEDC), Vehari, Pakistan  on clay loam soil  having pH; 8.4, EC; 261  

 S cm-1 and  organic matter; 0.84%. The aim of this study was to find out the role of 

different planting techniques in productivity enhancement of wheat crop with 

optimum utilization of scarce irrigation resources. 

 

Experimental Design 

The experiment was laid out in randomized complete block design, giving equal 

importance to the irrigation regimes and planting techniques. The treatments were 

repeated thrice.  

Treatments  

(a) Planting techniques (3) 

PT1 =  Flat-drill planting in 11 cm apart rows  

PT2 =  Bed-drill planting in 11 cm apart rows (3 rows: 33 cm bed) 

PT3 =  Seed spreading augmented with furrows (i.e. ridge planting) 

(b) Irrigation regimes (3) 

I1 =  Irrigation equal to 100% ETo 

I2 = Irrigation equal to 80% ETo  

I3 =  Irrigation equal to 60% ETo 
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Materials and Methods 

The experimental field having precision leveling was irrigated to the field capacity by 

applying heavy irrigation (locally called “rauni”). When the field reached the proper 

moisture condition (locally called “wattar”) a conventional seed bed was prepared in 

PT1 and  PT3  whereas, in case of PT2 beds were formed manually. A recommended 

wheat variety “Inqlab-91” was planted on December 19 during 2007-08 and on the 

same date during 2008-09. Seed hydroprimed for 12 hours was used at the rate of 150 

kg  ha-1 in all the treatments. In case of PT1 crop was sown in flat field with the help of 

single row hand drill in rows 11 cm apart whereas, in case of PT2 this sowing was 

done on 33 cm wide raised beds. On the other hand in PT3 ridges were formed with 

the help of a ridger after spreading seed uniformly in the field. Nitrogen, phosphorus 

and potassium fertilizers were applied at the rate of 105, 85 and 62 kg ha-1, 

respectively. All the phosphorus and potassium fertilizer was applied at the time of 

seed bed preparation in the form of triple super phosphate (46% P2O5) and sulphate of 

potash (50% K2O), respectively, while the nitrogen fertilizer was applied in the form 

of urea (46% N) in two splits i.e. the half of nitrogen was applied as basal dose at the 

time of sowing and the remaining half was top dressed with first irrigation. Further, 

the irrigations were applied as per treatment according to the procedure mentioned in 

General Materials and Methods. Buctril Super 60% EC (Bromoxinil + MCPA); a 

broad leaf herbicide and Topik 15WP (Clodinafop propargyl + Cloquintocet mexyl); a 

narrow leaf herbicide, were used to control the broad leaved weeds and grasses 

respectively. All other cultural practices were kept standard and uniform for all the 

treatments through out the crop growth. 
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Results 
 
 

 Agronomic traits and yield components 
 
 

4.3.1-   Mean emergence time  

The data showed that the mean emergence time was non-significantly influenced by 

the planting techniques, during 2007-08 and 2008-09 (Table 4.3.1). The minimum 

mean emergence time of 15.1 and 13.9 days during 2007-08 and 2008-09, 

respectively was achieved with the treatment of Bed planting that was followed by 

Flat planting whereas, the maximum mean emergence time of 15.4 and 14.2 days 

during 2007-08 and 2008-09, respectively was recorded with the treatment of Seed 

spreading augmented with furrows.  

 
4.3.2- Germination count m-2 

It is obvious from the results that the planting techniques significantly (P<0.05) 

affected the germination count during both the crop growth seasons (Table 4.3.1). The 

highest number of 143.2 seedlings was counted in Flat planting treatment that was 

followed by Bed planting treatment, during 2007-08 and the differences between 

these two treatments were found to be non-significant statistically while the lowest 

germination count m-2 of 112.9 was recorded with the treatment of Seed spreading 

augmented with furrows.  A similar trend was observed during the second crop 

growth season. 

 

4.3.3- Number of tillers plant-1 

A significant (P <0.01 and <0.05) effect of planting techniques on number of tillers 

plant-1 was observed during 2007-08 and 2008-09. The treatment of Seed spreading 

augmented with furrows, during 2007-08, produced significantly (P<0.01) the 
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Table 4.3.1- Effect of planting techniques on mean emergence time (days), germination count m-2 and  
     tillers plant-1 of wheat 

 

 
Mean emergence time 

(days) 
Germination count m-2 Tillers plant-1 

Planting techniques 2007-08 2008-09 2007-08 2008-09 2007-08 2008-09 

 
Flat-drill planting in 11 cm apart rows  

15.38 14.11 143.15 155.87 2.15 2.34 

Bed-drill planting in 11 cm apart rows 15.09 13.85 141.19 147.91 1.88 2.06 

Seed spreading augmented with furrows  15.40 14.22 112.87 120.11 2.53 2.61 

SEs 0.625 0.620 4.901 6.381 0.062 0.095 

LSD (5%) ns ns 19.242 25.060 0.238 0.372 
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maximum number of 2.5 tillers plant-1 that was followed by Flat planting treatment 

having the value of 2.2 tillers plant-1 whereas, as the minimum tiller number of 1.9 

was counted with the treatment of Bed planting (Table 4.3.1).  During the second crop 

growth season, again the highest tiller number per plant was achieved with the 

treatment of Seed spreading augmented with furrows that was followed by Flat 

planting treatment, however, these two treatments remained statistically at par with 

each other while the Bed planting treatment produced the minimum tillers plant-1. 

 
4.3.4- Number of tillers m-2 

The results indicated that all the planting techniques non-significantly influenced the 

number of tiller m-2, during 2007-08. The maximum number of 307.6 tillers m-2 was 

achieved with Flat planting treatment whereas the Bed planting treatment secured the 

bottom position by producing 265.4 tillers m-2 (Table 4.3.2). A significant effect of 

planting techniques on number of tillers m-2 appeared during second crop growth 

season. Thus, significantly (P<0.01) the highest tiller number of 364.7 was produced 

by the treatment of Flat planting that was followed by Seed spreading augmented with 

furrows which produced 313.5 tillers m-2 whereas, the minimum tiller number of 

304.7 was counted in case of Bed planting treatment. However, the differences 

between the treatments of Bed planting and Seed spreading augmented with furrows 

were found to be non-significant statistically. 

 
4.3.5- Number of un-productive tillers m-2 

A significant (P<0.01) impact of planting techniques on number of unproductive 

tillers m-2 was noted during the both crop growth seasons (Table 4.3.2). Thus, 

significantly (P<0.01) the highest number of 30.9 unproductive tillers during 

 2007-08 was recorded with the Flat planting treatment that was followed by Bed 
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Table 4.3.2- Effect of planting techniques on number of tillers m-2 and number of un-productive tillers m-2 

 Tillers m-2 
Un-productive tillers m-2 

 

Planting techniques 2007-08 2008-09 2007-08 2008-09 

 
Flat-drill planting in 11 cm apart rows  

307.60 364.74 30.86 46.48 

Bed-drill planting in 11 cm apart rows 265.44 304.68 21.39 26.86 

Seed spreading augmented with furrows  285.56 313.49 19.54 12.14 

SEs 9.170 12.206 1.142 1.913 

LSD (5%) ns 47.933 4.488 7.510 
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planting technique which produced 21.4 unproductive tillers m-2. Whilst, the lowest 

number of 19.54 unproductive tillers was noted in case of Seed spreading augmented 

with furrows, however, it remained statistically at par with the treatment of Bed 

planting. 

A similar trend was observed during the second crop growth season but the treatments 

of Seed spreading augmented with furrows and the Bed planting significantly differed 

from each other and the bottom rank was again occupied by the treatment of Seed 

spreading augmented with furrows which produced 12.14 unproductive tillers m-2. 

 
4.3.6- Number of productive tillers m-2 

The comparison of treatment means showed that during both the crop growth seasons 

irrigation regimes and planting techniques significantly (P<0.01) affected the number 

of productive tillers (Table 4.3.3). The highest number of 278.5 productive tillers was 

counted with the treatment Irrigation = 100% ETo that was followed by the tiller 

number of 270.6 recorded with the treatment of Irrigation = 80% ETo and the 

differences between these two treatments were found to be non-significant 

statistically. While significantly (P<0.01) the lowest number of 237.7 productive 

tillers was recorded with the treatment where irrigation was applied equivalent to 60% 

ETo. Later on, a similar trend for productive tillers was observed during 2008-09. 

The data showed that the planting techniques also exerted a significant effect on the 

number of productive tillers during both the crop growth seasons. Thus, the maximum 

number of 276.7 and 318.3 productive tillers m-2 during 2007-08 and 2008-09, 

respectively were recorded with the Flat planting treatment that was followed by the 

treatment of Seed spreading augmented with furrows but the differences between 

these two treatments were not significant statistically. Whereas, the Bed planting 
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Table 4.3.3- Effect of planting techniques and irrigation regimes on number of productive tillers m-2 of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  305.33 293.86 231.02 276.74 350.74 337.88 266.17 318.26 

Bed-drill planting in 11 cm apart rows  257.47 250.42 224.26 244.05 292.77 285.00 255.75 277.84 

 
Seed spreading augmented with furrows  

272.71 267.51 257.85 266.02 308.53 302.93 292.57 301.34 

                                                     Means 278.50 270.60 237.71  317.34 308.60 271.50  

SEs         

Irrigation   5.364    6.165  

Planting techniques   5.364    6.165  

I x PT   9.291    10.679  

LSD (5%)         

Irrigation  16.081    18.490  

Planting techniques   16.081    18.490  

I x PT     27.852    32.024  
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         Fig. 4.3.1- Interactive effect of irrigation regimes and planting techniques on 
                           number of  productive tillers m-2 of wheat 

 

        Fig. 4.3.2- Interactive effect of irrigation regimes and planting techniques on 
                          number of  grains per spike of wheat 
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treatment produced significantly (P<0.01) the lowest number of 244.1 and 277.8 

productive tillers during 2007-08 and 2008-09, respectively. 

It is obvious from the results that the interactions between the irrigation regimes and 

planting techniques were found to be significant (P<0.05) during both the crop 

growth seasons. This might be linked to the fact that fact that as compared to other 

planting techniques Flat planting responded more strongly and positively to different 

irrigation regimes thus the highest number of productive tillers (305.33) was produced 

by the crop plants subjected to the irrigation regime of 100% ETo along with Flat 

planting technique (Fig. 4.3.1). 

 
4.3.7- Number of grains per spike 

The data revealed that irrigation regimes significantly (P<0.05) influenced the 

number of grains spike-1 during 2008-09 while the effect was found to be highly 

significant (P<0.01) during 2007-08 (Table 4.3.4). The maximum number of 41.3 

grains per spike during 2007-08 was counted with the treatment of Irrigation = 100% 

ETo that was followed by the treatment of Irrigation = 80% ETo which produced 40.1 

grains per spike however, the differences between these two treatments were found to 

be non-significant statistically. Whereas, the crop plants subjected to the treatment of 

Irrigation = 60% ETo produced significantly (P<0.01) the lowest number of 37.3 

grains spike-1. A similar trend for the number of grains per spike was observed during 

2008-09, however, the lowest grain number of 40.3 produced with the treatment of 

Irrigation = 60% ETo remained statistically at par with that of Irrigation = 80% ETo 

whereas, during the previous crop growth season these two treatments differed 

significantly from each other. 
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Table 4.3.4- Effect of planting techniques and irrigation regimes on number of grains per spike of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  40.32 38.11 34.18 37.54 42.32 41.54 37.33 40.40 

Bed-drill planting in 11 cm apart rows  41.42 40.46 38.03 39.97 44.65 43.65 41.11 43.14 

 
Seed spreading augmented with furrows  

42.13 41.84 39.56 41.18 45.19 44.92 42.55 44.22 

                                                     Means 41.29 40.14 37.25  44.05 43.37 40.33  

SEs         

Irrigation   0.734    1.019  

Planting techniques   0.734    1.019  

I x PT   1.271    1.765  

LSD (5%)         

Irrigation   2.200    3.056  

Planting techniques   2.200    3.056  

I x PT   ns    ns  
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The results indicated that planting techniques significantly (P<0.01 and P<0.05) 

influenced the number of grains per spike during both the crop growth seasons.  Thus, 

the highest number of 41.2 and 44.2 grains per spike during 2007-08 and 2008-09, 

respectively was achieved with the treatment of Seed spreading augmented with 

furrows that was statistically at par with the treatment of Bed planting having the 

grain number of 39.3 and 43.1 during 2007-08 and 2008-09, respectively. While 

significantly (P<0.01) the minimum number of grains per spike was counted with the 

Flat planting technique during both the crop growth seasons.  

It is evident from the results that the interactions between irrigation regimes and 

planting techniques were found to be non-significant statistically during both the crop 

growth seasons (Fig. 4.3.2).   

 
4.3.8- Spike length (cm) 

A keen perusal of the data indicated that the spike length was significantly (P<0.05) 

affected by different irrigation regimes, during 2007-08. The lengthiest spikes of 13.7 

cm were observed with the treatment of Irrigation = 100% ETo that was followed by 

the treatment of Irrigation = 80% ETo having 13.5 cm spike length and the 

differences between these two treatments were found to be non-significant 

statistically. Whereas, the shortest spikes of 12.9 cm length were measured from the 

crop plants subjected to the irrigation equivalent to 60% ETo (Table 4.3.5). A similar 

trend was observed during 2008-09 however, the irrigation regimes non-significantly 

influenced the spike length during the second crop growth season.   

The results showed that the effect of planting techniques on spike length during both 

the crop growth seasons was found to be non-significant statistically. The maximum 

spike length of 13.5 during 2007-08 was achieved with the planting technique of Seed 
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Table 4.3.5- Effect of planting techniques and irrigation regimes on spike length (cm) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  13.72 13.38 12.56 13.22 14.01 13.71 12.90 13.54 

Bed-drill planting in 11 cm apart rows  13.61 13.48 12.92 13.34 13.88 13.67 13.13 13.56 

 
Seed spreading augmented with furrows  

13.69 13.61 13.13 13.48 13.95 13.73 13.28 13.65 

                                                     Means 13.67 13.49 12.87  13.95 13.70 13.10  

SEs         

Irrigation   0.210    0.254  

Planting techniques   0.210    0.254  

I x PT   0.363    0.440  

LSD (5%)         

Irrigation   0.628    ns  

Planting techniques   ns    ns  

I x PT   ns    ns  
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spreading augmented with furrows that was followed by Bed planting technique. 

While the treatment of Flat planting produced the minimum spike length of 13.2 cm. 

A similar picture was reflected from the results of second crop growth season. It is 

obvious from the results that the interactions of irrigation with planting techniques 

remained non-significant during 2007-08 and 2008-09.  

 
4.3.9- 1000-grain weight (g) 

The effect of irrigations regimes on 1000-grain weight of wheat crop was found to be 

significant (P<0.05) during 2008-09 and highly significant (P<0.01) during 2007-08 

whereas the planting geometries significantly (P<0.05) influenced this important yield 

component during both the crop growth seasons (Table 4.3.6). It was observed that 

incrementing the irrigation level from 60% ETo to 80% ETo enhanced 1000-grain 

weight significantly but a further increase in the irrigation level from 80% ETo to 

100% ETo showed no significant improvement in this attribute. Thus, during  

2007-08, significantly (P<0.01) the heaviest grains of 38.47 g were produced with the 

irrigation regime of 100% ETo that was followed by the treatment of Irrigation = 80% 

ETo having 1000-grain weight of 37.37 g but the difference between these two 

treatments was found to be non-significant statistically. Whereas, the minimum  

1000-grain weight of 34.63 g was measured from the crop plants subjected to the 

irrigation equivalent to 60% ETo. A similar picture appeared from the results of 

second crop growth season, however, the differences among the treatments were 

found to be significant (P<0.05).  

In case of planting techniques, Seed spreading augmented with furrows showed the 

best performance during both the crop growth seasons by producing the heaviest 

grains of 38.18 g and 41.00 g during 2007-08 and 2008-09, respectively, however, it 
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Table 4.3.6- Effect of planting techniques and irrigation regimes on 1000-grain weight (g) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  37.72 35.90 32.25 35.29 39.41 38.04 34.04 37.17 

Bed-drill planting in 11 cm apart rows  38.51 37.44 35.06 37.00 41.51 40.39 37.90 39.94 

 
Seed spreading augmented with furrows  

39.17 38.77 36.59 38.18 42.01 41.61 39.36 41.00 

                                                     Means 38.47 37.37 34.63  40.98 40.02 37.10  

SEs         

Irrigation   0.721    0.928  

Planting techniques   0.721    0.928  

I x PT   1.248    1.607  

LSD (5%)         

Irrigation   2.161    2.782  

Planting techniques   2.161    2.782  

I x PT   ns    ns  



 221

  

           Fig. 4.3.3- Interactive effect of irrigation regimes and planting techniques on 
                             1000-grain weight of wheat 

  

            Fig. 4.3.4- Interactive effect of irrigation regimes and planting techniques on 
                              biological yield of wheat 
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remained statistically at par with Bed planting treatment which gave 37.00 g and 

39.94 g weight of 1000-grains during 2007-08 and 2008-09, respectively. While 

significantly (P<0.01) the lowest 1000-grain weight of 35.29 g and 37.17 g during 

2007-08 and 2008-09, respectively was recorded with the Flat planting technique.  

It is apparent from the results that the interactions of irrigation regimes with planting 

techniques were found to be non-significant, during both the crop growth seasons 

(Fig. 4.3.3).   

 
4.3.10- Grain fill duration (days) 

Grain fill duration measures the length of the period for which the sink (grains) 

continues its growth thus substantially contributing to the single grain weight and 

ultimately to the grain yield.  The data showed that the grain fill duration (GFD) was 

significantly (P<0.01) affected by irrigation regimes, during 2007-08 and 2008-09 

(Table 4.3.7). It was observed that the lower values of grain fill duration were 

recorded during 2007-08 as compared to 2008-09 that might be linked to the steep rise 

in the temperature at the grain filling stage during 2007-08 which forced early 

maturity thus reducing the grain fill duration as compared to the second crop growth 

season during which the gently increasing temperatures during this growth phase 

favoured prolonged grain fill duration. Thus, the maximum grain fill duration of 36.8 

days during 2007-08 was achieved with the treatment of Irrigation = 100% ETo that 

was followed by the GFD value of 34.9 recorded with the treatment of  

Irrigation = 80% ETo, however, these two treatments remained statistically at par with 

each other. Whereas, significantly (P<0.01) the lowest grain fill duration of 30.5 days 

was noted with the treatment where irrigation was applied equivalent to 40% ETo. A 

similar trend of grain fill duration appeared during the second crop growth season.
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Table 4.3.7- Effect of planting techniques and irrigation regimes on grain fill duration (days) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  33.98 31.19 24.72 29.96 37.25 34.41 27.73 33.13 

Bed-drill planting in 11 cm apart rows  37.11 35.22 31.45 34.59 40.82 38.59 34.45 37.95 

 
Seed spreading augmented with furrows  

39.16 38.19 35.33 37.56 42.81 41.65 38.92 41.13 

                                                     Means 36.75 34.87 30.50  40.29 38.22 33.70  

SEs         

Irrigation   0.822    1.059  

Planting techniques   0.822    1.059  

I x PT   1.423    1.834  

LSD (5%)         

Irrigation   2.463    3.194  

Planting techniques   2.463    3.194  

I x PT   ns    ns  
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The data showed that significantly (P<0.01) the maximum grain fill duration of 37.6 

days during 2007-08 was achieved with the treatment of Seed spreading augmented 

with furrows that was followed by Bed planting treatment having grain fill duration of 

34.6 days. Whilst, the Flat planting treatment with grain fill duration of 30.0 days 

remained significantly the lowest of all the planting techniques. A similar trend was 

observed during the second crop growth season when again the highest value of grain 

fill duration was recorded with the treatment of Seed spreading augmented with 

furrows, however, in contrast to the previous crop growth season, it remained 

statistically at par with the treatment of Bed planting.  

It is clear from the results that the interactions of irrigation regimes with planting 

techniques were found to be non-significant statistically during both the crop growth 

seasons. 

 
4.3.11- Days taken to maturity  

As a general rule, higher number of days taken to maturity means longer vegetative 

period promoting ‘source’ production that facilitates accumulation of more 

photosynthates and provides more time for translocation of these metabolites to the 

growing ‘sinks’. Thus, a longer maturity period translates into higher yield. The data 

showed that the days taken to maturity were significantly (P<0.05) influenced by 

irrigation regimes during 2007-08 and 2008-09 (Table 4.3.8). The highest number of 

123.5 and 133.3 days taken to maturity during 2007-08 and 2008-09, respectively 

were recorded with the treatment of Irrigation = 100% ETo that was followed by the 

treatment of Irrigation = 80% ETo, however, the differences between these two 

irrigation regimes were found to be non-significant statistically.   
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Table 4.3.8- Effect of planting techniques and irrigation regimes on number of days taken to maturity of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  120.30 115.60 104.37 113.42 131.55 126.67 114.91 124.38 

Bed-drill planting in 11 cm apart rows  123.38 122.34 112.85 119.52 133.62 132.71 122.44 129.59 

 
Seed spreading augmented with furrows  

126.80 126.69 119.00 124.16 136.17 136.49 128.37 133.68 

                                                     Means 123.49 121.54 112.07  133.78 131.96 121.91  

SEs         

Irrigation   2.793    3.323  

Planting techniques   2.793    3.323  

I x PT   4.838    5.756  

LSD (5%)         

Irrigation   8.374    9.963  

Planting techniques   8.374    ns  

I x PT   ns    ns  
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Whereas, significantly (P<0.01) the minimum number of 112.1 and 121.3 days taken 

to reach the maturity stage during 2007-08 and 2008-09  were counted from the crop 

plants subjected to the treatment of Irrigation = 60% ETo.  

The data indicated that during 2007-08, the maximum number of days (124.2) taken 

to maturity were recorded with the planting technique of Seed spreading augmented 

with furrows that was followed by Bed planting treatment in which crop plants used 

119.5 days to reach the maturity stage, however, these two treatments remained 

statistically at par with each other. Whereas, the minimum number of 113.4 days 

taken to maturity were noted with the Flat planting treatment. A similar trend was 

observed during 2008-09, however, the differences among the treatments were found 

to be non-significant statistically. 

A keen perusal of the results revealed that the interactions of irrigation with planting 

techniques remained non-significant during both the crop growth seasons. 

 
4.3.12- Lodging percentage 

The comparison of treatment means showed that irrigation regimes, planting 

techniques and their interactions significantly (P<0.01) influenced the lodging 

behavoiur of wheat crop during 2007-08 2008-09 (Table 4.3.9). The minimum 

lodging of 4.1% was recorded with the irrigation regime of 60% ETo during the first 

crop growth season, whereas the maximum value for lodging percentage was 

expressed by the treatment Irrigation = 100% ETo. A similar picture was reflected 

from the results of 2008-09. 

The data showed that significantly (P<0.01) the lowest lodging of 2.5% during  

2007-08 was achieved with the treatment of Seed spreading augmented with furrows. 

While the maximum lodging percentage was noted from the plots subjected to the  
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Table 4.3.9- Effect of planting techniques and irrigation regimes on lodging percentage of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  11.9 8.5 6.2 8.9 13.5 10.2 7.7 10.5 

Bed-drill planting in 11 cm apart rows  7.6 4.8 4.1 5.5 8.3 5.1 3.9 5.8 

 
Seed spreading augmented with furrows  

3.0 2.5 2.1 2.5 4.1 2.2 1.8 2.7 

                                                     Means 7.5 5.3 4.1  8.6 5.8 4.5  

SEs         

Irrigation   0.16    0.22  

Planting techniques   0.16    0.22  

I x PT   0.28    0.37  

LSD (5%)         

Irrigation  0.48    0.64  

Planting techniques  0.48    0.64  

I x PT  0.83    1.12  
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Flat planting treatment.  Almost a similar trend was observed during the second crop 

growth season. 

It is apparent from the results that the interactions between irrigation regimes and 

planting techniques were found to be significant (P<0.01) during both the crop 

growth seasons. It is very interesting to mention that during 2007-08, a very mild and 

non-significant change in the lodging percentage was observed in the plots subjected 

to the Seed spreading augmented with furrows treatment when irrigation level was 

raised from 60% ETo to 100% ETo whereas, the lodging increased significantly 

(P<0.01) from irrigation regime of 60% ETo to that of 100% ETo in case of the Flat 

planting treatment. Thus, the maximum lodging of 11.9% was exhibited by the crop 

plants subjected to the Flat technique along with the treatment Irrigation = 100% ETo. 

Almost a similar picture emerged from the results of the second crop growth season. 

 
4.3.13- Biological yield (kg ha-1) 

The results showed that biological yield was significantly (P<0.01) influenced by 

planting techniques and irrigation regimes during 2007-08 and 2008-09  

(Table 4.3.10). It was observed that the biological yield increased significantly 

(P<0.01) with each increment in the irrigation level from 60% ETo to 100% ETo. 

Thus, significantly (P<0.01) the highest biological yield of 9828.1 and 11161.8  

kg ha-1 during 2007-08 and 2008-09, respectively was achieved with the treatment 

where irrigation was given equivalent to 100% ETo that was followed by  the 

treatment of Irrigation = 80% ETo which produced 8778.8 and 9812.1 kg ha-1 of total 

biomass during 2007-08 and 2008-09, respectively. While the minimum biological 

yield of 6790.9 and 7593.6 kg ha-1 during 2007-08 and 2008-09, respectively was 

noted from the crop plants subjected to the irrigation regime of 60% ETo. 
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The data showed that during 2007-08, significantly (P<0.01) the highest biological 

yield of 8858.5 kg ha-1 was recorded with the planting technique of Seed spreading 

augmented with furrows that was followed by Flat planting technique which produced 

8688.2 kg ha-1 of total biomass. Whereas, during the 2008-09, top position was 

secured by Flat planting technique which produced 10052.3 kg ha-1 of total biomass 

and was followed by Seed spreading augmented with furrows treatment having 

9769.7 kg ha-1 of biological yield. However, the differences between these two 

treatments were found to be non-significant statistically during both the crop growth 

seasons. Whilst, the minimum total biomass of 7851.1 and 8745.5 kg ha-1 during 

2007-08 and 2008-09, respectively was produced by Bed planting treatment.  

It is evident from the results that the interactions between irrigation regimes and 

planting techniques were found to be significant (P<0.05) during 2007-08 and highly 

significant (P<0.01) during 2008-09. These significant effects might be attributed to 

the fact that the Flat planting treatment exhibited better performance during both the 

crop growth seasons under higher irrigation regimes i.e.100% ETo and 80% ETo by 

producing higher number of tillers per unit area and greater leaf area index than other 

planting techniques but under deficit irrigation level i.e. 60% ETo it was more 

negatively affected than the treatments of Bed planting and Seed spreading 

augmented with furrows. Thus, at the higher irrigation level i.e. 100% ETo the 

maximum biological yield of 10613.2 kg ha-1 was expressed  by Flat planting 

technique whereas, under deficit irrigation (60% ETo) this planting technique 

produced the lowest total biomass as compared to all other planting treatments  

(Fig. 4.3.4). 
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Table 4.3.10- Effect of planting techniques and irrigation regimes on biological yield (kg ha-1) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  10613.23 9246.88 6204.52 8688.21 12590.14 10504.96 7061.89 10052.33

Bed-drill planting in 11 cm apart rows  9054.44 8104.64 6394.34 7851.14 10077.80 9025.45 7133.29 8745.52 

 
Seed spreading augmented with furrows  

9816.64 8984.90 7773.82 8858.46 10817.57 9905.97 8585.47 9769.67 

                                                     Means 9828.11 8778.81 6790.89  11161.84 9812.13 7593.55  

SEs         

Irrigation   200.608    211.838  

Planting techniques   200.608    211.838  

I x PT   347.363    366.908  

LSD (5%)         

Irrigation   601.401    635.103  

Planting techniques   601.401    635.103  

I x PT   1042.022    1100.012  
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4.3.14- Grain yield (kg ha-1) 

The data revealed that the planting techniques, irrigation regimes and their 

interactions exerted a significant influence on the grain yield during. 2007-08 and 

2008-09 (Table 4.3.11). It was noted that each decrease in the irrigation level from 

100% ETo to 60% ETo significantly (P<0.01) reduced the grain yield. Thus, 

significantly (P<0.01) the maximum grain yield of 4262.2 kg ha-1 during 2007-08 was 

achieved with the treatment of Irrigation = 100% ETo that was followed by the 

treatment of Irrigation = 80% ETo which produced 3922.6 kg ha-1 of grains whereas, 

the lowest grain yield of 2994.0 kg ha-1 was recorded with the treatment of  

Irrigation = 60%  ETo. A similar picture appeared during the crop growth season of 

2008-09. 

The results showed that during 2007-08, significantly (P<0.01) the highest grain yield 

of  4034.9 kg ha-1 was produced with the treatment of Seed spreading augmented with 

furrows followed by 3609.1 kg ha-1 recorded in case of Flat planting treatment. 

Whilst, the Bed planting treatment secured the bottom rank by producing the 

minimum grain yield of 3534.94 kg ha-1. A similar trend was observed during  

2008-09, however, the differences between the treatments of Seed spreading 

augmented with furrows and that of Flat planting technique were found to be non-

significant statistically. The minimum grain yield was again produced by Bed planting 

treatment. 

It is apparent from the results that the interactions between irrigation regimes and 

planting techniques were found to be significant (P<0.05) during 2007-08 and highly 

significant (P<0.01) during 2008-09. These significant effects might be associated to 

the better performance of Flat planting treatment during both the crop growth seasons 
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at the highest irrigation level i.e.100% ETo than other planting techniques but under 

the lower irrigation regime i.e. 60% ETo its yield was significantly reduced than the 

treatments of Bed planting and Seed spreading augmented with furrows. It was also 

noted that reducing the irrigation level from 80% ETo to 60% ETo resulted in a 

significant decline in the grain yield of Flat planting treatment, whereas, under Bed 

planting and Seed spreading augmented with furrows treatments the yield reduction 

was found to be non-significant. Thus, with the irrigation regime of 100% ETo the 

highest grain yield of 4481.3 kg ha-1 was harvested with the treatment of Flat planting 

but as the irrigation was reduced to 60% ETo this planting technique produced the 

lowest grain yield amongst  the all the planting treatments. It is worth mentioning here 

that under this deficit irrigation (60% ETo) the performance of Seed spreading 

augmented with furrows treatment was found second to none (Fig. 4.3.5). 

There was a strong and linear relationship of grain yield with the number of 

productive tillers m-2, number of grains per spike, 1000-grain weight and spike length. 

The regression accounted for 68.9, 74.3, 81.9 and 94.4% variance in grain yield for 

the above mentioned yield components, respectively during 2007-08 while the 

corresponding figures for the year 2008-09 were 66.2, 56.4, 58.5 and 87.0%, 

respectively (Fig. 4.3.7, 4.3.8, 4.3.9, 4.3.10). Grain yield was also positively and 

linearly related to the grain fill duration, days taken to maturity, leaf area duration and 

total dry matter accumulation and the regression accounted for 65.0, 75.4, 97.8 and 

89.4% variance in grain yield for the grain fill duration, days taken to maturity, leaf 

area duration and total dry matter accumulation, respectively during 2007-08 while 

the corresponding figures for the year 2008-09 were 55.5, 73.3, 99.1 and 91.0%, 

respectively (Fig. 4.3.11, 4.3.12, 4.3.20 and 4.3.24).  
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Table 4.3.11- Effect of planting techniques and irrigation regimes on grain yield (kg ha-1) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  4481.25 3888.07 2457.98 3609.10 5098.19 4237.96 2684.67 4006.94 

Bed-drill planting in 11 cm apart rows  3995.46 3700.72 2908.65 3534.94 4306.91 3992.84 3144.62 3814.79 

 
Seed spreading augmented with furrows  

4310.01 4179.11 3615.48 4034.87 4622.56 4486.24 3889.04 4332.61 

                                                     Means 4262.24 3922.64 2994.04  4675.89 4239.01 3239.44  

SEs         

Irrigation   103.797    116.216  

Planting techniques   103.797    116.216  

I x PT   179.782    201.293  

LSD (5%)         

Irrigation   311.211    347.700  

Planting techniques   311.211    347.700  

I x PT   539.032    602.224  
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            Fig. 4.3.5- Interactive effect of irrigation regimes and planting techniques on 
                              grain yield of wheat 

  

            Fig. 4.3.6- Interactive effect of irrigation regimes and planting techniques on 
                              harvest index of wheat 
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             Fig. 4.3.7- Relationship between grain yield and productive tillers 

 

              Fig. 4.3.8- Relationship between grain yield and grains per spike 
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             Fig. 4.3.9- Relationship between grain yield and 1000-grain weight 

 

              Fig. 4.3.10- Relationship between grain yield and spike length 
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             Fig. 4.3.11- Relationship between grain yield and grain fill duration 

  

              Fig. 4.3.12- Relationship between grain yield and days taken to maturity 



 238

Water relations and physiological attributes   
 
 

4.3.15- Leaf relative water content (%) 

The comparison of treatment means indicated that the leaf relative water content 

(RWC) in flag leaf of crop plants was significantly (P<0.01) affected by irrigation 

regimes and planting techniques during both the crop growth seasons of 2007-08 and 

2008-09 (Table 4.3.12). The highest leaf relative water content of 85.94 and 92.77% 

during 2007-08 and 2008-09, respectively was estimated with the treatment of  

Irrigation = 100% ETo that was followed by the treatment of Irrigation = 80% ETo, 

however, these two treatments were found to be statistically at par with each other. 

Whereas, the treatment of Irrigation = 60% ETo exhibited significantly (P<0.01) the 

lowest values of leaf relative water content which were 74.79% and 80.94% during 

 2007-08 and 2008-09, respectively. 

The data deciphered that during 2007-08, the maximum value for leaf relative water 

content 87.51% was expressed by the crop plants subjected to the planting technique 

of Seed spreading augmented with furrows that was followed by Bed planting 

technique having leaf relative water content value of 82.50%, however, the 

differences between these two treatments were found to be no-significant statistically. 

On the other hand, the lowest leaf relative water content of 74.30% was measured 

from the flag leaf of crop plants sown with Flat planting treatment. A similar picture 

emerged from the results of the second crop growth season. 

 It is apparent from the results that the interactions of irrigation regimes with planting 

techniques were found to be non-significant statistically during both the crop growth 

seasons (Fig. 4.3.13).  
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Table 4.3.12- Effect of planting techniques and irrigation regimes on leaf relative water content (%) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  81.42 76.40 65.07 74.30 88.66 83.28 71.07 81.00 

Bed-drill planting in 11 cm apart rows  86.69 84.85 75.96 82.50 93.45 91.55 82.12 89.04 

 
Seed spreading augmented with furrows  

89.70 89.50 83.33 87.51 96.21 96.08 89.64 93.98 

                                                     Means 85.94 83.59 74.79  92.77 90.30 80.94  

SEs         

Irrigation   2.069    2.084  

Planting techniques   2.069    2.084  

I x PT   3.583    3.610  

LSD (5%)         

Irrigation   6.203    6.249  

Planting techniques   6.203    6.249  

I x PT   ns    ns  



 240

4.3.16- Leaf water potential (-M Pa) 

Leaf water potential is considered as a thermodynamic expression of the water status 

of leaves. The data on leaf water potential (Table 4.3.13) revealed that during the crop 

growth seasons of 2007-08 and 2008-09 irrigation regimes significantly (P<0.01) 

influenced the water potential of flag leaf of wheat crop. Thus the minimum (more 

negative values) water potential of -1.14 MPa during 2007-08 was measured with the 

irrigation regime of 60% ETo that increased significantly (P<0.01) giving a value of -

0.94 MPa when the irrigation level was raised from 60% ETo to 80% ETo but a 

further increment in the irrigation level showed no significant improvement in the leaf 

water potential. Thus, the leaf water potential achieved its maximum value (less 

negative values) of -0.88 MPa with the treatment of Irrigation = 100% ETo, however, 

it remained statistically at par with the treatment of Irrigation = 80% ETo. A similar 

trend was observed during 2008-09. 

The results showed that a significant (P<0.05) effect of planting techniques on leaf 

water potential was observed during 2007-08. Thus, significantly the lowest value 

(more negative) of -1.06 MPa was noted with Flat planting technique during 2007-08 

that was followed by the leaf water potential value of -0.97 MPa recorded in case of 

Bed planting treatment, however, the differences between these two treatments were 

found to be non-significant statistically. Whereas, the maximum (less negative values) 

leaf water potential of -0.93 MPa was expressed by the flag leaves of crop planted 

under Seed spreading augmented with furrows treatment. A similar picture appeared 

from the results of 2008-09 with a single deviation that the treatments of Flat planting 

and Bed planting differed significantly from each other. 
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Table 4.3.13- Effect of planting techniques and irrigation regimes on leaf water potential (-MPa) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  0.91 1.02 1.25 1.06 0.88 0.99 1.22 1.03 

Bed-drill planting in 11 cm apart rows  0.87 0.93 1.12 0.97 0.84 0.86 1.08 0.93 

 
Seed spreading augmented with furrows  

0.86 0.88 1.06 0.93 0.82 0.84 1.02 0.89 

                                                     Means 0.88 0.94 1.14  0.85 0.90 1.11  

SEs         

Irrigation   0.029    0.024  

Planting techniques   0.029    0.024  

I x PT   0.050    0.042  

LSD (5%)         

Irrigation   0.089    0.070  

Planting techniques   0.089    0.070  

I x PT   ns    ns  
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             Fig. 4.3.13- Interactive effect of irrigation regimes and planting techniques on
                                 leaf relative water content of wheat 

 

              Fig. 4.3.14- Interactive effect of irrigation regimes and planting techniques 
                                  on leaf water potential of wheat
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 It is obvious form the results that the interactions between irrigation regimes and 

planting techniques were found to be non-significant statistically during the both crop 

growth seasons (Fig. 4.3.14). 

 
4.3.17- Leaf osmotic potential (-MPa)  

The comparison of treatment means showed that during 2007-08 and 2008-09 

irrigation regimes and planting techniques significantly (P<0.01) affected the leaf 

osmotic potential of wheat crop (Table 4.3.14). The highest values (less negative) of   

-1.38 and -1.33 MPa for leaf osmotic potential during 2007-08 and 2008-09, 

respectively were achieved with the treatment of Irrigation = 100% ETo that was 

followed by the treatment of Irrigation = 80% ETo and the differences between these 

treatments were found to be non-significant statistically . Whereas, the minimum 

(more negative values) osmotic potential values of -1.88 and -1.82 MPa during  

2007-08 and 2008-09, respectively were measured from the flag leaves of crop plants 

to which irrigation was applied equivalent to 60% ETo. 

The data revealed that during the crop growth season of  2007-08 the maximum (less 

negative) osmotic potential of -1.48 MPa was recorded with the treatment of Seed 

spreading augmented with furrows that was followed by Bed planting treatment 

having the value of -1.54 MPa, however, these two treatments remained statistically at 

par with each other. Whilst the lowest (more negative) value of osmotic potential  

(-1.72 MPa) was expressed by the crop plants subjected to the Flat planting technique. 

A similar trend was observed during 2008-09.  

It is clear from the results that the interactions of irrigation and planting techniques 

were found to be non-significant during both the crop growth seasons (Fig. 4.3.15).  
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Table 4.3.14- Effect of planting techniques and irrigation regimes on leaf osmotic potential (-MPa) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  1.43 1.60 2.13 1.72 1.39 1.56 2.08 1.68 

Bed-drill planting in 11 cm apart rows  1.37 1.44 1.80 1.54 1.32 1.34 1.74 1.47 

 
Seed spreading augmented with furrows  

1.35 1.37 1.72 1.48 1.29 1.31 1.65 1.42 

                                                     Means 1.38 1.47 1.88  1.33 1.40 1.82  

SEs         

Irrigation   0.041    0.050  

Planting techniques   0.041    0.050  

I x PT   0.070    0.087  

LSD (5%)         

Irrigation   0.122    0.152  

Planting techniques   0.122    0.152  

I x PT   ns    ns  
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4.3.18- Leaf stomatal conductance (µ mol m-2 s-1)  

Stomatal conductance is the rate at which water evaporates from stomata in a plant 

and is directly related to relative size of stomatal aperture and position of stomata. 

Humidity, hydration status of the plant and light intensity also has a direct influence 

on the stomatal conductance. A keen perusal of data indicated that the increasing 

levels of irrigation significantly (P<0.01) increased the stomatal conductance under 

all planting techniques during 2007-08 and 2008-09 (Table 4.3.15). The highest 

stomatal conductance of 0.40 µ mol m-2 s-1 was achieved by the crop plants subjected 

to the irrigation regime of 100% ETo during 2007-08 that was followed by the 

treatment of Irrigation = 80% ETo having the value of 0.37 µ mol m-2 s-1. Whilst, the 

lowest value of 0.22 µ mol m-2 s-1 for stomatal conductance was noted with the 

treatment of Irrigation = 60% ETo. A similar response of stomatal conductance to the 

irrigation regimes was observed during the second crop growth season. 

The data showed that the planting techniques also exerted a significant (P<0.01) 

influence on the stomatal conductance of flag leaves of wheat crop. Thus, the 

treatment of Seed spreading augmented with furrows expressed the maximum 

stomatal conductance of 0.37 µ mol m-2 s-1 that  was followed by the Bed planting 

treatment having stomatal conductance of 0.34 µ mol m-2 s-1, however, the differences 

between these treatments were found to be non-significant statistically. Whereas, the 

minimum stomatal conductance of 0.27 µ mol m-2 s-1 was recorded from the flag leaf 

of crop plants subjected to the Flat planting technique. A similar picture emerged 

during the second crop growth season, however, the stomatal conductance noted with 

the Bed planting treatment was found to be significantly lower than that of 
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Table 4.3.15- Effect of planting techniques and irrigation regimes on leaf stomatal conductance (µ mol m-2 s-1) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  0.38 0.31 0.13 0.27 0.41 0.33 0.14 0.29 

Bed-drill planting in 11 cm apart rows  0.41 0.38 0.25 0.34 0.43 0.40 0.26 0.36 

 
Seed spreading augmented with furrows  

0.42 0.41 0.29 0.37 0.44 0.43 0.31 0.39 

                                                     Means 0.40 0.37 0.22  0.43 0.39 0.24  

SEs         

Irrigation   0.009    0.010  

Planting techniques   0.009    0.010  

I x PT   0.016    0.017  

LSD (5%)         

Irrigation   0.031    0.032  

Planting techniques  0.031    0.032  

I x PT   0.054    0.056  



 247

 

             Fig. 4.3.15- Interactive effect of irrigation regimes and planting techniques on
                                 leaf osmotic potential of wheat 

  

              Fig. 4.3.16- Interactive effect of irrigation regimes and planting techniques 
                                  on leaf stomatal conductance of wheat
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Seed spreading augmented with furrows treatment whereas these two treatments 

remained statistically at par with each during the previous crop growth season.  It is 

obvious from the results that the interactions of irrigation regimes and planting 

techniques significantly (P<0.05) affected the stomatal conductance during 2007-08 

and 2008-09. This significant response might be attributed to the fact that the crop 

plants subjected to the treatment of Seed spreading augmented with furrows showed 

higher values of leaf osmotic potential, leaf water potential and leaf relative water 

content than other planting techniques under all irrigation regimes (Fig. 4.3.16). 

 

4.3.19- Transpiration rate ( mol m-2 s-1)  

The availability of water to the crop plants for transpiration plays a decisive role in 

crop production. Data regarding the transpiration rate indicated that irrigation regimes 

and planting techniques significantly (P<0.01) influenced this physiological trait 

during 2007-08 and 2008-09 (Table 4.3.16). The maximum transpiration rate of 2.04 

and 2.15  mol m-2 s-1 during 2007-08 and 2008-09, respectively was achieved by the 

crop plants to which irrigation was applied equivalent to 100% ETo and it was 

followed by the treatment of Irrigation = 80% ETo, but, these treatments remained 

statistically at par with each other. Whilst, significantly (P<0.01) the lowest 

transpiration rate of 1.56 and 1.65  mol m-2 s-1 during 2007-08 and 2008-09 was 

noted from the crop plants subjected to the irrigation regime of 60% ETo. 

The results showed that during the crop growth season of 2007-08 the treatment of 

Seed spreading augmented with furrows exhibited significantly (P<0.01) the highest 

value of 2.02  mol m-2 s-1 for transpiration rate that was followed by the Bed planting 

technique having transpiration rate of 1.88  mol m-2 s-1 whilst the lowest 

transpiration rate of 1.68  mol m-2 s-1 was recorded from the crop plants subjected to 
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the Flat planting treatment. Later on, during 2008-09, the maximum transpiration rate 

of 2.12  mol m-2 s-1 was achieved with the treatment of Seed spreading augmented 

with furrows that was followed by Bed planting treatment, however, the differences 

between these two treatments were found to be non-significant statistically. Again the 

minimum transpiration rate was noted with the Flat planting treatment. 

It is clear from the results that the interactions of irrigation regimes and planting 

techniques were found to be significant (P<0.05) during 2007-08. This significant 

response might have occurred because the crop plants under the treatment of Seed 

spreading augmented with furrows expressed higher leaf osmotic potential, leaf water 

potential, leaf relative water content and stomatal conductance than other planting 

techniques under all irrigation regimes that translated into higher transpiration rate. 

However, the interactions of irrigation and planting techniques during 2008-09 were 

found to be non-significant statistically. Thus the highest value of 2.12  mol m-2 s-1 

for transpiration rate was expressed by the Seed spreading augmented with furrows 

planting technique under the irrigation regime of 100% ETo whereas, the minimum 

transpiration rate recorded with the treatment combination of Flat planting technique 

along with irrigation regime of 60% ETo (Fig. 4.3.17). 
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Table 4.3.16- Effect of planting techniques and irrigation regimes on transpiration rate ( mol m-2 s-1)  of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  1.96 1.84 1.23 1.68 2.09 1.96 1.32 1.79 

Bed-drill planting in 11 cm apart rows  2.03 2.00 1.62 1.88 2.14 2.11 1.71 1.99 

 
Seed spreading augmented with furrows  

2.12 2.11 1.82 2.02 2.23 2.22 1.92 2.12 

                                                     Means 2.04 1.98 1.56  2.15 2.10 1.65  

SEs         

Irrigation   0.034    0.051  

Planting techniques   0.034    0.051  

I x PT   0.059    0.088  

LSD (5%)         

Irrigation   0.099    0.152  

Planting techniques   0.099    0.152  

I x PT   0.173    ns  
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4.3.20- Net CO2 assimilation rate ( mol m-2 s-1)  

Photosynthesis is a vital phenomenon of converting light energy into chemical energy 

by green plants used in the manufacturing of their own food. A significant (P<0.01) 

increase in the net CO2 assimilation rate of flag leaf of wheat crop was noticed with 

increasing irrigation levels during 2007-08 and 2008-09 (Table 4.3.17). Thus, the 

highest values of  13.19 and 13.66  mol m-2 s-1 for net CO2 assimilation  rate during 

2007-08 and 2008-09, respectively were recorded with the treatment of  

Irrigation = 100% ETo that was followed by  the treatment of Irrigation = 80% ETo, 

and these treatments remained statistically at par with each other. Whereas, 

significantly (P<0.01) the minimum net CO2 assimilation rate of 9.05 and 9.40  mol 

m-2 s-1 during 2007-08 and 2008-09, respectively was expressed by from the crop 

plants to which irrigation was applied equivalent to 40% ETo. 

The data also revealed that the planting techniques exerted a significant (P<0.01) 

influence on the net CO2 assimilation rate of wheat crop. The Seed spreading 

augmented with furrows treatment showed significantly (P<0.01) the maximum net 

CO2 assimilation  rate of 13.34  mol m-2 s-1 during 2007-08 that was followed by 

Bed planting technique having net CO2 assimilation  rate of 12.01  mol m-2 s-1. 

While the lowest value of 9.32  mol m-2 s-1 for net CO2 assimilation rate was 

recorded with the treatment of Flat planting. 

It is obvious from the results that the interaction of irrigation regimes and planting 

techniques significantly (P<0.01) affected the net CO2 assimilation rate during  

both crop growth seasons of 2007-08 and 2008-09 (Fig. 4.3.18). This significant 

influence might be attributed to the reality that the crop planted with the treatment of 

Seed spreading augmented with furrows successfully maintained a higher leaf osmotic 
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Table 4.3.17- Effect of planting techniques and irrigation regimes on net CO2 assimilation rate ( mol m-2 s-1) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  12.06 10.12 5.77 9.32 12.61 10.85 6.05 9.84 

Bed-drill planting in 11 cm apart rows  13.27 13.01 9.74 12.01 13.73 13.54 10.11 12.46 

 
Seed spreading augmented with furrows  

14.23 14.15 11.65 13.34 14.65 14.63 12.03 13.77 

                                                     Means 13.19 12.43 9.05  13.66 13.01 9.40  

SEs         

Irrigation   0.255    0.224  

Planting techniques   0.255    0.224  

I x PT   0.442    0.388  

LSD (5%)         

Irrigation   0.766    0.672  

Planting techniques  0.766    0.672  

I x PT  1.326    1.164  
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             Fig. 4.3.17- Interactive effect of irrigation regimes and planting techniques on
                                 transpiration rate of wheat 

 

              Fig. 4.3.18- Interactive effect of irrigation regimes and planting techniques 
                                  on net CO2 assimilation rate of wheat 
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potential, leaf water potential, leaf relative water content, stomatal conductance and 

eventually a higher transpiration rate that translated into higher net CO2 assimilation 

rate than other planting techniques under all irrigation regimes.  

 
 

Growth and development   
 
 
4.3.21- Leaf area index  

The extent of development of leaf area indices varied significantly during 2007-08 

and 2008-09 and comparatively higher values of leaf area index were recorded during 

2008-09 than 2007-08 that might be associated with more favourable climatic 

conditions expressing in terms of higher and more uniformly distributed rainfall 

during 2008-09. The effect of irrigation levels and planting techniques on leaf area 

index during both the crop growth seasons is presented in Fig. 4.3.19a, and b.  

Significant differences (P<0.01) in leaf area index of crop grown under various 

irrigation regimes were noted during 2007-08 and 2008-09. These differences were 

found to be narrow at early growth stages but became more projected with the 

progress in the crop development process. The highest values of leaf area index were 

recorded with the treatment of Irrigation = 100% ETo that was followed by the 

treatment of Irrigation = 80% ETo at each harvesting date, during both the crop 

growth seasons. It is interesting that at 75 DAS harvest irrigation regime of 80% ETo 

and  60% ETo remained statistically at par with each other, but later on at 90, 105 and 

120 DAS harvests significantly (P<0.01) lower leaf area index was recorded with the 

treatment of Irrigation = 60% ETo than that of Irrigation = 80% ETo . Thus, the 

minimum leaf area indices were noted from the crop plants subjected to the irrigation 

regime of 60% ETo. It was observed that, the maximum LAI values of 4.47 and 4.54 
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at 90 DAS harvest were achieved during 2007-08 and 2008-09 respectively, with the 

treatment of Irrigation = 100% ETo. Whereas, the minimum values of 3.83 and 3.90 

during 2007-08 and 2008-09, respectively at the same harvest were obtained with the 

treatment of Irrigation = 40% ETo. It was also noted that, the leaf area index 

progressed gradually up to 90 days after sowing and then a sharp decline appeared 

(Fig 4.3.19a).  

The effect of planting techniques on leaf area index was found to be significant at 30, 

45, 90, 105 and 120 DAS harvests during 2007-08 whereas, during second crop 

growth season planting techniques exerted a significant influence on this 

physiological trait only at 30, 105 and 120 DAS harvests. Moreover, it is very 

interesting to note that at initial growth stages i.e. 30 and 45 DAS the maximum leaf 

area index was recorded with the Flat planting treatment but as the tillering process 

completed the Seed spreading augmented with furrows treatment secured the top 

position attaining its peak values of 4.32 and 4.36 during 2007-08 and 2008-09, 

respectively at 90 DAS harvest and thereafter decreased gradually as the crop 

progressed towards maturity. Onward to 90 DAS a steeper decline in the leaf area 

index was observed during 2007-08 than 2008-09 that might be attributed to 

prevalence of higher temperature at ripening stage during the second crop growth 

season that  accelerated the leaf senescence process (Fig 4.3.19 b). 

It is evident from the results that the interactions between irrigation regimes and 

planting techniques were found to be significant (P<0.05) at 90 and 105 DAS 

harvests and highly significant (P<0.01) at 120 DAS harvest, during both the crop 

growth seasons. This significant effect might have emerged because initially Flat 

planting treatment exhibited a better plant population as result of higher germination 

count and thus maintained higher leaf area index than other planting techniques but 
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            Fig. 4.3.19 a- Effect of different  irrigation regimes on leaf area index of wheat     
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             Fig. 4.3.19 b- Effect of different  planting techniques on leaf area index of  
                                     wheat            
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later on it expressed lower tillering potential than that of Seed spreading augmented 

with furrows treatment. A better tiller production in case of Seed spreading 

augmented with furrows treatment resulted in more number of leaves and better 

canopy development that translated into higher leaf area index measured with this 

treatment as compared to other planting techniques at later growth stages under all the 

irrigation regimes. 

 
4.3.22- Leaf area duration  

Results relating to the leaf area duration indicated that during 2007-08 and 2008-09, 

leaf area duration (LAD) was significantly (P<0.01) influenced by irrigation regimes 

(Table 4.3.18). Thus, significantly (P<0.01) the highest  leaf area duration  of 180.8 

and 202.0 days during 2007-08 and 2008-09, respectively was estimated from the 

crop plants to which irrigation was applied equivalent to 100% ETo that was followed 

by the treatment of Irrigation = 80% ETo having LAD values of 173.0 and 193.4 days 

during 2007-08 and 2008-09, respectively. Whereas, the lowest leaf area duration was 

recorded with the treatment of Irrigation = 60% ETo. 

The data showed that during 2007-08, planting techniques significantly (P<0.01) 

affected the leaf area duration. The maximum leaf area duration of 176.0 days was 

achieved with the treatment of Seed spreading augmented with furrows and it was 

followed by the Flat planting technique having LAD value of 170.0 days. Whilst, the 

minimum leaf area duration of 165.3 days was noted from the crop plants subjected to 

the treatment of Bed planting. A similar trend was observed during the crop growth 

season of 2007-08 however, the differences among the treatments remained  

non-significant statistically. 
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Table 4.3.18- Effect of planting techniques and irrigation regimes on leaf area duration (days) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  186.42 173.08 150.37 169.96 209.72 194.71 169.29 191.24 

Bed-drill planting in 11 cm apart rows  173.70 168.43 153.68 165.27 195.65 189.11 174.33 186.36 

 
Seed spreading augmented with furrows  

182.17 177.45 168.40 176.01 200.76 196.47 186.52 194.58 

                                                     Means 180.76 172.99 157.48  202.04 193.43 176.72  

SEs         

Irrigation   2.155    2.449  

Planting techniques   2.155    2.449  

I x PT   3.732    4.243  

LSD (5%)         

Irrigation   6.461    7.344  

Planting techniques   6.461    ns  

I x PT   ns    ns  
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             Fig. 4.3.20- Relationship between grain yield and leaf area duration 

  

              Fig. 4.3.21- Relationship between total dry matter and leaf area duration 
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It is clear from the results that the interactions between irrigation regimes and planting 

techniques were found to be non-significant during the both crop growth seasons. 

However, it is worth mentioning here that comparatively higher values of leaf area 

duration were expressed by crop plants during 2008-09 than 2007-08 that might be 

linked to more favourable temperatures during 2008-09 i.e. gradually increasing 

rather than suddenly rising, especially at later growth stages when grain filling was in 

progress. 

 
4.3.23- Crop growth rate (g m-2 d-1) 

The periodic effect of the irrigation regimes and planting techniques on the crop 

growth rate (CGR) during both the crop growth seasons of 2007-08 and 2008-09 is 

presented in (Fig.4.3.22a and b). A relatively lower crop growth rate was observed 

during 2007-08 than the 2008-09 that might have occurred due to less favourable 

climatic conditions prevailing during the first crop growth season. The data showed 

that during 2007-08 and 2008-09, irrigation regimes significantly (P<0.01 and 

P<0.05) influenced the crop growth rate. While considering the response of crop 

growth rate to irrigation it is important to note that as the first irrigation was applied 

uniformly (75 mm) to all the experimental units on 20 DAS and irrigation treatments 

were imposed from the 2nd irrigation which was applied 38 days after first irrigation, 

so the irrigation regimes could not exert their effect on crop growth rate at 30, 45 and 

60 DAS harvests. It was observed that during the first crop growth season the crop 

growth rate increased with each additional increment in irrigation level (Fig.4.3.22a) 

thus achieving its peak value of 46.84 g m-2 d-1 with the irrigation regime of 100% 

ETo at 90 DAS harvest that was followed by the treatment of Irrigation = 80% ETo 

having CGR value of 44.58 g m-2 d-1 but these two treatments remained statistically at 

par with each other. Whereas, the minimum crop growth rate of 41.94 g m-2 d-1 at the 



 262

same harvest was noted from the crop plants irrigated equivalent to 60% ETo. A 

similar trend was observed during 2008-09. 

The results relating to planting techniques indicated that during 2007-08 and 2008-09, 

the highest crop growth rate values of 45.29 and 48.93 g m-2 d-1 during 2007-08 and 

2008-09, respectively were recorded at 90 DAS harvest with the treatment of  Seed 

spreading augmented with furrows that was followed by Flat planting treatment 

whereas, the minimum crop growth rate of 43.49 and 46.12 g m-2 d-1 during 2007-08 

and 2008-09, respectively at the same harvest was noted with the Bed planting 

technique (Fig.4.3.22b).  

The data regarding the mean crop growth rate of wheat crop during 2007-08 and 

2008-09 (Table 4.3.19) revealed that significantly (P<0.01) the maximum mean crop 

growth rate of 26.21 and 35.67 g m-2 day-1 during 2007-08 and 2008-09, respectively 

was achieved with the treatment of Irrigation = 100% ETo showing a significant 

decline with decreasing irrigation levels thus attaining its lowest value of 20.97 and 

29.42 g m-2 day-1 during 2007-08 and 2008-09, respectively in the crop plants 

subjected to the irrigation equivalent to 60% ETo. 

The planting techniques also significantly (P<0.01) influenced the mean crop growth 

rate. Thus, significantly (P<0.01) the highest mean crop growth rate of 26.58 g m-2 

day-1 during 2007-08 was measured from crop plants subjected to the planting 

technique of Seed spreading augmented with furrows whereas, the lowest mean crop 

growth rate of 22.27 g m-2 day-1 was recorded with the treatment of Bed planting. A 

similar picture emerged from the results of second crop growth season. 

It is obvious from the results that the interactions of irrigation regimes with planting 

techniques were found to be significant (P<0.01) statistically during both the crop 
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             Fig. 4.3.22a- Effect of different  irrigation regimes on crop growth rate of  
                                     wheat            
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             Fig. 4.3.22b- Effect of different  planting techniques on crop growth rate of  
                                     wheat            
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Table 4.3.19- Effect of planting techniques and irrigation regimes on mean crop growth rate (g m-2 day-1) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  28.19 23.16 16.70 22.68 38.13 33.54 25.34 32.33 

Bed-drill planting in 11 cm apart rows  23.35 22.53 20.93 22.27 32.30 31.60 28.84 30.91 

 
Seed spreading augmented with furrows  

27.10 27.38 25.26 26.58 36.58 36.54 34.08 35.73 

                                                     Means 26.21 24.36 20.97  35.67 33.89 29.42  

SEs         

Irrigation   0.421    0.659  

Planting techniques   0.421    0.659  

I x PT   0.729    1.142  

LSD (5%)         

Irrigation   1.262    1.976  

Planting techniques   1.262    1.976  

I x PT   2.185    3.423  
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growth seasons. This significant effect might be attributed to the fact that Seed 

spreading augmented with furrows treatment produced higher number of tillers, 

leaves, leaf area index and leaf area duration and also maintained a higher 

transpiration rate as well as and net CO2 assimilation rate at all irrigation levels as 

compared to the other planting techniques. It is worth mentioning that that decreasing 

the irrigation level from 100% ETo to 80% ETo significantly lowered the crop growth 

rate under Flat planting treatment whereas, a non-significant decline in the crop 

growth rate was observed with Seed spreading augmented with furrows treatment and 

Bed planting technique thus, indicating the better ability of these two treatments to 

utilize more efficiently the limited irrigation supplies and thus having better efficacy 

in tolerating the moisture deficit.   

 
4.3.24- Net assimilation rate  

Net photosynthetic production per unit of LAD of a crop is represented by net 

assimilation rate and it can be defined that net assimilation rate (NAR) is the net gain 

of assimilates per unit of leaf area and time (Hunt, 1978). Net assimilation rate 

expresses plant’s capacity to increase dry weight in terms of the area of its 

assimilatory surface. It relates the plant productivity to plant size and in this way it 

represents the photosynthetic efficiency of the crop plants. A keen perusal of the data 

revealed that during 2007-08 both the irrigation regimes and planting techniques 

exerted a significant (P<0.01) effect on net assimilation rate of wheat crop  

(Table 4.3.20). The maximum net assimilation rate of 6.22 g m-2 d-1 was achieved 

with the irrigation regime of 100% ETo that was followed by the treatment of 

Irrigation = 80% ETo having the NAR value of 6.18 g m-2 d-1  and the differences 

between these treatments were found to be statistically non-significant. Whereas, 

significantly (P<0.01) the lowest net assimilation rate of 5.97 g m-2 d-1 was expressed 
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by crop plants subjected to the treatment of Irrigation = 60% ETo. It was noted that, 

during the second crop growth season the net assimilation rate showed a similar trend 

and thus again tended to decline with each decrease in the irrigation level, however, 

the differences among the treatments were found to be non-significant statistically.  

The data showed that the planting techniques significantly (P<0.01) influenced the 

net assimilation rate of wheat plants during 2007-08. Seed spreading augmented with 

furrows treatment exhibited the highest net assimilation rate of 6.37 g m-2 d-1 that was 

followed by the treatment of Bed planting having net assimilation rate of 6.02  

g m-2 d-1. Whilst, the lowest net assimilation rate of 5.98 g m-2 d-1 was noted with the 

Flat planting treatment, however, it remained statistically at par with Bed planting 

treatment. A similar trend was observed during the second crop growth season. 

It is clear from the results that the interactions between irrigation regimes and planting 

techniques were found to be highly significant (P<0.01) during 2007-08 while 

significant (P<0.05) during 2008-09. This significant effect might have occurred 

because the Seed spreading augmented with furrows treatment exhibited better 

tillering, produced more number of leaves and a higher leaf area and leaf area 

duration than other planting techniques. It also expressed higher transpiration rate and 

net CO2 assimilation rate at all irrigation levels as compared to the other planting 

techniques. Thus, the maximum net assimilation rate of 6.44 g m-2 d-1 was achieved 

with the planting technique of Seed spreading augmented with furrows subjected to 

the irrigation regime of 80% ETo whereas, the minimum value for NAR 5.57 g m-2 d-1 

was expressed by the treatment combination of Flat planting technique along with 

irrigation = 40% ETo.    
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Table 4.3.20- Effect of planting techniques and irrigation regimes on net assimilation rate (g m-2 day-1) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  6.34 6.04 5.57 5.98 6.63 6.53 6.22 6.46 

Bed-drill planting in 11 cm apart rows  5.98 6.07 6.01 6.02 6.29 6.39 6.36 6.35 

 
Seed spreading augmented with furrows  

6.35 6.44 6.33 6.37 6.70 6.81 6.71 6.74 

                                                     Means 6.22 6.18 5.97  6.54 6.58 6.43  

SEs         

Irrigation  0.034    0.042   

Planting techniques  0.034    0.042   

I x PT  0.059    0.073   

LSD (5%)         

Irrigation  0.102    ns   

Planting techniques  0.102    0.126   

I x PT  0.177    0.218   
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4.3.25- Total dry matter accumulation (g m-2) 

More and comparatively uniformly distributed rainfall through out the growth season 

and smoothly rising temperature at grain formation stage during 2008-09 enabled the 

crop plants to maintain a higher leaf area index for longer periods i.e. higher LAD that 

delayed the leaf senescence phenomena. Thus, comparatively higher dry matter 

accumulation was observed during the 2008-09 than 2007-08. It was noted that the 

total dry matter (TDM) accumulation progressed gradually and reached its peak level 

at 120 DAS harvest. The results indicated that the irrigation regimes significantly 

(P<0.01) affected the total dry matter accumulation at almost all harvests during 

2007-08. Thus, the crop plants irrigated equivalent to 100% ETo accumulated 

significantly (P<0.01) the maximum total dry matter of 1889.05 g m-2 at 120 DAS 

harvest that was followed by total dry matter accumulation value of 1779.67 g m-2 

recorded with the treatment of Irrigation = 80% ETo. While significantly (P<0.01) the 

lowest total dry matter accumulation of 1571.03 g m-2 at the same harvest was 

obtained with the treatment of Irrigation = 60% ETo (Fig. 4.3.23a). A similar picture 

emerged from the results of the second crop growth season. 

The data showed that the planting techniques exerted a significant (P<0.01) influence 

on total dry matter accumulation of wheat crop during 2007-08 and 2008-09. It is 

interesting to note that during the initial crop growth stages Flat planting technique 

expressed higher total dry matter accumulation than that of Seed spreading augmented 

with furrows but thereafter with the completion of the tillering phenomena the Seed 

spreading augmented with furrows treatment occupied the top position by producing 

higher total biomass. The highest total dry matter accumulation of 1911.97 and 

2484.18 g m-2 during 2007-08 and 2008-09, respectively was achieved with the 

treatment of Seed spreading augmented with furrows at 120 DAS harvest that was 
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followed by Flat planting treatment. Whereas, the minimum total dry matter 

production of 1650.01 and 1828.57 g m-2 during 2007-08 and 2008-09, respectively at 

the same harvest was recorded with Bed planting treatment, however, it remained 

statistically at par with the Flat planting technique. A similar pattern of dry matter 

accumulation was observed during the second crop growth season (Fig. 4.3.23b).  

It is apparent from the results that the interactions between the irrigation and planting 

techniques were found to be significant (P<0.01 and P<0.05) at 60, 105 and 120 DAS 

harvests during 2007-08 while at 60 and 120 DAS harvests during 2008-09. This 

significant effect might be attributed to the facts that the Seed spreading augmented 

with furrows treatment significantly (P<0.01) enhanced tillering per plant  

(Table 4.3.1), reduced the number of unproductive tillers (Table 4.3.2), increased root 

proliferation (data not given) by providing more favourable soil environment resulting 

in vigorous plants with better canopy development, early and better development of 

leaf area that provided the basis for higher dry matter accumulation. 

There was a strong and linear relationship of total dry matter production with the leaf 

area duration and the regression accounted for 86.0 and 86.9% variance in TDM for 

LAD during 2008-08 and 2008-09, respectively (Fig. 4.3.21). 



 271

 

 

 

 
           
    
             Fig. 4.3.23 a- Effect of different  irrigation regimes on total dry matter 
                                    accumulation of wheat            
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            Fig. 4.3.23 b- Effect of different  planting techniques on total dry matter 
                                    accumulation of wheat            
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              Fig. 4.3.24- Relationship between grain yield and total dry matter   
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4.3.26- Grain filling rate (g day-1) 

It is believed that to fully explore the yield potential, the metabolic activity within the 

grain must coincide with maximum activity of source leaves and indeed high yielding 

crop plants possess leaves which can retain photosynthetic activity well during the 

grain filling period. Thus, understanding the various factors that regulate grain filling 

is very important for improving yield potential of cereal crops (Murchie et al., 1999).  

The average effect of irrigation regimes and planting techniques on grain filling rate 

during 2007-08 and 2008-09 is presented in Fig. 4.3.25a and b. The data showed that 

the irrigation regimes significantly (P<0.01) affected the grain filling rate during both 

the crop growth seasons. It was noted that the grain filling rate increased upto 16 days 

after anthesis under all the irrigation regimes and thereafter tended to decline sharply. 

Thus, significantly (P<0.01) the maximum grain filling rate of 0.37 and 0.39  g day-1 

during 2007-08 and 2008-09, respectively was obtained with the treatment of 

 Irrigation  =  60% ETo at 16 days after anthesis. Whereas, the lowest grain filling rate 

was expressed by the crop plants irrigated equivalent to 100% ETo.   

The results indicated that during both the crop growth seasons, markedly higher grain 

filling rate was recorded with the Flat planting treatment that attained its peak value of 

0.38 g day-1 during 2007-08 at 16 days after anthesis. Whereas, the lowest grain 

filling rate at all the harvesting dates was noted from the crop plants subjected to the 

treatment of Seed spreading augmented with furrows. A similar trend was observed 

during the second crop growth season. 

It is obvious from the results that the interactions between irrigation regimes and 

planting techniques were significant (P<0.05 and P<0.01) for third and fourth harvest 

during 2007-08 and only for fourth harvest during 2008-09. Whereas, for all other 
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             Fig. 4.3.25 a- Effect of different irrigation regimes on grain filling rate 

 

              Fig. 4.3.25 b- Effect of different planting techniques on grain filling rate
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harvests the interactions remained non-significant during both the crop growth 

seasons. It was observed that relatively higher grain filling rate was noted during 

2007-08 as compared to 2008-09 that can be associated with the lower grain fill 

duration during 2007-08 which might have resulted from the exposure of crop pants 

to higher temperatures at the time of grain filling stage. Moreover, it is interesting to 

mention that with the Flat planting technique and at lower irrigation regimes a shorter 

grain filling duration while a higher grain filling rate was expressed by the crop 

plants.  

 
4.3.27- Harvest index (%) 

The data regarding the harvest index revealed that the irrigation regimes significantly 

(P<0.05) influenced the harvest index of wheat crop during 2008-09, however, the 

effect was found to be highly significant (P<0.01) during the crop growth season of 

2007-08 (Table 4.3.21). It was observed that during 2007-08, increasing the irrigation 

level from 60% ETo to 80% ETo significantly (P<0.01) improved the harvest index 

from 43.86% to 44.71%, but an additional increment of irrigation beyond this point 

tended to decline the harvest index. Thus, the minimum harvest index of 43.39% was 

recorded with the treatment of Irrigation = 100% ETo. This indicates that the crop 

plants converted the photosynthates into economic yield more efficiently at the 

irrigation regime of 80% ETo than that of 100% ETo. A similar trend was observed 

during 2008-09, however, the harvest indices obtained with the treatments of 

Irrigation = 80% ETo and Irrigation = 60% ETo were found to be statistically at par 

with each other whereas, these two treatments differed significantly during the 

previous crop growth season.  
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The results showed that the planting techniques significantly (P<0.01) affected the 

harvest index of wheat crop during both the crop growth seasons. The maximum 

harvest index of 45.63 and 44.42% during 2007-08 and 2008-09, respectively was 

achieved with Seed spreading augmented with furrows treatment that was followed by 

Bed planting treatment but the differences between these two treatments were found 

to be non-significant statistically. Whilst, the Flat planting technique expressed 

significantly (P<0.01) the lowest harvest index values of 41.28 and 39.60% during 

2007-08 and 2008-09, respectively.   

It is apparent from the results that the interactions of irrigation regimes and planting 

techniques were found to be significant (P<0.01) during both the crop growth seasons 

(Fig. 4.3.6). This significant effect might have emerged because the planting 

technique of Seed spreading augmented with furrows produced significantly (P<0.01) 

more productive tillers per unit area (Table 4.3.3), higher number of grains per spike 

(Table 4.3.4), heavier and bold grains (Table 4.3.6) and ultimately higher grain yield 

(Table 4.3.11), than all other planting techniques especially under lower irrigation 

regimes whereas, the biological yield of Seed spreading augmented with furrows 

planting technique was approximately similar (during 2007-08) or even lower (during  

2008-09) than that of Flat planting technique (Table 4.3.10). Thus, the maximum 

harvest index was expressed by the planting technique of Seed spreading augmented 

with furrows subjected to the irrigation regime of 40% ETo. It was interestingly 

noticed that the Flat planting technique showed the maximum harvest index under the 

highest irrigation regime of 100% ETo which markedly declined with decreasing 

irrigation levels whereas, the planting techniques of Seed spreading augmented with 

furrows and Bed planting exhibited their highest harvest indices under the deficit 
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Table 4.3.21- Effect of planting techniques and irrigation regimes on harvest index (%) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  42.20 42.03 39.61 41.28 40.46 40.32 38.02 39.60 

Bed-drill planting in 11 cm apart rows  44.08 45.61 45.47 45.05 42.68 44.18 44.07 43.64 

 
Seed spreading augmented with furrows  

43.89 46.50 46.51 45.63 42.70 45.26 45.29 44.42 

                                                     Means 43.39 44.71 43.86  41.95 43.25 42.46  

SEs         

Irrigation   0.231    0.320  

Planting techniques   0.231    0.320  

I x PT   0.400    0.555  

LSD (5%)         

Irrigation  0.693    0.961  

Planting techniques  0.693    0.961  

I x PT   1.199    1.664  
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irrigation (60% or 40% ETo) that tended to decrease under the higher irrigation 

regime i.e. 100% ETo.   

 
4.3.28- Grain crude protein contents (%) 

The data relating to grain crude protein contents presented in Table 4.3.22 showed 

that  during crop growth seasons of 2007-08 and 2008-09, grain crude protein 

contents were significantly (P<0.01) affected by irrigation regimes and planting 

techniques. Thus, significantly (P<0.01) the maximum value of 13.22% for grain 

crude protein contents during 2007-08, was recoded with the treatment of Irrigation = 

60% ETo that was followed by grain crude protein content value of 9.67% noted with 

the irrigation regime of 80% ETo. Whereas, the minimum crude protein percentage of 

9.09% was estimated from the grains of crop plants subjected to the irrigation regime 

of 100% ET, however, it remained statistically at par with the treatment of  

Irrigation = 80% ETo. A similar response of grain crude protein contents to various 

irrigation regimes was noted during the crop growth season of 2008-09. It was 

generally observed that the grain crude protein percentage decreased with increasing 

levels of irrigation during both the crop growth seasons. 

The data showed that during 2007-08, Flat planting treatment produced the grains that 

exhibited significantly (P<0.01) the highest percentage of grain crude protein 

contents i.e. 12.35%. It was followed by Bed planting treatment that gave 10.27% 

crude proteins in grains. Whereas, the lowest percentage (9.36%) was estimated in the 

grains obtained from the crop plants subjected to the treatment of Seed spreading 

augmented with furrows. A similar picture emerged during 2008-09 with the single 

exception that Seed spreading augmented with furrows treatment remained 
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Table 4.3.22- Effect of planting techniques and irrigation regimes on grain crude protein contents (%) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  10.12 11.25 15.68 12.35 9.21 10.04 14.45 11.23 

Bed-drill planting in 11 cm apart rows  8.87 9.35 12.59 10.27 7.91 8.32 11.71 9.31 

 
Seed spreading augmented with furrows  

8.27 8.41 11.39 9.36 7.72 7.86 10.65 8.74 

                                                     Means 9.09 9.67 13.22  8.28 8.74 12.27  

SEs         

Irrigation   0.289    0.283  

Planting techniques   0.289    0.283  

I x PT   0.501    0.489  

LSD (5%)         

Irrigation   0.866    0.848  

Planting techniques   0.866    0.848  

I x PT   ns    ns  
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              Fig. 4.3.26- Interactive effect of irrigation regimes and planting techniques 
                                  on grain crude protein contents of wheat   
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statistically at par with that of Bed planting treatment in contrast to the previous crop 

growth season when these two treatments differed significantly from each other.  

It is clear from the results that the interactions between irrigation regimes and planting 

techniques were found to be non-significant during both the crop growth seasons  

(Fig. 4.3.26).  

 
4.3.29- Water use efficiency (kg ha-1 mm-1) 

The productivity of crop plants may be enhanced by improving water use efficiency. 

The comparison of treatment means indicated that irrigation regimes, planting 

techniques and their interactions significantly affected water use efficiency (WUE) 

during    2007-08 and 2008-09 (Table 4.3.23). On an average, higher values of water 

use efficiency were recorded during 2007-08 than 2008-09. The highest value of 

22.07 kg ha-1 mm-1 for water use efficiency was achieved by the crop plants irrigated 

at the rate of 80% ETo that was followed by the treatment of Irrigation = 60% ETo , 

however, these two treatments remained statistically at par with each other. Whereas, 

significantly (P<0.01) the lowest water use efficiency of 19.48 kg ha-1 mm-1 was 

recorded with the irrigation treatment of 100% ETo. A similar picture was reflected 

from the results of 2008-09. 

The data showed that significantly (P<0.01) the highest water use efficiency of  23.22 

kg ha-1 mm-1 during 2007-08 was achieved with the treatment of Seed spreading 

augmented with furrows and it was followed by Bed planting technique having the 

WUE value of 20.12 kg ha-1 mm-1. While the minimum water use efficiency of 20.11 

kg ha-1 mm-1 was noted from the crop plants subjected to the  Flat planting treatment,  

however, the differences between the treatments of Bed planting and Flat planting 
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Table 4.3.23- Effect of planting techniques and irrigation regimes on water use efficiency (kg ha-1 mm-1) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  20.48 21.87 17.98 20.11 21.03 21.39 17.45 19.95 

Bed-drill planting in 11 cm apart rows  18.26 20.82 21.28 20.12 17.76 20.15 20.44 19.45 

 
Seed spreading augmented with furrows  

19.70 23.51 26.45 23.22 19.07 22.64 25.27 22.33 

                                                     Means 19.48 22.07 21.90  19.29 21.39 21.05  

SEs         

Irrigation   0.576    0.541  

Planting techniques   0.576    0.541  

I x PT   0.998    0.937  

LSD (5%)         

Irrigation  1.727    1.622  

Planting techniques  1.727    1.622  

I x PT  2.991    2.809  
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were found to be non-significant statistically. Almost a similar trend was noted during 

the second crop growth season. 

It is apparent from the results that the interactions between irrigation regimes and 

planting techniques were found to be significant (P<0.01) during both the crop 

growth seasons. This significant influence might be associated to the facts that the 

Seed spreading augmented with furrows treatment used the water more efficiently and 

produced significantly (P<0.01) more productive tillers per unit area (Table 4.3.3), 

higher number of heavier and bold grains per spike (Table 4.3.4 and Table 4.3.6) and 

ultimately higher grain yield (Table 4.3.11), than all other planting techniques 

especially under deficit irrigation regimes. It is very interesting to note that a 

remarkable increase in the water use efficiency of crop plants was observed under all 

the planting techniques as the irrigation was reduced from 100% ETo to 80% ETo but 

an additional reduction in the irrigation level beyond 80% ETo resulted in a 

significant decline in the water use efficiency under Flat planting treatment whereas, a 

further enhancement in the water use efficiency was noted under the treatments of 

Bed planting and Seed spreading augmented with furrows. 

 
Root studies 
 
 

4.3.30- Soil penetration resistance (MPa)  

The soil penetration resistance is an important parameter used in tillage studies to 

measure the soil strength. Growth of young wheat plants is sensitive to soil resistance 

to root penetration. Thus, increasing soil penetration resistance not only effects root 

growth but also the shoot development (Masle et al., 1990 and 1992; Masle and 

Passioura, 1987). The influence of irrigation regimes on soil penetration resistance 
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            Fig. 4.3.27- Soil penetration resistance (average of 2007-08 and 2008-09) 
                                 measured at various soil depths under three planting techniques
                                 at different growth stages 
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 was found to be non-significant during both the crop growth seasons. However, the 

effect of planting techniques on this attribute averaged for 2007-08 and 2008-09 is 

presented in Fig. 4.3.27.  

Significant differences (P<0.01) among different planting geometries for soil 

penetration resistance were noted throughout the crop growth season. Thus, the 

highest values of soil penetration resistance were recorded with the treatment of Flat 

planting while the minimum soil penetration resistance was noted with the treatment 

of Seed spreading augmented with furrows. However, the treatments of Bed planting 

and Seed spreading augmented with furrows remained statistically at par with each 

other.  

Data showed that at 30 days after sowing soil penetration resistance measured at 

various soil depths differed significantly (P<0.01) from each other. Thus, the 

maximum soil penetration resistance of 1.30 MPa was recorded at the soil depth of 

20-30 cm that was followed by the soil penetration resistance measured at 10-20 cm 

soil depth. Whereas, significantly (P<0.01) the lowest value of 0.48 MPa for soil 

penetration resistance was noted at the soil depth of 0-10 cm. Data recorded at 60 

DAS and 90 DAS showed that the various soil depths non-significantly influenced the 

soil penetration resistance.    

It is evident from the results that the interactions between planting techniques and soil 

depths were found to be non-significant at all the sampling dates.  

 
4.3.31- Root dry weight (g cm-3) 

 Roots are important plant organs which provide mechanical support to the plant and 

also supply water and nutrients to the growing tops. Tops produce photosynthetic 

material and distribute it to the various plant parts including roots.  In this way a 
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mutual beneficial relationship exists between roots and tops. The results indicated that 

irrigation regimes could not exert a significant effect on root dry weight during both 

the crop growth seasons (Table 4.3.24). However, the maximum root dry weight was 

achieved with the irrigation regime of 60% ETo during 2007-08 whereas, the 

minimum value of 1.71 g cm-3 for root dry weight was noted with the treatment 

Irrigation = 100% ETo. A similar trend appeared from the results of second crop 

growth season.  

The planting geometries significantly (P<0.01) influenced the root dry weight of 

wheat crop during 2007-08 and 2008-09. Thus, the maximum root dry weight of 2.06 

g cm-3during 2007-08 was obtained with the plating technique of Seed spreading 

augmented with furrows that was followed by the treatment of Bed planting and these 

two treatments differed significantly (P<0.01) from one another. Whilst, significantly 

(P<0.01) the lowest value of 1.37 g cm-3 for root dry weight was exhibited by the Flat 

planting treatment. A similar trend appeared during the second crop growth season, 

however, in contrast to the previous year the treatments of Seed spreading augmented 

with furrows and Bed planting remained statistically at par with each other. 

It is apparent from the results that the interactions of irrigation regimes with planting 

techniques were found to be non-significant statistically, during both the crop growth 

seasons. However, it is worth mentioning that under the treatment of Seed spreading 

augmented with furrows and that of Bed planting technique there was a negligible 

increase in root dry weight when irrigation level was decreased from 100% ETo to 80 

ETo and the addition to the root weight became more pronounced with a further 

reduction in the irrigation level from 80% ETo to 60% ETo. Flat planting treatment 

behaved in a different way. Under this treatment root dry weight markedly increased 



 288

when irrigation was shifted from 100% ETo to 80% ETo and thereafter it declined 

sharply with a further reduction in the irrigation level from 80% ETo to 60% ETo. 
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Table 4.3.24- Effect of planting techniques and irrigation regimes on root dry weight (g cm-3) of wheat 

Treatments 
2007-08 2008-09 

Irrigation (% of ETo) Irrigation (% of ETo) 

Planting techniques 100 80 60 Means 100 80 60 Means 

Flat-drill planting in 11 cm apart rows  1.27 1.42 1.36 1.37 1.22 1.38 1.29 1.30 

Bed-drill planting in 11 cm apart rows  1.86 1.89 1.95 1.90 1.68 1.74 1.83 1.75 

 
Seed spreading augmented with furrows  

2.01 2.03 2.15 2.06 1.84 1.86 1.92 1.87 

                                                     Means 1.71 1.78 1.82  1.58 1.66 1.68  

SEs         

Irrigation   0.048    0.055  

Planting techniques   0.048    0.055  

I x PT   0.083    0.095  

LSD (5%)         

Irrigation  ns    ns  

Planting techniques  0.145    0.167  

I x PT  ns    ns  
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Discussion  

The planting techniques of Bed planting and Seed spreading augmented with furrows 

(ridge planting) are becoming popular widely as these improve the soil structure 

through decreasing soil compaction, reducing water logging in the root zone, and 

facilitating the weed control as well as fertilizer placement. Further, these planting 

techniques give higher water productivity, better utilization of radiant energy, 

minimum lodging of crop plants, an effective drainage under high rainfall conditions, 

and a reduced weed competition over Flat sowing method. In this way these not only 

improve the crop productivity (10%) but also save 18-50% of irrigation water  

(Ahmad et al., 2010a; Hassan et al., 2005; Berkhout et al., 1997; Sayre and Moreno-

Ramos, 1997; Meisner et al., 1992).  

In this study comparatively lower germination count was recorded with Seed 

spreading augmented with furrows planting technique as compared to Flat planting 

technique that might have taken place due to possible deep placement of few seeds in 

Seed spreading augmented with furrows planting treatment which affected the 

germination count. However, this treatment exhibited an excellent compensation for 

lower plant population by expressing a better tillering potential and producing less 

number of unfertile tillers (also called parasite tillers) that was possibly associated to 

the fact that the parabola of the ridge increased the soil surface area and the seeds got 

spread uniformly all over the parabola resulting in more space available to each plant. 

While, Bed-drill planting showed better germination count but gave poor tillering 

against the Seed spreading augmented with furrows treatment that might be related to 

higher in-row inter-plant competition, as the more seeds were placed in each row due 

to reduced number of rows per unit area (Waraich, 2006).  
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Similarly, Seed spreading augmented with furrows expressed higher leaf area index 

and leaf area duration thus maintained the photosynthetic apparatus in active form for 

longer duration resulting in prolonged maturity period and an extended grain fill 

duration which enabled the crop to develop a better source-sink relationship that 

appeared in terms of the lengthy spikes bearing higher number of grains with better 

grain weight. This ultimately contributed towards an improvement in the grain yield 

and harvest index. Our results are in line with the findings of other scientists  

(Amin et al., 2006; Tanveer et al., 2003; Tiwari et al., 1998) who reported more tillers 

m-2, higher leaf area index, more grains per spike, greater spike length, higher 

 1000-grain weight, increased harvest index and 14% higher grain yield under the 

planting technique of Seed broadcasting followed by bed formation. Similarly,  higher 

dry matter accumulation, crop growth rate and net assimilation rate was recorded with 

Seed spreading augmented with furrows treatment as compared to other planting 

techniques (Abdullah et al., 2008; Abdullah et al., 2007; Bakht et al., 2006; Rasheed 

et al., 2003a; Rasheed et al., 2003b).  

 Moreover, the enhanced crop growth and higher yield might be linked to the 

improved soil physical conditions in case of Seed spreading augmented with furrows 

planting technique resulting in lower soil compaction, reduced root penetration 

resistance, enhanced soil porosity, aeration and water holding capacity that 

encouraged better root proliferation thus giving rise to vigorous plants which were 

less prone to lodging. Consequently, higher water use efficiency was recorded with 

the planting techniques of Seed spreading augmented with furrows as compared to the 

Flat planting technique (Waraich, 2006; Jat et al., 2005; Tripathi et al., 2005; Laszio 

and Gyuricza, 2004; Aggrawal and Goswami, 2003; Tanveer et al., 2003;  

Tiwari et al., 1998). In addition to the above mentioned factors, this improvement in 
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water use efficiency might also be endorsed to the higher availability of plant 

nutrients in ridges, a lower weed density and weed biomass, and ultimately an 

enhanced final crop yield (Nasrullah et al., 2009).  

Roots are important plant organs which provide mechanical support to the plant and 

also supply water and nutrients to the growing tops. Tops produce photosynthetic 

material and distribute it to the various plant parts including roots.  In this way a 

mutual beneficial relationship exists between roots and tops. In our experiment with 

the treatments of Seed spreading augmented with furrows and that of Bed planting, a 

negligible increase in the root dry weight appeared when irrigation level was 

decreased from 100 to 80% ETo but thereafter root dry weight increased sharply with 

a further reduction in the irrigation level from 80 to 60% ETo. Conversely root dry 

weight under Flat planting technique increased markedly from 100 to 80% ETo but 

later on a decline was observed with a further decrease in the irrigation level from 80 

to 60% ETo. It implies that with the planting techniques of Spreading augmented with 

furrows and that of Bed planting, crop plants faced a moisture stress at 60% ETo that 

triggered the root growth especially deep proliferation of roots in search of water. Flat 

panting technique responded otherwise thus, decrementing irrigation from 100 to 80% 

ETo imposed a water stress that stimulated more root biomass production but as the 

irrigation was further lessened from 80 to 60% ETo, crop plants suffered a severe 

moisture stress that ceased the root growth. The work of Fageria (1992) and Evans 

and Wardlaw (1976) also support our findings who found that if shoot growth is 

reduced due to a stress, there will be less movement of carbohydrates to aerial parts 

and more to roots, with the consequence that food remobilized from the leaves will 

also be preferentially transported to the roots. In this way roots grow more actively 

than the shoots under stress conditions.  
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It was also observed that crop plants subjected to the planting technique of Seed 

spreading augmented with furrows showed a higher crop growth rate than the Flat 

planting even with the lower irrigation regime of 60% ETo that might be connected 

with the better root development as well as higher availability of soil moisture that 

produced robust plants capable of extracting soil moisture from deeper soil layers 

even under deficit moisture conditions that was exhibited in the form of higher root 

weight as well as improved water relations expressed in terms of higher leaf water 

potential, relative water content and  leaf osmotic potential (Altuntas and Dede, 2009; 

Hussain et al., 2008;  Liu and Ge, 2008; Tesfahunegn and Wortmann, 2008).  

The key factor influencing crop productivity is the net CO2 assimilation rate which is 

regulated by stomatal conductance, specific metabolic processes in carbon uptake, 

photochemical capacity or combination of all these elements (Taiz and Zeiger, 1998; 

Baker, 1996). In this study net CO2 assimilation was higher during 2008-09 than 

2007-08. This variation might be possibly linked to the differences in weather 

conditions. Comparatively drier weather prevailed during 2007-08 exposing crop 

plants to more water stress than that of the second crop growth season.  

 Leaf water potential has a vital significance for its association to the cell turgor 

pressure and osmotic potential.  Turgor component plays a decisive role in cell 

division, cell expansion and stomatal opening. While the cell metabolism and enzyme 

activity is directly influenced by the changes in osmotic potential (Moustafa et al., 

1996).  It was observed that during both crop growth seasons, the leaf water potential, 

osmotic potential and relative water content dropped linearly with decreasing 

irrigation levels from 100% ETo to 60% ETo.  This reduction in these attributes might 

have caused partial closure of stomata that resulted in in a significant decrease in 

stomatal conductance which limited the access of photosynthetic apparatus to CO2 
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thus having pronounced effect on net CO2 assimilation rate. Heaton and Tallman 

(1987) also reported a decrease in stomatal conductance due to water deficit. 

Crop production largely depends upon the amount of water transpired by the crop. 

Decrease in stomatal conductance as a result of water deficit limited CO2 intake into 

leaf and also reduced the transpiration rate that in turn declined net CO2 assimilation 

which ultimately decreased biomass production and crop yield. Siddique et al. (1990) 

and Cooper et al. (1987 and 1983) also recorded a lower rate of transpiration per unit 

of leaf area with decreasing stomatal conductance.  Similarly these results are in 

conformity with the findings of other scientists who found that reduction in expansion 

of leaves and stomatal conductance is a possible reason of reduced net CO2 

assimilation rate (Passioura, 1994) and this decrease in stomatal conductance limits 

the access of the photosynthetic apparatus to CO2 before the photosynthetic apparatus 

is damaged by the water deficit (Pereira et al., 1992).  

Moisture stress due to limited irrigation possibly caused a decline in water absorption 

by the roots subsequently decreasing the rate of transpiration. In this study the 

treatments of Seed spreading augmented with furrows and that of Bed planting  

exhibited better soil conditions for root growth including lower penetration resistance  

thus enhanced root biomass that might have promoted the absorption of soil moisture 

hence increasing the leaf water potential and relative water content which boosted 

stomatal conductance that consequently promoted transpiration rate which encouraged  

net CO2 assimilation rate and finally a higher biomass production as well as crop 

yield.   

The grain filling rate and grain fill duration are important determinants of grain yield 

in all grain crops which are sensitive to temperature and water stress (Engli, 1998; 

Engli and Wardlaw, 1980). In this study comparatively higher values for grain filling 
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rate were recorded with lower irrigation regimes. This faster grain filling rate at low 

irrigation levels might be associated to the increased remobilization of carbohydrates 

from leaves as a result of early senescence due to water stress.  On the other hand, this 

moisture stress due to limited irrigation shortened the maturity period and markedly 

lessened the grain fill duration thus ultimately decreasing the grain weight  

(Zhang et al., 1998; Palta et al., 1994; Brown et al., 1991; Bidinger et al., 1977).  

Increased harvest index due to limited irrigation treatments might be connected to the 

accelerated grain filling and remobilization of stored assimilates in vegetative tissue 

to grains with the initiation of rapid plant senescence due to post anthesis soil drying. 

Similar results were reported by Yang et al. (2000), Zhang et al. (1998), Gan and 

Amasino (1997) and Nooden et al.  (1997). 

The permanent wilting point is not a unique characteristic of soil rather it is a variable 

strongly influenced by health of growing plants indicating the ability of plants to 

successfully grow under soil moisture deficit that considerably depends on plant 

vigour (Angus and Herwaarden, 2001). Thus, the appropriate agronomic practices that 

promote plant vigour coupled with optimum application of irrigation water based on 

the concept of reference evapotranspiration (ETo) help us to use the scanty water 

resources in an efficient manner for obtaining optimum crop yield. The ETo is an 

indirect measurement of the evaporative need of the atmosphere at a specific location 

during particular period (Zhang et al., 2002a; Khan, 2001; Allen et al., 1998).  

It was observed that each incremental irrigation from 60 to 100% ETo improved the 

yield and yield components as well as physiological attributes viz. leaf area index, 

lead area duration, crop growth rate, dry matter accumulation of wheat crop sown 

under Flat planting technique. While, under the planting technique of Seed spreading 

augmented with furrows the aforementioned parameters increased significantly by 
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increasing the irrigation level from 60 to 80% ETo but an additional increment in 

irrigation beyond this point (from 80 to 100% ETo) showed no significant 

enhancement in majority of the said attributes. This indicates that wheat crop can be 

grown more successfully with a lesser quantity of irrigation water (irrigation equal to 

80% ETo) under Seed spreading augmented with furrows planting method as 

compared to the Flat planting. Pierre et al. (2008) also observed non-significant 

differences in wheat  total dry matter accumulation, kernel weight and diameter, and 

grain yield by decreasing the irrigation level from 100% ETo to 80% ETo whereas, a 

further decrease in irrigation caused a decline in grain yield. Our results are also in 

line with the findings of other scientists (Choubey et al., 1998; Walia et al., 1992) 

who reported a significant improvement in root weight, the highest water extraction 

efficiency of roots, the maximum water productivity with out any loss of yield in 

wheat crop when irrigated equivalent to 0.8 ETo or 0.6 - 0.9  IW/CPE.  

While considering the efficient utilization of irrigation water, water use efficiency 

must be given prime importance.  Here, the water use efficiency decreased with 

increasing the irrigation level above 80% ETo, indicating that this additional irrigation 

water promoted abundant vegetative growth giving higher biological yield but 

contributed less towards grain yield thus, reducing the harvest index values.  

Zhang et al. (2002 b) also reported decrease in WUE with increasing amount of 

irrigation. On the other hand, application of irrigation water below 80% ETo caused 

drought stress in the crop plants which reduced leaf expansion resulting in lower LAI 

values that subsequently decreased total biomass production and grain yield which 

eventually gave a lower WUE. Our findings are also endorsed by the results of  

Xue et al. (2006) and Mehmood et al. (1999) who reported that the wheat crop 

produced higher grain yield under 100% and 80% ETo irrigation levels as compared 
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to 60% ETo and, while considering both the water use efficiency as well as grain 

yield, 80% ETo irrigation treatment is the most appropriate one.  

Thus, the seed priming gave an early emergence, uniform crop stand and an energetic 

start to the crop whereas, Seed spreading augmented with furrows planting technique 

provided better soil conditions that promoted root development resulting in vigorous 

plants capable of extracting soil moisture more efficiently even under deficit irrigation 

and consequently enabled the crop plants to achieve optimum crop growth with 

limited water resources under arid conditions without scarifying the yield (Angus and 

Herwaarden, 2001).  
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GENERAL DISCUSSION 

Timely sowing of wheat crop plays a crucial role in exploiting the yield potential to 

its full extent. In Pakistan for wheat sowing there are different cropping systems 

namely rice-wheat, cotton-wheat, maize wheat, sugarcane-wheat and fallow-wheat. 

Among these, cotton-wheat and rice-wheat systems jointly contribute about 60% of 

the total wheat area (Nawab et al., 2011). In the cotton belt of southern Punjab 

including Vehari and Khanewal region, the wheat planting is usually delayed due to 

late harvesting of the previous crop which results in low yield of wheat (Aziz et al., 

2009; Khan et al., 2002; Hussain et al., 1998) that may be attributed to the less 

favourable growing conditions including low soil temperatures prevailing at the time 

of sowing. This delays the germination process giving fewer and weaker plants that 

avail less time for vegetative growth. Similarly, the rising temperatures at the time of 

grain filling stage in the month of March hasten the maturity process that results in a 

shorter grain filling period. These factors contribute towards the production of fewer 

and lighter grains and eventually a reduced crop yield. Scarcity of irrigation water is 

also an important issue in arid environments that calls for an economic use of deficit 

water resources for sustainable production of wheat crop. Therefore, it is essential to 

recognize the agronomic practices that may enhance yield of late planted wheat with 

efficient utilization of irrigation water. The selection of appropriate seed priming 

techniques and suitable planting geometries may be deployed to achieve this goal 

without imposing any threat to the human environment. 

Amongst various seed priming treatments evaluated in the present study, 

Hydropriming for 12 hours and On-farm priming for 12 hours appeared with better  
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             Fig. 4.28 - Interactive effect of different irrigation regimes and seed priming 
                              techniques on grain yield of wheat 
 

              Fig. 4.29 - Interactive effect of different irrigation regimes and planting 
                               geometries on grain yield of wheat 
 

               Fig. 4.30 - Interactive effect of different irrigation regimes and planting  
                                techniques on grain yield of wheat 
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performance under field conditions by accelerating the germination process, 

improving final emergence, giving faster production of vigorous seedlings, and 

promoting the tillering phenomenon. This contributed towards a rapid development of 

higher leaf area maintained over longer periods and a higher crop growth rate that 

resulted in more dry matter production. Thus, the a better ‘source’ development 

promoted abundant production of photosynthates that boosted up the efficient 

mobilization and translocation of these metabolites to growing ‘sinks’ resulting in 

more number of grains with higher grain weight which improved harvest index and 

ultimately enhanced the crop yield (Abro et al., 2009; Harris et al., 2007;  

Farooq et al., 2006a; Sarkar and Pal, 2006; Harris, 2004; Harris et al., 2001). 

Moreover, there exists an inverse relationship between mean emergence time and the 

grain yield that reflects a direct influence of early emergence on grain yield. It was 

also observed that during the cooler season (late planting) the positive effect of seed 

priming on germination and emergence became more pronounced (Hardegree and 

Vactor, 2000).  

It was noted that under low irrigation regimes among all the seed priming techniques 

Hydropriming for 12 hours and, On-farm priming for 12 hours showed better results 

that might have occurred because the seed priming hastened the germination and 

emergence process thus producing higher number of vigorous plants with better 

tillering capacity which gave a better and energetic start to the crop plants enabling 

them to withstand the stressful environment (Fig.4.28).These vigorous plants with 

better root proliferation were considered to have the ability to extract moisture from 

the deeper soil layers under deficit irrigation conditions and thus exhibited a better 

yield (Angus and Herwaarden, 2001). 
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While considering the physiological and biochemical basis of seed priming, it is 

assumed that during seed priming phenomenon the metabolic repair, enhanced 

synthesis of DNA, RNA and proteins, reduction in the frequency of chromosomal 

aberrations that was caused by aging, building-up of germination enhancing enzymes, 

osmotic adjustments, and the reduction in the lag time of imbibition occurred (Ashraf 

and Foolad, 2005; Sivritepe and Dourado, 1995; Bray et al., 1989). Similarly, priming 

may have increased the α-amylose activity which enhanced starch hydrolysis giving 

more soluble sugars and it also improved the coleoptile length (Farooq et al., 2006a; 

Tavili et al., 2001) that resulted in better germination even if the seeds were placed 

deeper than the optimal soil depths (Liatukas and Ruzgas, 2011). All these 

phenomena contributed towards a better, an early, synchronized and faster emergence.  

Proper orientation of plants in the field and appropriate soil management that favours 

the efficient use of plant nutrients plays a considerable role in the better development 

and functioning of vital plant organs. Thus, selection of a suitable planting geometry 

enables the crop plants for optimum utilization of growth resources like space, 

nutrients, radiant energy, soil moisture etc. In our study, zero tillage remained unable 

to show satisfactory performance that may be associated to the fact that the soils in 

arid and semi-arid tropics experience severe hardening during the dry season and thus 

necessarily require primary tillage to improve water infiltration and root penetration, 

and are therefore not suitable for no-till (El-Swaify et al., 1985).  

Moreover, the zero tillage was employed after cotton crop in contrast to the reports 

favouring zero tillage in which this was practiced after rice crop. As the water is 

applied in limited quantity to cotton crop than that of the rice, thus, the soil might be 

carrying less conserved moisture and was less favourable for germination and later 

growth. Conventional tillage along with narrow row planting performed better than all 
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other planting geometries (Fig.4.29). Thus, a better uniformity in spatial distribution 

resulting in the minimum inter-plant competition within the row under planting 

geometry with 11 cm row spacing developed a less stressful environment for growing 

plants. While, the number of rows per unit area was decreased under wider row 

spacing (22 cm), and as the seed rate was kept uniform for all the treatments, this 

resulted in a more condensed plant population within the row which increased the 

inter-plant competition for nutrients, radiant energy, space, moisture etc. This tended 

to affect the efficiency of plants in utilization of these growth resources. Thus, the 

planting geometry with narrow row spacing expressed a better use of the growth 

resources by the plants which was reflected in the form of higher biomass 

accumulation that might be associated to more light interception by the crop canopy 

under this planting geometry. Thus, it promoted greater tiller survival, spike 

production, grains per spike, grain weight, higher leaf area development, leaf area 

duration, better dry matter partitioning that appeared in the form of increased harvest 

index and ultimately better grain yield and higher water use efficiency (Gul et al., 

2011; Ahmad et al., 2010b; Jan et al., 2010; Chen et al., 2008; Marwat et al., 2007; 

Marwat et al., 2003; Koscelny et al., 1990, Joseph et al., 1985). Moreover, narrow 

row spacing also suppressed weed growth due to smothering effect compared with 

wider row spacing (Dwyer et al., 1991).  

Among the different planting techniques, it was observed that with ample water 

supplies, Flat planting in narrow rows showed comparatively better performance than 

the Seed spreading augmented with furrows (ridge planting). However, under deficit 

irrigation Seed spreading augmented with furrows proved its superiority over all other 

planting techniques that might have occurred due the fact that this planting technique 

promoted better root development by improving soil aeration and porosity, reducing 
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soil penetration resistance, and better availability of nutrients to the plant roots 

(Fig.4.30). Thus, an improvement in plant water relations was observed that appeared 

in the form of better leaf relative water content, leaf water potential, leaf osmotic 

potential and stomatal conductance. Similarly a higher leaf area index, leaf area 

duration, transpiration rate, net CO2 assimilation rate was recorded with this planting 

technique. Moreover, a prolonged growth period along with higher grain fill duration 

was noted with this treatment. This promoted a favourable source-sink relationship 

that contributed towards better and efficient partitioning of dry matter hence resulting 

in higher economic portion of the crop yield expressed in terms of enhanced harvest 

index. Similarly the highest water use efficiency with the irrigation regime of 80% 

ETo indicates that each drop of applied water was effectively and efficiently used by 

the plants in grain production (Bakht et al,. 2011; Ahmad et al., 2010a; Akhtar et al., 

2010; Tingting et al., 2010; Mollah et al., 2009; Khaleque et al., 2008; Patel et al., 

2008) that supports our theme of “more crop per drop”. Similar results were also 

reported by other scientists who recorded higher number of grains per spike,  

1000-grain weight, grain yield and the maximum harvest index value (47.67%) under 

Seed broad casting augmented with furrows as compared to Flat-drill sowing 

(Nasrullah et al., 2009).  
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SUMMARY 

Agronomic practices like using an appropriate planting geometry and application of 

seed invigoration techniques improve plant vigour and crop phenology that results in 

yield enhancement thus compensating the adverse effects of late sowing of wheat crop 

under rice-wheat and cotton-wheat cropping pattern. Similarly, an astute and efficient 

use of scarce irrigation resources is indispensable to ensure sustainable production of 

wheat crop in arid region of southern Punjab.  The study was aimed at exploring a 

suitable combination of planting geometry and seed priming to enhance productivity 

of late planted wheat through early emergence, and a better and uniform stand 

establishment. To achieve these objectives, three field were conducted during three 

crop growth seasons (2006-09) and each experiment was repeated twice in loam and 

clay loam soil at Agronomic Research Station, Khanewal, Pakistan and at Research 

and Demonstration Farm, Regional Agricultural Economic Development Centre 

(RAEDC), Vehari, Pakistan. 

In the first experiment the performance of various seed priming techniques were 

evaluated in late sown wheat crop under different irrigation regimes. The experiment 

was laid out in randomized complete block design with split plot arrangement keeping 

the irrigation regimes in main plot and seed priming techniques in sub plot. Seed of 

wheat variety Inqlab-91 was subjected to six seed priming treatments namely 

Hydropriming for 12 hours, Matriconditioning for 12 hours, On-farm priming for 12 

hours, Hydropriming for 24 hours, Matriconditioning for 24 hours and Hydropriming 

for 12 hours along with chilling stress whereas, un-primed seed was taken as control. 

The irrigation treatments comprised of application of irrigation water equal to 120, 

100, 80, 60 and 40% of ETo. The reduced mean emergence time, higher final 
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emergence percentage and better tillering was expressed by Hydropriming for 12 

hours and On-farm priming treatments followed by Matriconditioning for 12 hours. 

The minimum germination count was given by Matriconditioning for 24 hours. All 

the priming treatments improved number of grains per spike and spike length  

non-significantly whereas, a significant improvement in number of productive tillers, 

1000-grain weight, grain yield and harvest index was observed, with the highest 

values noted with On-farm priming for 12 hours that were statistically at par with 

Hydropriming for 12 hours. These two priming techniques also exhibited the 

maximum leaf area index which was maintained for longer periods and a higher crop 

growth rate than all other priming treatments.  Moreover, each additional increment of 

irrigation water from 40% ETo to 80% ETo increased grain yield significantly. As the 

irrigation was increased from 80% ETo to 100% ETo the yield improvement became 

non-significant during 2006-07, however, it gave a significant addition to the yield 

during 2007-08. Increasing the irrigation level beyond this point expressed no 

significant enhancement in grain yield but made a significant contribution to the 

biological yield. Hydropriming for 12 hours and On-farm priming showed a better 

performance than all other treatments even under deficit irrigation (40% ETo).  

In the second experiment, four planting geometries viz planting in 22 cm apart rows 

under conventional tillage, minimum tillage, zero tillage, and planting in 11 cm apart 

rows under conventional tillage were tested under five irrigation regimes in which 

irrigation water was applied equal to 120, 100, 80, 60 and 40% ETo. The experiment 

was sown by planting the wheat crop late in December. Non-significant differences 

for planting geometries were observed in mean emergence time and germination 

count. However, maximum and significantly higher number of productive tillers per 

unit area, grains per spike, 1000-grain weight and harvest index was noted in narrow 
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planted crop under conventional tillage. Similarly, planting geometry of narrow row 

spacing under conventionally tilled soil produced higher LAI, LAD, TDM, biological 

and grain yield. The maximum biological yield was produced by the irrigation regime 

of 120% ETo that was significantly higher than all other treatments. Similarly, the 

highest grain yield was recoded from the crop irrigated @ 120% ETo but it was 

statistically at par with the irrigation treatment of 100% ETo. The excellent 

performance in terms of better tillering, harvest index, LAI, LAD and  TDM was 

exhibited by the narrow planted crop under conventional tillage system subjected to 

the irrigation regime of 100% ETo that translated into higher grain yield and also 

expressed better water use efficiency.  

In the third experiment a comparison of three planting techniques namely Flat-drill 

planting in 11 cm apart rows, Bed-drill planting in 11 cm apart rows, and Seed 

spreading augmented with furrows (ridge planting) was made under three irrigation 

regimes of 100, 80 and 60% ETo. No significant effect of planting techniques was 

observed on days taken to emergence and spike length. The highest number of 

seedlings per unit area was counted under Flat-drill planting whereas the Seed 

spreading augmented with furrows secured the bottom rank. But it is interesting that 

the maximum tillering per plant and the lowest number of unproductive tillers m-2 was 

expressed by Seed spreading augmented with furrows treatment and it, to a greater 

extent, mitigated the loss due to lower germination count.  

Higher number of productive tillers m-2 was counted in Flat-drill planted crop under 

the irrigation regime of 100% ETo that sharply declined under lower irrigation 

regimes. Similarly, higher grain filling rate was expressed by Flat-drill planting 

treatment. On the other hand, greater number of bold grains was recorded with Seed 

spreading augmented with furrows which resulted from longer grain fill duration and 
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an extended crop growth period. This treatment sustained better leaf water relations 

reflected from higher values of leaf water potential, leaf osmotic potential, stomatal 

conductance and relative water content of flag leaf. Similarly, higher rates of 

transpiration and net CO2 assimilation, leaf area index, crop growth rate and harvest 

index were recorded with the planting technique of Seed spreading augmented with 

furrows. All these features assisted the crop planted under this treatment to express 

better performance in terms of increased grain yield even under lower irrigation 

regimes as compared to all other treatments.  

Maximum crude percentage of grain proteins was noted with the lowest irrigation 

regime (60% ETo) in case of Flat-drill planted crop. The crop planted with the 

treatment of Seed spreading augmented with furrows utilized the precious water 

resources in the most efficient manner that was expressed by the highest water use 

efficiency. In general, the maximum water use efficiency was noted with the irrigation 

regime of 80% ETo whereas, in case of planting techniques Seed spreading 

augmented with furrows expressed the highest values of WUE. However, at higher 

irrigation level (100% ETo), non-significant differences were observed among the 

treatments of Flat-drill planting and Seed spreading augmented with furrows in terms 

of grain yield but, under deficit irrigation regimes (80 and 60% ETo) Seed spreading 

augmented with furrows performed better than the other two planting techniques.   

Conclusions 

On the basis of the present studies, it may be concluded that amongst the seed priming 

techniques, Hydropriming for 12 hours and On-farm priming for 12 hours to a greater 

extent improved the germination, emergence and tillering phenomena giving better 

crop stand, vigorous plants, enhanced yield components and ultimately yield of wheat 
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crop, thus, successfully combating the unfavourable environmental conditions under 

late sowing. Planting the crop in narrow row spacing proved to be better than the 

wider row spacing under conventional tillage system, however, the performance of 

conventional tillage under either row spacing was found superior to minimum and 

zero tillage. At higher irrigation level (100% ETo), Flat-drill planting and Seed 

spreading augmented with furrows furnished similar results but under deficit 

irrigation, Seed spreading augmented with furrows appeared with better performance. 

It is therefore, suggested that in the core cotton growing area of Vehari and Khanewal 

districts where wheat sowing is usually delayed due to late vacation of fields after 

cotton or rice, farmers may opt any of the following alternates depending upon the 

availability of irrigation water and planting machinery; 

 Drilling the seed in a conventionally tilled flat field in narrow row spacing by 

using the seed hydroprimed for 12 hours.  

 Under limited water supplies crop may be grown more successfully by 

adopting the planting technique of Seed spreading augmented with furrows 

along with the use of On-farm primed seed. 

Suggestions for future research 

Keeping in view the findings of this dissertation, it is proposed that in future the 

following points may be considered while planning a research proposal; 

 

 Studies may be planned to determine the crop coefficients (Kc) and crop 

evapotranspiration (ETc) values for different crops at various growth stages 

under different soil types. 
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 Phenomena of root development, fertilizer use efficiency and solar radiation 

use efficiency as influenced by various planting techniques and irrigation 

levels may be investigated. 

 Possible role of farm yard manure in water conservation and improving the 

soil temperature under late sowing conditions may be explored. 

 More seed priming techniques such as radiation priming may be optimized for 

vigour enhancement of late sown wheat crop under farmer conditions. 
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Appendix 3.1 Amount of water applied and rainfall during  crop seasons 
       
  Khanewal 2006-07    
       
 Amount of water applied (mm)   
 Irrigation  Rainfall   Total   

I0 201.72 151.30  353.02   

I1 168.10 151.30  319.40   

I2 134.48 151.30  285.78   

I3 100.86 151.30  252.16   

I4 67.24 151.30  218.54   
       
  Khanewal 2007-08    
       
 Amount of water applied (mm)   
 Irrigation  Rainfall   Total   

I0 263.76 38.80  302.56   

I1 219.80 38.80  258.60   

I2 175.84 38.80  214.64   

I3 131.88 38.80  170.68   

I4 87.92 38.80  126.72   
       
  Vehari 2006-07    
       
 Amount of water applied (mm)   
 Irrigation  Rainfall   Total   

I0 189.18 87.50  276.68   

I1 157.65 87.50  245.15   

I2 126.12 87.50  213.62   

I3 94.59 87.50  182.09   

I4 63.06 87.50  150.56   
       
  Vehari 2007-08    
       
 Amount of water applied (mm)   
 Irrigation  Rainfall   Total   

I0 246.37 13.50  259.87   

I1 205.31 13.50  218.81   

I2 164.25 13.50  177.75   

I3 123.19 13.50  136.69   

I4 82.12 13.50  95.62   
       
  Vehari 2008-09    
       
 Amount of water applied (mm)   
 Irrigation  Rainfall   Total   

I1 221.45 21.00  242.45   

I2 177.16 21.00  198.16   

I3 132.87 21.00  153.87   
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Appendix 3.2a. Metrological data of Khanewal for growing period of wheat crop 
                 during  the year 2006-07 and 2007-08 
 



 336

 2006-07

0

5

10

15

20

25

30

35

40

45

Nov Dec Jan Feb March April

Months
T

em
pe

ra
tu

re
 (o

C
)

0

20

40

60

80

100

R
ai

nf
al

l(m
m

)

Max.Temp. Min.Temp. Total Rainfall

 
 
 

2007-08

0

5

10

15

20

25

30

35

40

45

Nov Dec Jan Feb March April

Months

T
em

pe
ra

tu
re

 (o
C

)

0

20

40

60

80

100

R
ai

nf
al

l(m
m

)

Max.Temp. Min.Temp. Total Rainfall

 
 
 

 2008-09

0

5

10

15

20

25

30

35

Nov Dec Jan Feb March April

Months

T
em

pe
ra

tu
re

 (o
C

)

0

5

10

15

20

25

30

35

40

45

50

R
ai

nf
al

l(m
m

)

Max.Temp. Min.Temp. Total Rainfall

 
 
 
 
 
 
 
Appendix 3.2b. Metrological data of Vehari for growing period of crop during 

   the year 2006-07, 2007-08 and 2008-09 

 


