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ABSTRACT 

In Pakistan, there are many factors contributing to the average low yield of wheat, maize and 

many other crops. Irrigation scheduling to field crops is still disregard to soil specific water 

requirement of crops and basic principles of sustainability and resource conservation. On the 

other hand, the fertility of agricultural soils in Pakistan is too low inherently to support crop 

production. However, the intensive agriculture through irrigation, fertilizer and other 

management practices aimed at increasing crop yields has introduced an enduring threat of 

groundwater pollution by unused N fertilizer and pesticide leaching from the irrigated fields. 

One Lysimeter and two field trials were conducted for two years with wheat-fallow-maize 

rotation at the research farm (latitude, 31°-26' N and 73°-06' E; altitude, 184.4 m), Institute of 

Soil and Environmental Sciences, University of Agriculture Faisalabad, Pakistan, to access 

the effect of irrigation, nitrogen and manure rates on pesticides and NO3
- movement, soil 

properties, and yield of wheat and maize. A Lysimeters trial was conducted using two 

manure levels (0 and 50 Mg ha-1) along with a basal dose of NPK and two irrigation levels 

(32.5 and 47.5 cm) applied to wheat crop, while hybrid maize was grown with residual effect 

of manure in addition to the basal dose of NPK using two irrigation levels (45 and 60 cm). 

Field Trial-1 was also conducted with similar treatments but with split plot arrangement 

keeping manure in the main plots and irrigation levels in subplots. The second field trial was 

conducted in a wheat-fallow-maize rotation with three irrigation levels (32.5, 40.0 cm and 

47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop) and three N levels (100, 130 

and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1). Ceramic cups/solution 

samplers already installed at 35, 70, 115 and 160 cm depths in each lysimeter were used for 

leachates collection while under field conditions ceramic cups were installed at 35, 70 and 

110 cm depth. To access the nitrate leaching at 115 cm and 110 cm from the lysimeter and 

field trials, respectively, drainage was measured by water balance equation, where ETc was 

calculated by encountering stress factor and crop coefficient to Penman Montieth-FAO56 

equation. A Model “Hydrus-1D” was used to predict the ETc and drainage, where it was 

calibrated using the data of water balance at 115 cm depth for lysimeters and 110 cm for both 

field trials of year-1 and validated to simulate the drainage during year-2. Soil water retention 

curve and soil hydraulic parameters were measured using RETC-fit model, while other soil 

physicochemical properties were measured according to standard methods. Isoproturon and 
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Atrazine were applied to wheat and maize after 1st irrigation and soil samples were collected 

from different soil depths for their residues after 280 and 65 days after application (DAA), 

respectively. Soil samples from 0-35 (with and with out manure), 35-70 and 70-110 cm from 

field tiral-1 were colleted for Isoproturon and Atrazine sorption study. Sorption results 

indicated that Isoproturon and Atrazine Kd linearly correlated with the amount of organic 

carbon in the soil (SOC). The organic carbon partition coefficients (Koc) of Isoproturon and 

Atrazine averaged 240.1 and 184.9 L kg-1, respectively and remained almost constant for 

different SOC levels representing different soil layers, however a higher Koc was observed at 

low spiking solutions indicating the concentration dependent behaviour of sorption. 

Isoproturon residues 280 DAA with two manure and two irrigation levels ranged 2.10-3.59% 

under lysimeter and 1.54-3.13% under field conditions, however Atrazine residues under 

respective trials 65 DAA ranged only 0.62- 0.78% and 0.88-2.82%, where lowest residues 

were observed with frequent irrigation applied to manure amended soil. Ground water 

ubiquity score (GUS) indicated that in the absence of manure under both irrigation levels, 

Isoproturon touched the critical limit of 1.8 to be considered as leacher, while with the 

application of manure it could be considered as non leacher. Atrazine GUS ranged from 1.7-

1.9, indicating it as non leacher. Manure application at 50 Mg ha-1 along with the basal dose 

of NPK was cost effective which not only increased the yield of wheat by 35 and 40 % under 

lysimeters and field condition, respectively, but its residual effect was also effective in 

increasing the grain yield of the respective maize trials by 14 and 26 %. The improved soil 

physical properties, i.e. higher infiltration rate and hydraulic conductivity, and decreased 

bulk density were additional advantages of manure. Manure also increased the available 

water capacity and SOC contents of the soil. Heavy irrigation although boosted up the yield 

of wheat and maize crop, however due to improper irrigation scheduling it increased the 

drainage and ultimately the nitrate leaching to a lower depth. Long fallow rainy season 

showed heavy drainage, i.e. 9-13 cm at 115 cm depth and 8-14 cm at 110 cm depth under 

lysimeter and field condition, respectively, which ultimately increased the NO3
- leaching in 

respective trials by 2.4-3.2 kg ha-1 and 4.6-6.0 kg ha-1 which was especially high in the 

manure receiving plots, where its concentration increased the critical limit of safe drinking 

water. Our results indicated that critical readily available water was 16.5 to 18.5 % for wheat 

and 16 to 20 % for maize crop, which was lowest at minimum temperature and vice versa. 
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                 INTRODUCTION 

Wheat and maize, two of the most important cereal crops of Pakistan, ranked first and third, 

respectively, are grown on large area (Economic Survey, 2009-10), with their respective 

irrigation requirement ranging from 450 to 650 mm and 500 to 800 mm (FAO, 1986). Crop 

water productivity of wheat (0.6-1.7 kg m-3) and maize (1.1-1.27 kg m-3) is very low 

globally, which is even adverse in Pakistan, consequently it offers incredible opportunities 

for increasing or at least maintaining production of agricultural crops with a less amount of 

water (Zwart and Bastiaanssen, 2004).  

In Pakistan, there are many factors contributing to the average low yield of wheat and 

maize. Irrigation scheduling of field crops is still disregarding the soil specific water 

requirement of crops and basic principles of sustainability and resource conservation. On the 

other hand, native fertility of agricultural soils in Pakistan is too low to support crop 

production, i.e. soil organic matter < 1 % (Azam, 1988) and poor in N contents cannot 

support productive agriculture (Khan et al., 2007). However, the intensive agriculture 

through irrigation and fertilizer management practices aimed at increasing crop yields, 

introduced an enduring menace of groundwater pollution by unused fertilizers, e.g. nitrogen 

leached from the irrigated fields (Hadas et al., 1999). Moreover, flood irrigation applications 

or rain falls which is out of pulse with respect to the crop's water uptake rates (Warrick, 

1990) let this additional water and soil solute to be leached down below the active root zone. 

The recovery of the applied nitrogen fertilizer is seldom more than 60 % (Ahmed, 1985). 

Period of fallow soil during crop rotation is another cause of NO3-N leaching as cover crops 

help in scavenging NO3-N (Bergstrom and Jokela, 2001). The shallow ground water 

pollution by nitrate has been also recognized in Pakistan (Afzal et al., 2000). 

Due to diminishing water resources, there is not much hope in the future about 

resources development of water. Unlike most of the developing countries, Pakistan consumes 

up to 98 % of its fresh water resources for agriculture (Shehzad et al., 2007). Pakistan is 

deprived of proper management due to improper irrigation scheduling and application of 

outdated technologies, causing low WUE and crop yield (Laghari et al., 2008). Due to 

scarcity of water along with increasingly degrading quality and increased competition 

between water users, irrigated agriculture is focused to meet the demands of water scarcity 

using new approaches on environment friendly basis (Pereira, 2006).  

    

 Chapter 
1 



 2

The understanding of water dynamics of the soil profile of a crop under different 

water regimes is very important in determining the optimum deficit irrigation scheduling for 

a crop in a specific area (Igbadun et al., 2007). In order to tackle unplanned water shortages 

in prevailing conditions and to select the most appropriate irrigation scheduling to conserve 

water, deficit irrigation should be adopted. Deficit irrigation is an irrigation management that 

is based on the yield response factor and crop sensitivity to water stress in different type of 

soils. These parameters ultimately help to quantify the water stress effect to crop, derived 

from a linear relationship of relative ETc reduction with relative yield loss (Doorenbos and 

Kassam, 1979; Dagdelen et al., 2006). Evapotranspiration, an important aspect of water 

balance and a key factor for proper irrigation scheduling and to increase water use efficiency 

in irrigated farming is measured successfully by crop coefficient- potential evapotranspirtion 

method (Allen, 2000; Liu et al., 2002), where in a semiarid climate Penman-Monteith 

method for measuring average daily ET0 is the most satisfactory (Lopez-Urrea et al., 2006). 

In Pakistan, due to inherently low organic carbon and poor N contents of agricultural 

soils to support productive agriculture (Khan et al., 2007), heavy application rates of nitrogen 

are usually applied ranging between 100-200 and 200-350 kg ha-1 to wheat and maize crops, 

respectively. Nitrogen applications should be scheduled to coincide with the irrigation events 

to ensure availability of N to the plant because excessive water and N use in crop production 

results in environmental degradation and can potentially jeopardize the sustainability of the 

system (Fang et al., 2008). 

Manure is widely used in low organic carbon containing soil. However, the cost of 

applying manure on the farm is unlikely to be recovered by the first crop revenue/yield, i.e. 

wheat, by the improvements in the yield only but its residual effect on soil physical 

properties and fertility, and ultimately on next maize crop could be beneficial in intensive 

agriculture, especially on low organic carbon containing soils (Worrall et al., 2001). 

Combinations of farm manure and NPK has resulted in higher yield of crops in several parts 

of the world (Lin et al., 1996; Matson et al., 1998; Yang et al., 2004). One of the 

management practices is to reduce excessive inorganic N application and N crediting from 

organic manure to sustain yields and minimize the NO3
- leaching. However, farm manure 

which is one of the best organic sources, adequate availability is seriously constrained by 

making dung cakes as a source of fuel in Pakistan. 
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 Study of NO3
- (end product of mineralization of manure) leaching below root zone 

especially during fallow periods is very important. The leachate loads and amounts of water 

drained depend upon soil texture, i.e. the coarser the soil, the faster NO3-N will leach from 

the soil (Gaines and Gaines, 1994). Although nitrogen from both inorganic fertilizer and 

manure is susceptible to leaching, organic N sources improve many physical properties along 

with chemical and biological benefits to the soil environment (Hatfield and Cambardella, 

2001). Many scientists (Beauchamp, 1983; Xie and McKenzie, 1986; Comfort et al., 1987) 

have reported higher leaching of NO3 from fertilizer N than from manure where the 

organically bound N results its slow release (Beauchamp, 1983; Klausner and Guest, 1981). 

So, organic manure holds great promise in achieving not only a high level of crop yield and 

soil fertility, but also the deterioration of soil health. Therefore, organic amendments, i.e. 

manure application have received renewed interest in improving soil fertility and increasing 

crop production (Khan et al., 2007).  

Pesticide use is a major chemical method of controlling insects, diseases and weeds in 

different crops to boost up crop yield (Kulluru et al., 2010). Isoproturon is used extensively 

for pre- or postemergence weed control in cotton and wheat. Isoproturon is a neutral 

herbicide, moderately persistent with half-life ranging from 1.4 to 40 days (Walker et al., 

2001; Rodriguez-Cruz et al., 2006), moderately mobile and has been detected in groundwater 

(Fisher et al., 1991). Many Scientists have observed the leaching potential of Isoproturon 

(Dorfler et al., 2006; van Alphen, 2002). Atrazine is widely used as post emergence herbicide 

in the maize growing area of Pakistan, especially to suppress the population of Itsit 

(Trianthema portulacastrum) along with many other grasses and broad leaf weeds. Atrazine 

due to its high mobility and moderately persistent behaviour with a half-life of one to twelve 

months (Solomon, et al., 1996) has been frequently found in ground water and surface water 

(Miller et al., 2000). The shallow ground water pollution by pesticides has been also 

recognized in Pakistan (Tariq et al., 2004). 

The use of organic sources such as manure has been thought as one of the methods of 

restricting pesticide leaching through soils (Worrall et al., 2001). It is observed that in 

manure amended soils, decreased leaching of pesticides may not only subject to increased 

organic matter, but also to porosity and other structural changes induced by the higher SOC 

(Sanchez-Camazano et al., 1996; Cox et al., 1997).  
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Sorption capacity of a pesticide on the soil solid phase is described by soil-water 

partition coefficient (Kd), however, the most common and generally accepted quantitative 

measure of the sorption of pesticides is the coefficient on the basis of soil organic carbon i.e. 

Koc which is Kd divided by the fraction of soil organic carbon (Mackay and Patterson, 1981).  

The Koc is nearly constant for different soils or size fractions of a soil (Karickhoff, 1981; 

Schwarzenbach and Westall, 1981; Chiou, 1981). In general, compounds with higher Koc 

values will be less mobile than those with lower values (Navarro et al., 2009).  

The measurement of nitrate leaching involves determining the water flux through a 

soil profile below the root zone for a known period of time and its averaged nitrate 

concentration. The application of simulation models to study the water dynamics of soil 

profile of growing crops in the fields has been in practice (Nimah and Hanks, 1973; Droogers 

et al, 2000; Zang et al., 2004). These models have the promising potential to explore 

solutions to water management and thus facilitate improved water use (MacRobert and 

Savage 1998; Droogers et al. 2000). Hydrus-1D model (Simunek et al. 1998) is widely used 

to simulate the one-dimensional movement of water and root water uptake in variably-

saturated soil. 

To estimate the flow of water in unsaturated soils, it requires the expression of two 

soil hydraulic properties, the soil water characteristic/retention (SWC) curve and the 

hydraulic conductivity function (Hwang and Powers, 2003). This determination of SWC and 

hydraulic conductivity-matric potential relationship is time consuming in addition to 

requirement of expensive equipment. Therefore, it can be measured using RETC-fit software 

a computer program (van Genuchten et al., 1992) according to van Genuchten-Mualem types 

function (van Genuchten, 1980). However, to describe non equilibrium condition, water 

movement in soil depends on a dual porosity concept, characterized mainly by two pore 

systems (Durner, 1994).  

To limit this risk, the amounts of applied water and fertilizer/pesticides should be 

quantified and minimized by matching them to crop requirements. Under existing 

intensification trends as much as 60 % of the world population may experience water 

shortage by the year 2025 (Qadir et al., 2007) as drinking water which exceeds the critical 

contaminant level of 10 mg of NO3-N L-1. The excess of nitrate in drinking water is 

associated with blue baby syndrome (methaemoglobinaemia), miscarriages, and non-
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Hodgkin’s lymphoma (Canter, 1997; Nolan, 2000). According to an estimate more than 

300,000 people die from poisoning of pesticide per year in the Western Pacific and Asia 

(Eddleston and Phillips, 2004). To avoid this risk, the drinking water directive (CEC, 1998) 

has forced an upper limit of 0.1 µg L-1 for concentrations of individual pesticide and 0.5 µg 

L-1 of total pesticides in drinking water. 

Keeping in view the above discussion, research trials were conducted to find out: 

i) The Effect of organic amendments on sorption behaviour and leaching potential of 

Isoproturon and Atrazine under lysimeter as well as field conditions at different flood 

irrigation levels in a wheat-fallow-maize crop rotation. 

ii) Leaching assessment of NO3
--N under different N rates and manure amended plots of 

varying irrigation levels and comparison of solution sampler and soil coring method for 

NO3
- leaching measurement. 

iii) To investigate the significance of different farmer irrigation practices on components of 

soil water balance, soil physical properties, yield contributing parameters and yield under 

different nitrogen managements. 

iv) To develop rational irrigation scheduling with limited supply of water to obtain optimum 

yield by applying water ranging from deficit irrigation to over irrigation. 

v) To investigate and recommend to farmers the adequate technology to use chemical N 

fertilizer, manure and pesticides with minimum impacts to the environment. 
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                 REVIEW OF LITERATURE 

2.1 Improper irrigation scheduling and low soil organic carbon-A main cause of low 

yield in Pakistan 

In Pakistan, there are many factors contributing to the average low yield of wheat, 

maize and many other crops. One of the main factors is the low native fertility of agricultural 

soils to support crop production, and especially, organic matter contents of most wheat 

growing areas of Punjab, Pakistan is less than 1 percent (Azam, 1988).  These soils are also 

poor in nitrogen and phosphorus content to enhance plant growth (Khan et al., 2007). 

Irrigation scheduling of field crops is not applied according to soil specific water requirement 

of crops and basic principles of sustainability due lack of proper knowledge of farmers which 

usually results in over irrigation or stress to the field crops (Ashraf et al., 2002). According to 

Ashraf et al. (2002) proper irrigation scheduling on the basis of Pan evaporation method 

saved about 50 % irrigation water irrespective to the irrigation method and without any 

decrease in the yield of wheat crop.    

2.2 Irrigation Effect on crop yield and NO3
- leaching 

Minimizing the nutrient leaching below root zone by efficient irrigation and nutrient 

management is possible through understanding of water and nutrient transport (Paramasivam 

et al., 2002). About 40 % of the global harvest comes only from 20% of the world’s irrigated 

cropping lands, particularly, irrigation can enhance crop yield by up to 400% in semi-arid 

and arid regions but, irrigation can produce unwanted environmental consequences on the 

other hand (Fernandez-Cirelli et al., 2009). Under semi-arid or arid conditions, the 

application of irrigation and fertilization practices aimed at increasing crop production, 

introduced a long-term risk of groundwater pollution by unused fertilizers, e.g. nitrogen 

leached from the irrigated fields (Hadas et al., 1999). Moreover, heavy rain falls and 

irrigation applications in pulses which are out of phase with respect to the crop's water 

requirement (Warrick, 1990), allow some of the added water and soil solution to be leached 

out below the active root zone. 

Sun et al. (2006) studied the relationship among the irrigation and yield, WUE, WUEi 

and evapotranspiration (ET). Their result showed that increasing ET increased the soil 

evaporation and consequently irrigation requirement of wheat crop, however excessive 

irrigation was not economical and decreased the grain yield, WUE and WUEi. Similarly, Hu 
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et al. (2008) improved the water and N use efficiency to 2.2 kg m-3 and 26 kg kg-1, 

respectively under the modern treatment, compared with 2.0 kg m-3 and 21 kg kg-1, observed 

under the conventional treatment. Similarly, Riley et al. (2001) compared the conventional 

agricultural practices and alternatively improved practices and determined that 2 and 5 % of 

the applied N which was leached below the root zone with conventional agricultural practices 

during the two seasons could be reduced further by 60 to 95 %. Similarly, Zhu et al. (2005) 

observed that up to 28.6 kg N ha-1 during 1998-1999 and 81.8 kg N ha-1 during 1999-2000 

(5.9 % and 15.7 % of total nitrogen supply, respectively) were lost by NO3
- leaching below 

the root zone through 24.7 % drainage of total surface water applied. They concluded that to 

avoid the problem of excessive NO3
- leaching and consequently groundwater pollution, it is a 

prerequisite to efficiently use water along with better nutrient management. 

Gheysari et al. (2009) evaluated the impact of four irrigation levels (0.7, 0.85, 1.0 and 

1.13 of soil moisture depletion, SMD) and N rates (0, 142 and 189 kg N ha-1) on NO3 

leaching by installing ceramic cups at 30 and 60 cm soil depths. Their results revealed that 

maximum NO3-N leaching (8.43 kg N ha-1) at 60-cm was noted in the case of  142 kg N ha-1 

along with 1.13 SMD irrigation level. They observed 46 and 138 mg l-1 as lowest and highest 

seasonal average NO3 concentration, respectively. Spalding et al. (2001) assessed the effect 

of improved irrigation and nutrient management on ground water quality using ground water 

quality data collected from 16 depths. It was clear from the results that a combination of 

sprinkler irrigation and N fertigation was an effective way in reducing N leaching with only 

6% reductions in crop yield. 

2.3. Nitrogen fertilizer effect on crop yield and NO3
- leaching 

Nitrogen applications if not to coincide with the irrigation events and N requirement 

of the plant, excessive water and N use in crop production results in environmental 

degradation and can potentially jeopardize the sustainability of the system (Fang et al., 

2008). Baker and Johnson (1981) studied the effect of N fertilizer on NO3-N in tile drainage 

and observed that NO3-N concentration increased from 20 to 40 mg N L-1, by increasing N 

rate from 100 to 250 kg ha-1, on corn grown in rotation with either soybean or oat. Similarly, 

Jaynes et al. (2004) observed the ratio of 1.3 for reduction of NO3-N to N reduced 

application. Yadav et al. (1997) stated that although ground water contamination by NO3-N 

is a consequence of natural processes, increased level is attributed to agricultural activities 
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such as increased N dose. In their experiment, they observed that NO3-N leached in the 

ground water every year was comprised of 15 % applied N, 68 % residual NO3-N in the non-

root zone and 20 % residual manure from root zone layers. Andraski et al. (2000) studied 

crop management practices and corn N rate effects on NO3-N leaching. They observed that 

NO3-N contents were 18 mg L-1 at economic optimum N rate (EONR), less than 10 mg L-1 

when N rates were more than 50 kg N ha-1 below the EONR and more than 20 mg L-1 when 

N rates were more than 50 kg N ha-1 above the EONR. Leaching of nitrate was in the range 

of 3 to 88 kg ha-1, depending upon crop and manure management practices, nitrogen rate and 

total drainage and time of drainage relative to crop growth. Abad et al. (2004) conducted a 

study to check the effect of N on durum wheat quality and yield. Based on their results they 

do not recommend to apply nitrogen in these Mediterranean conditions, however, N fertilizer 

at about 100 kg N ha-1 resulted in more yield with initial low soil nitrate, while maximum 

wheat quality could be attained with 200 kg N ha-1, however this increases the risks of nitrate 

leaching below root zone. Similarly, Hansen and Djurhuus (2007) calculated nitrate leaching 

at different N fertilizer rates by installing ceramic cups at 80 cm depth. Results indicated that 

the average annual nitrate leaching was 38 and 52 kg N ha-1y-1 with N application rate of 60 

and 120 kg ha-1, respectively, however they indicated that this increased leaching was due to 

greater mineralization, mainly in autumn rather than N rate. They also concluded that a 50 % 

reduction in N application decreased average yield by 26 %, while nitrate leaching decreased 

by 27 %. Paramasivam et al. (2001) applied four N treatments to citrus tress, .i.e. 112, 168, 

224, and 280 kg N ha-1 yr-1, in central Florida (USA). They collected leachates for NO3-N bi-

weekly at 60, 120 and 240 cm depth. They found that NO3-N concentrations occasionally 

ranged from 12 to 100 ppm at 60 and 120 cm depth, while remained below 10 ppm at 240 cm 

depth. They also observed that leaching losses below rooting zone ranged 1 to 16 % of 

applied N which increased with increasing rate of N and amount of water drained 

Martinez and Guiraud (2006) stated the importance of cover crop in scavenging the 

applied NO3-N. They applied 200 kg unlabelled N ha−1 to the maize crop and to bare soil in 

lysimeter conditions. Nitrate concentration in water draining from the bare fallow lysimeters 

averaged 40 mg N L−1 with maximum concentration of 68 mg N L−1, while with the catch 

crop (maize), it declined rapidly, from 41 mg N L−1 to 0.25 mg N L−1, at the end of ryegrass 
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growth. During the experiment, 110 kg N ha−1 was leached under bare soil, compared with 

40 kg N ha−1 under the catch crop. 

2.4. Manure effect on soil properties, crop yield and NO3
- leaching 

Manure, an important N source is widely used as an organic fertilizer in low SOC 

containing soil. Combinations of farm manure and NPK resulted in highest crop yields in 

many parts of the world (Lin et al., 1996; Matson et al., 1998). Many scientists (Beauchamp, 

1983; Xie and MacKenzie, 1986; Comfort et al., 1987) have reported higher soil profile NO3
- 

or greater leaching of NO3
-
 from fertilizer N than from manure was due to the slow release of 

organically bound N (Beauchamp, 1983; Klausner and Guest, 1981). However, nitrate, as a 

result of manure mineralization product, to ensure NO3
- is used efficiently, it is important to 

calculate the amount being produced and, its leaching below root zone especially during 

fallow periods. 

Nambiar and Abrol (1989) found a yield declining trend with even full recommended 

dose of NPK fertilizers, in many fertility experiments in low organic carbon containing soils 

of India. It was also reported by FAO (1999) that organic fertilizers are there to maintain soil 

physico-chemical conditions which can be deteriorated by the use of inorganic fertilizer at 

long term. These reports are supported by the finding of Eghball (2002) who studied the 

effect of phosphorus and nitrogen based manure and compost on soil properties. Their results 

showed that 25 % of applied manure carbon (C) and 36 % of applied compost C remained in 

the soil after 4 years. Inorganic fertilizer resulted in higher residual soil NO3
- to a depth of 

1.2 m than manure and compost treatments in drier years. 

Jokela (1992) conducted a field experiment on sandy loam soil with two manure 

levels (0 and 9 Mg ha-1) and two N rates (56 and 112 kg ha-1) applied to maize crop. Yield 

and uptake was increased by N application in the absence of manure, however with manure 

N fertilizer did not increase the yield significantly. They observed the NO3-N in the soil 

solution in the upper 0.6 to 0.9 m near or above 10 mg L-1 in most samples receiving manure 

or fertilizer N at the 112 or 168 kg ha-1 rate, while samples from below 0.9 m had NO3
-. 

Chang and Entz (1996) also studied the nitrate accumulation and movement, and their 

environmental impact by the annual application of manure at 0, 60, 120 and 180 kg ha-1 (0,1, 

2 and 3 times the maximum recommended annual application rate), applied to irrigated and 

non-irrigated barley crop sown on clay loam soil. Under non irrigated conditions, higher 

manure application rates resulted in a nitrate built-up within root zone and minimal loss was 

observed below 1.5 m. On irrigated soil, nitrate leaching losses ranged from 93 to 341 kg ha-
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1. Ahmad et al. (2009) observed effect of chicken manure (CM) on nutrient concentration and 

nitrate-N leaching within and below root zone, by collecting the leachates, conducted in 

leeward (Poamoho) and windward (Waimanalo) areas of Oahu, Hawaii. There was 

significant effect of CM on NPK and micronutrients (Ca, Mg, Na, Fe, Mn, Zn and Cu) within 

and below root zone except below the root zone at Poamoho. However, NO3-N was only 

significantly affected by CM within the root zone. 

Fares et al. (2008) studied the effect of manure amendment rates (0, 168, 336 and 672 

kg total N ha-1), levels (one time and two time application) and types (chicken manure [CM], 

dairy manure [DM] and swine manure [SM] on soil physical (bulk density [ρb], total soil 

porosity [θt] and saturated hydraulic conductivity [Ksat] and hydrological properties of a 

highly weathered tropical soil. Their results indicated that manure amendment rates and 

levels significantly decreased ρb and consequently increased θt. The value of Ksat increased 

with CM and DM and may temporarily improve soil aggregation. 

 2.5. Human health concerns of NO3
- and pesticides 

Pesticides are responsible for surface and groundwater contamination due to the 

capacity of pesticides to leach from soil (Kookana et al., 1998) and it is estimated that more 

than 300,000 people die from pesticide poisoning each year in Asia and the Western Pacific 

(Eddleston and Phillips, 2004). With this in mind, the drinking water directive (CEC, 1998) 

has imposed an upper limit of 0.1 µg L-1 for concentrations of individual pesticide and 0.5 µg 

L-1 of total pesticides (EC, 1980) in drinking water while European Union allows a maximum 

of 0.05 mg kg-1 of any single pesticide in agricultural foodstuffs (EC, 1993). Understanding 

herbicide mobility in soils is necessary to prevent ground water contamination (Weber et al., 

2007). High NO3
- levels in drinking water are unsafe especially for infants, the elderly and 

young animals as NO3
- can be converted into NO2

- in the digestive tract and lead to 

methemoglobinemia, a condition in which the NO2
- binds to haemoglobin and causes 

suffocation (Haynes et al., 1986; Sittig, 1991). NO3-N exceeding the critical limit is also 

associated with miscarriages, and non-Hodgkin’s lymphoma (Canter, 1997; Nolan and 

Stoner, 2000). The Environmental protection agency has determined drinking water levels 

that exceed 10 ppm of nitrogen as nitrate to be unsafe for human (Weyer, 1999) while nitrate 

concentrations >11.3 mg NO3- N L-1, is a limit set by WHO, in drinking water (WHO, 1993). 

Atrazine and Isoproturon belong to toxicity class III- slightly toxic, however due to 
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groundwater contamination atrazine has been classified as a restricted use pesticide (Ware, 

1991). 

2.6. NO3
- leaching- Case studied 

       a) Pakistan 

Limited data is available on NO3-N leaching in Pakistan. Mahmood-Ul-Hassan et al. 

(2010) studied NO3-N leaching of different soil series of Punjab, Pakistan, under both 

lysimeter and field conditions. He observed early breakthrough of NO3
− in Pacca and 

Lyallpur soils that was most likely due to macropore flow. The breakthrough curves of Pacca 

and Lyallpur soils peaked after only ≈ 0.3 and ≈ 0.4 pore volumes, respectively. He also 

observed that the high values of dispersion (D) in Lyallpur and Pacca soils corresponded with 

higher values of mean pore velocity resulted in preferential flow, suggesting that transport of 

NO3
- in these soils was more a function of the physical characteristics of the porous medium 

than the diffusive characteristics of these solutes. Under semi arid conditions of Pakistan, 

Zaman et al. (2001) compared NO3-N movement from 0-120 cm depth under heavy 

irrigation (border and furrow irrigation system) and light irrigation system (raingun sprinkler 

and trickle) and concluded that under border irrigation system more NO3-N moved to deeper 

depth (90-120 cm). Tahir and Rasheed (2008) collected 747 drinking water samples from a 

wide range of irrigated or non-irrigated regions having distribution of samples in sixteen 

cities i.e. Lahore (79), Kasur (46), Faisalabad (30), Khushab (50), Mirpur Khas (55), 

Peshawar (38), Chakwal (51), Bahawalpur (60), Karachi (60), Risalpur (35), Quetta (81), 

Ziarat (21), Loralai (21), Mianwali (30), Jhelum (53) and Mastung (37). Their results showed 

that 19 % of the total samples have nitrate concentration higher than the permissible safe 

limit of 10 mg L−1 falling in the concentration range of 11-160 mg L−1 of nitrate. The highest 

percentage contamination (23%) is found in water samples collected from both the 

Balochistan and Punjab provinces. Comparatively, higher nitrate levels of <70 % in the 

groundwater sources like hand pumps and wells support the possibilities of increased 

contamination in the areas cultivated using heavy doses of fertilizers. Rehman et al. (1999) 

checked the impact of N fertilizer rates on NO3
- concentration in leachate, collected by 

porous cups installed at 25, 45, 65 and 85 cm depth. They observed that NO3-N leaching at 

85 cm depth increased by 15 % by increasing N rates from 145 to 185 kg ha-1. They also 

observed the movement of NO3
- from stream ends to tail ends with irrigation water, resulting 
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8 % more NO3
- at tail ends. However, NO3

- N concentration observed at all four depths was 

below the critical limit of 11.3 mg NO3
- N L-1. 

 However, Niaz et al. (2004) claimed that the threat from nitrate leaching under 

Pakistan's existing conditions is not possible, they showed that NO3
- leaching occurs under 

higher irrigation frequencies but the NO3-concentrations in leachate were well below the 

WHO standards. They conducted lysimeters (1.2 m × 1.2 m ×1.2 m) trial by applying 7.5, 11 

and 15 cm irrigation levels to wheat crop which was fed with NPK 120-100-50 kg ha-1. Their 

results showed that NO3-N concentration in water leached ranged from 0.19 mg L-1 to 13.6 

mg L-1, higher concentration was observed with increased irrigation level 

b) Worldwide 

Several cases regarding NO3
- pollution have been observed over the last 50 years, however a 

few prominent exampls are given below:  

During 1975, Kreitler and Jones recordeded that the ground water of Runnels County 

of Texas, USA, are highly contaminated with NO3
-. They observed that the average NO3

- 

concentration of 230 water samples was 250 mg L-1, far above the critical limit of drinking 

water. In California, Adriano et al. (1971) observed the high average NO3-N concentrations 

in waters sampled from water tables, i.e. 26, 57, 45, and 74 ppm for control (undisturbed), 

corral, cropland, and pasture sites, respectively, exceeding the critical recommended limit of 

10 ppm NO3-N for safe drinking water. However, in deeper domestic well waters, NO3
-
 

concentration averaged 6 ppm. A survey by Klaseus et al. (1988) in Minnesota, reported 43 

and 33 % of 500 wells having elevated levels of NO3
- and pesticides, respectively. A U.S. 

Geological Survey study of different counties of Minnesota (Myette, 1984) indicated that the 

concentration of NO3
- has been continuously increasing since the 1960s. Later on, Zhang et 

al. (1996) investigated 69 locations in China, distributed over an area of 140,000 km2 where 

crop N recovery was below 40 %, where as more than half samples of ground and drinking 

water exceeded 50 mg L-1, the permissible limit for drinking water. They concluded that 

within the next 30 years, N fertilizer related pollution will be a serious issue as N 

applications are expected to double or even triple during this period. In another study, in 

Shandong Province of the North China Plain (Ju et al., 2006), NO3-N concentrations 

observed in greenhouse vegetable systems ranged from 9 to 274 mg N L-1, with 99 % 
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exceeding 10 mg NO3-N L-1, 53 % exceeding 50 mg NO3-N L-1 and 26 % exceeding 100 mg 

NO3-N L-1, when observed in 15 m deep shallow wells 

Most of the cases of NO3
- leaching have been observed in temperate to semi arid 

climate with heavy rainfall, however, a reservoir of NO3
- (up to 104 kg NO3

- N) accumulating 

in subsoil zones of arid regions (Walvoord et al., 2003) observed throughout the Holocene, in 

USA, indicates the long-term leaching of NO3
- from desert soils and subsequently 

accumulation in subsoil, impelling deeply assessment of nutrient dynamics in xeric 

environment. 

2.7. Pesticide leaching-Case studied 

a) Pakistan 

      There are limited data available on pesticides residues in water bodies. Tariq et al. 

(2006) sampled the drainage water from the lysimeters on day 49, 52, 59, 73, 100, 113 and 

119 against the pesticide application on days 37, 63, 82, 108, and 137 after the sowing of 

cotton and detected Carbofuran, monocrotophos and nitrate with an average value of 2.34, 

2.6 mg L-1, and 15.6 mg L-1 for no-tilled and 2.16, 2.3 mg L-1, and 13.4 mg L-1 for tilled soil, 

respectively. There are many other cases of pesticide residues detected in surface and ground 

waters of different areas of Pakistan. Parveen and Masud (1988b) detected benzene 

hexachloride (BHC) isomers, p,p′-DDT  p,p′-DDE  in 7.6, 2.5 and 13% of cattle drinking 

waters, respectively, in Cattle Colony Karachi during 1984. Ali and Jabbar (1992), and 

Jabbar et al. (1993) found Monocrotophos, λ-Cyhalothrin and Endrin in 30, 40 and 30 % of 

collected water samples, respectively from cotton-growing area of Samundri, Faisalabad. 

Ahad et al. (2000) detected Dichlorvos, Mevinphos, Dimethoate, Methyl parathion, 

Fenitrothion, Chlorpyrifos, Endosulfan, Profenphos in 100, 100, 58.3, 91.7, 58.3, 58.3, 33.3 

and 100 % water samples, respectively in Tobacco growing, area of Mardan. They also 

observed Dichlorvos, Diazinon, Esfenvalerate, Fenitrothion and Lindane in 2.6, 5.3, 2.6, 2.6 

and 23.7 % of water samples, respectively, collected from shallow water from SCARP (II–V) 

area of the Punjab. Ahad et al. (2001) observed Carbofuran, Dichlorvos, Phosphamidon, 

Esfenvalerate, Dimethoate, Lindane, Diazinon, Fenitrothion and Endosulfan in 16.6, 66.7, 

33.3, 10.0, 16.6, 83.3, 16.6, 83.3 and 33.3 % of water samples, respectively, from Cotton-

growing area of  Multan. Tariq et al. (2004) observed Bifenthrin, λ-Cyhalothrin, Carbofuran, 

Endosulfan, Methyl parathion and  Monocrotophos in 13.5, 5.4, 59.0, 8.0, 5.4 and 13.5 % of 
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water samples, respectively, in Cotton-growing area of Bahawalnagar, Muzafargarh, D. G. 

Khan and Rajan Pur districts. Ahad et al .(2006) reported Parathion methyl, Fenitrothion, 

Azinophos methyl and α-Cypermethrin in 8.0, 22.0, 26.0 and 44.0 % of collected water 

samples from  Rawal Lake, Islamabad, respectively. Recently, a fish killing disaster in the 

Rawal Lake, Islamabad became press news in Pakistan and worldwide. On analysis of water 

and fish samples from the lake, pyrethroids pesticide residue observed were 4 fold higher 

than EEC standards for drinking water (Ahad et al., 2006). However, it was found that some 

miscreant had thrown away pesticides intentionally for catching the fish or other unknown 

reason (Ahad et al., 2006). 

Limited data are available about pesticide residues in soil. Bano and Siddique (1991) 

described that  agricultural runoff and industrial effluents resulted in residues of  

dichlorodiphenyltrichloroethane (DDT), 1,1-Dichloro-2,2-bis(p-chlorophenyl) ethylene 

(DDE), α-hexachlorocyclohexane (α-BHC), Heptachlor and  Dieldrin in soil samples  from 

Creek, Hawksba, Manora Channel of  Coastal areas, Karachi; Cotton, rice and tobacco 

growing areas of Sumandri, Kala Shah Kaku (Punjab) and NWFP showed Cyhalothrin, 

cypermethrin, dimethoate, fenvalerate, monocrotophos and prorenofos residues in the upper 

layer of soils whereas Aldrin, Cyhalothrin, Cypermethrin, Dielelrin, Dimethoate, p,pV-DDT, 

o,p′-DDD, p,p′-DDE, Endrin, Fenvalerate, Monocrotophos  and Prorenofos detected in 

deeper soil ranging from 2-3 ft (Ali and Jabbar,1992; Jabbar et al.1993); Tehseen et al. 

(1994) observed residues of o,p′-DDT, p,p′-DDT, o,p'-Dichlorodiphenyl dichloroethane (o,p′-

DDD), p,p′-DDD, o,p′- Dichlorodiphenyldichloroethylene (p,p′-DDE), Hexachlorobenzene 

(HCB), o,p′-DDE and Benzenehexachloride (BHC) in area receiving Industrial effluents of 

Ittehad Chemical and Pakistan Paper Plant, Degh Nullah, Lahore; Sanpera et al. (2000) 

observed the residues of HCB, HCH, DDT and pentachlorobenzene (PCB) in Seepage 

lagoons around the Lake area Haleji Lake, Thatta (Sindh). 

Pesticide residues cases have been also observed in food items. Mahboob et al. 

(2011) collected farmed and wild samples of Cirrhinus mrigala from a commercial fish farm 

and from Chenab river at Trimu Head Jhang, respectively. They detected residues of 

Endosulfan, α,p,p’-DDT, methamidophos, carbofuran, diazinon, parathion methyl, 

dimethoate, malathion, chlorpyriphos, cypermethrin, carbosulfan and isoproturon in farmed 

fish and wild fish (except methomidophos). These residues levels were however lower than 
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the maximum residue limit except for carbofuran which residue level exceeded the maximum 

residue limit (MRL, 0.1 ppm) in farmed (0.11 ppm) and wild fish (0.21 ppm). Higher total 

concentration of pesticide residues was found in farmed (60 ppb) as compared with wild fish 

(50 ppb). In another study, 17 out of 25 samples of fruits and vegetables collected from 

whole sale market of Lahore contaminated with Aldrin/dieldrin, two samples were 

contaminated with p,p′-DDT and 22 samples contaminated with p,p′-DDE  (Cheema and 

Shah, 1987). Similarly, Parveen and Masud (1988a) reported that 50 out of 79 samples of 

milk were contaminated with BHC isomers from Cattle colony, Karachi. 

There are only few studies regarding the organic matter effect on sorption of 

pesticides. Ahmad et al. (2001a) determined the structural composition of soil organic matter 

of 27 soils with different vegetation, from different ecological zones, of Australia and 

Pakistan. They observed correlation between Koc of different pesticides and the nature of 

organic matter in the soils. They observed highly significant positive correlations of the 

aromaticity of soil organic matter (SOM) and Koc values. Later on Ahmad et al. (2001b) 

measured the sorption of carbaryl and phosalone to 48 different soils from Australia, 

Pakistan, and the United Kingdom to authenticate his initial findings. However, there are no 

data on the movement, leaching and sorption of Isoproturon and atrazine in Pakistani soil 

under different organic amendment.                    

b) Worldwide 

Leaching and sorption potential of Isoproturon and atrazine has been studied by many 

scientists, in different climates/conditions and soil characteristics belonging to different 

countries. In India, Kulluru et al. (2010) studied the leaching parameters of atrazine and 

malathion on three types of soils, i.e. loamy sand, sandy loam and clay loam.  Transport 

parameters such as pore water velocity (v), dispersion coefficient (D), retardation factor (R) 

and degradation rate constant (λ) were estimated by using miscible displacement 

experiments. Regarding leaching, results showed that malathion could leach up to 30 cm 

depth whereas atrazine could leach up to 65 cm. The values of transport parameters 

determined ranged from 0.79 to 1.63 cm/h for v, 3.15 to 12.26 cm2/h for D and 3.1 to 3.4 

times for R values of malathion were higher than atrazine. The half life of malathion and 

atrazine recorded from λ varied from 0.3 to 1.7 and 50 to 64 days. Similarly, in Orestias 

(Greece) under semi-arid Mediterranean conditions, Mbuya et al. (2001) performed an 
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experiment to study persistence of atrazine on sandy soil within the root zone (0 to 90 cm). It 

was revealed from the results that atrazine was strongly adsorbed within the upper 30 cm of 

soil depth. The half-life for atrazine was 32 days in upper layer to 83 days in subsoil. 

Atrazine concentration within the root zone decreased from 0.44 kg a.i. ha-1 2 days after 

application (DAA) to 0.1 kg a.i. ha-1 26 DAA. After 64 days application, negligible amounts 

of atrazine (≈5 μg kg-1) were detected below the 60 cm soil depth. In an other experiment, 

under temperate climate of UK, Beck et al. (1995) studied the movement of water and 

herbicides (atrazine and isoproturon) thurough a large structured soil core. They applied 

atrazine and isoproturon at 2.475 kg a.i. ha-1 followed by 0.23 pore volumes (PV) of rainfall 

but the drainage was only 0.02 PV. They observed less than 1 % of the both herbicides in 

water draining from soil core. 

Perrin-Ganier et al. (1996) studied the persistence of the isoproturon in soil with time 

under field and laboratory conditions. Results showed that the half-life of the parent product 

was close to 19 days for the two experiments, whereas half-lives of 14C-residues averaged 22 

days under controlled conditions versus 48 days in the field. Moreover, if nonextractable 14C-

residues were taken into account in measuring isoproturon fate, the DT50 of radioactive 

residues in soil reached 1 to 1.4 years under field and controlled conditions, respectively. 

Similarly, Fogg et al. (2003) performed an experiment to estimate leaching potential of 

isoproturon from biobeds. It was clear from the study that Biobed resulted in lower 

concentrations of the isoproturon than surface soil. The bio-bed retained 99.9 % of the 

applied dose with the vast majority (92.9%) of the retained pesticide degraded within 9 

months. Whilst, mean maximum concentrations of 127 μg l-1 in the leachate were observed 

which are likely to be unacceptable. With a water loading of 1800 L m-2 < 0.2% of the 

applied isoproturon leached with 99.7 % degraded. Mean maximum concentrations from a 

depth of 50cm were 89.38 μg L-1. Their results showed that it needs a depth of > 1.0 m and a 

hydraulic load of < 600 L m-2 to get concentrations of isoproturon to ≤ 5.0μg L-1. In Czech 

Republic, Maly et al. (2005) also conducted an experiment to study leaching, decaying and 

half life of isoproturon at different soil depths and concluded that after 6 to 9 week, almost 

half of the isoproturon was still actively persistent in the upper soil layers (0-10 and 10-20 

cm) and only 5 to 10 % of biological activity at 20-30 cm depth. At 0-30 cm depth, 

isoproturon, within the limit of detection could be recorded upto 9 weeks application whereas 
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persisted for up to 11 weeks in the upper soil profile (0-10 cm). Dorfler et al. (2006) 

estimated the leaching behavior of 14C isoproturon under lysimeter condition. Their results 

showed that 0.13 % and 0.31 % of the applied radioactivity was leached at the end of the 

experiment. While, 4.5 mg L-1, 3.1 mg L-1 and 0.9 mg L-1 in concentration, isoproturon and 

its degradation products 2-hydroxy-isoproturon and monodemethyl-isoproturon were leached 

by preferential flow. It was concluded that mass flow transfer resulted in less leaching 

compared to preferential flow. In France, about 20 M m3 ground water was polluted by 

different pesticides. Alletto et al. (2006) studied the degradation of isoproturon for assessing 

its leaching risk to groundwater resources. Laboratory incubations were carried out at 22 and 

10°C and at water contents 90 % and 50 % of the estimated water holding capacity (eWHC). 

For top layers, at 10 and 22 °C, the degradation half-life increased by a factors of 10 and 15, 

respectively, when water content decreased from 90 to 50% eWHC. 3-(4-isopropylphenyl)-1-

methylurea (MDIPU) was the main decaying product in top layer samples under optimal 

conditions (i.e. 22 °C and 90% eWHC). 

2.8. Organic matter effect on sorption of Isoproturon and Atrazine  

The use of organic amendments such as manure has been suggested as a method of 

controlling pesticide leaching through soils (Worrall et al., 2001) because it retains 

pesticides, however higher application rates are required to be effective. Johnson et al. (1997) 

stated that manure enhanced the sorption of isoproturon and also limited the amount of 

compound leached. Oliveira et al. (2001) studied the sorption of the herbicides alachlor, 

atrazine, dicamba, hexazinone, imazethapyr, nicosulfuron, simazine, metsulfuron-methyl and 

sulfometuron-methyl with batch equilibration method. Their results showed that dicamba, 

metsulfuron-methyl, imazethapyr, sulfometuron-methyl and nicosulfuron were the less 

sorbed, whereas atrazine and alachlor were the most adsorbed. The Kd values showed a 

positive correlation with soil organic matter for all herbicides except imazethapyr and 

nicosulfuron. There was a small difference in Koc values of different soils. Spark and Swift 

(2002) evaluated the effect of organic carbon on adsorption of the three pesticides atrazine, 

isoproturon and paraquat. The adsorption behavior of atrazine, isoproturon and paraquat was 

highly affected by the solid components of soil while dissolved organic carbon had almost no 

effect. Coquet (2003) studied the sorption of pesticides atrazine, isoproturon, and metamitron 

in the vadose zone .Their results showed that distribution coefficients (Kd) values ranged 
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from 0.10 to 2.99 L kg-1 for atrazine, 0.06 to 1.27 L kg-1 for isoproturon, and 0.06 to 2.08 L 

kg-1 for metamitron. Most of the sorption isotherms in the vadose zone were found to be 

linear. 

Nemeth-Konda et al. (2006) observed the adsorption behavior of six pesticides 

(acetochlor, atrazine, carbendazim, diazinon, imidacloprid and isoproturon) under laboratory 

conditions with the help of the batch equilibrium method. The adsorption constants of soil 

organic carbon content (Koc) were 314 for acetochlor, 133 for atrazine, 2805 for 

carbendazim, 1589 for diazinon, 210 for imidacloprid and 174 for isoproturon. It was 

observed that carbendazim and diazinon were more strongly adsorbed in the organic 

amending soil than acetochlor, imidacloprid, isoproturon and atrazine, which might be due to 

their solubilities and hydrophobicities. Ling et al. (2006) checked the effects of organic 

matter on the adsorption of atrazine. The distribution coefficient Kd for atrazine adsorption in 

the presence of DOM is firstly higher and then decreased as the DOM content increased in 

the equilibrium solution. The maximum of Kd was 1.1-3.1 times higher than the control 

(without DOM) for all the soil samples. Higher soil organic carbon (SOC) concentration 

resulted in low distribution coefficient (Kd). Seybold and Mersie, (1996) examined 

adsorption-desorption pattern of atrazine, deethylatrazine (DEA), deisopropylatrazine (DIA), 

hydroxyatrazine (HA), and metolachlor by using the batch equilibrium method. For 

adsorption-desorption, four solution concentrations (2.5, 7.5, 13.2, and 26.4 μ mol l-1) were 

prepared. The values of Kd ranged from 140 to 234 for atrazine, 80 to 110 for DEA, 128 to 

130 for DIA, 493 to 609 for HA, and 162 to 190 for metolachlor. The amount of chemical 

desorbed was about 60 % for DEA, 43 % for atrazine, 40 % for metolachlor, 37 % for DIA, 

and 31 and 17 % for HA expressed as the percentage of the amount adsorbed. Lima et al. 

(2010) studied the impact of organic matter on sorption of atrazine by using a batch 

equilibrium technique. Compost, which had a higher organic matter (OM) contents, resulted 

in higher KF value (2.20 kg-1 (mg L-1)-N). FYM soil with 1.473 % of organic carbon content 

resulted in higher KF value than sewage sludg treatment soil, with 1.983 % organic carbon.  

2.9. Use of bromide as tracer  

Bromide is used as a tracer as it does not undergo gaseous losses and is biologically 

stable. It is reasonably correct to assume that the Br which is not recovered in plants or soil 

was lost by leaching losses and ultimately represents the maximum nitrate leaching potential 



 19

of the system (Kessavalou et al., 2006). Soil-water concentration profiles of NO3-N in arid-

to-semiarid sites follow the conservative solute (Cl-/Br-) accumulation profiles rather than the 

expected progressive nutrient depletion profiles (Walvoord et al., 2003), because such kind 

of soils which are low in organic matter, microbial activity, moisture content, aerobic, and 

neutral to basic in pH promote NO3
- stability and inhibit denitrification (Hartsough et al., 

2001). Similar to Cl-/Br-
, NO3-N not consumed in the soil zone just beyond the reach of roots 

leaches from the soil pool to the subsoil reservoir, during occasional deep-wetting events. Br- 

can be used effectively as a tracer in a NO3
- leaching study. Flury (1996) described that it is 

difficult to interpret transport of adsorbing solutes like pesticides without using conservative 

tracers to characterize water transport with respect to preferential flow phenomena  

  Fortin et al. (2002) compared the breakthrough behavior of bromide, atrazine (2-

chloro-4-ethylamino-6-isopropylamino-s-triazine) and metolachlor and their results of soil 

analysis showed that bromide shifted deeper in the soil profile than both herbicides. Clay et 

al. (2004) compared the Bromide and nitrate leaching through undisturbed soil columns of 15 

cm diameter. They applied Br- and NO3
- at the surface followed by 2 pore volume 0.01 M 

CaCl2. They found that Br- moved faster than NO3-, which may be attributed to more NO3-N 

sorption compared with Br-. They also concluded that when Br- is used to estimate NO3-N 

losses, it may overestimate NO3-N leaching by 25 %. However, Tilahun et al. (2004) 

compared the bromide and nitrate transport in Bainsvlei soil of South Africa under natural 

rainfall and described that under the assumption of no biochemical processes, Br- can be used 

as a substitute for NO3-N in studies of the movement of the latter through soils with 

confidence. Similarly, Kessavalou et al. (2006) compared the Br- and N-15 tracers of NO3
- 

leaching under irrigated corn in Central Nebraska (USA). They described that NO3
-

distribution and leaching losses within the soil profile were less than Br- losses. This may be 

due to immobilization of nitrogen in soil organic matter and nitrogen volatilization losses. 

2.10. Crop coefficient, potential evapo-transpiration and stress factor  

Evapotranspiration, an important aspect of water balance and a key factor to 

determine proper irrigation schedule and to improve water use efficiency in irrigated 

agriculture is successfully estimated by the crop coefficient- reference evapotranspirtion (Kc-

ET0) method (Allen, 2000; Liu et al., 2002), where reference evapotranspirtion could be 

estimated by the energy balance equations (Allen et al., 1989) or by simpler equations that 
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require limited meteorological data (Hargreaves and Samani, 1985). However, according to 

Smith et al. (1992), the Penman-Monteith method estimates more accurate ET0 than other 

methods, especially under semi arid climate. Similarly Lopez-Urrea et al. (2006) also stated 

that in a semiarid climate FAO-56 Penman-Monteith method is the most accurate for 

calculating average daily ET0, when comparing it to all other methods. Using daily weather 

data, Li et al. (2003) evaluated the performance of  FAO-56 Penman-Monteith (56PM) 

compared to four other methods, i.e. FAO-24 Blaney-Criddle (24BC), FAO-24 Radiation 

(24Rd), FAO-24 Penman (24Pn) and 1985 Hargreaves (Harg) for their capabilities to predict 

ET0. Their results showed that all these four ET0 methods predicted consistently higher 

values during the spring-wheat and maize season when compared with 56PM, except 

Hargreaves method in spring wheat season. Cai et al. (2007) estimated the FAO Penman-

Monteith daily ETo from weather forecast messages tested for eight weather stations located 

at different climates, latitudes and longitudes. Testing showed that estimating ETo from 

weather forecast messages is appropriate to support irrigation management practices. 

However, they described that the accuracy of estimation is better in humid and semi-humid 

regions than in arid regions and it also depends upon the quality of forecasts.  

Doorenbose and Pruitt (1977) divided the crop coefficient (Kc) curve into four stages: 

initial, crop development, mid and end-season stages. Li et al. (2003) calculated the crop 

coefficients (Kc) from the measured ETc data and the predicted ET0 data by the FAO-56 

Penman-Monteith method for spring wheat and maize crop. The calculated values for spring 

maize were 0.50, 1.02, 1.26 and 0.68 during the initial, crop development, mid-season, and 

late-season stages respectively, while respective values for wheat crop were 0.55, 1.03, 1.19, 

and 0.65. 

However, Allen et al. (1998) stated that after the root zone depletion exceeds RAW 

(the water content drops below the threshold piont), it is high enough to limit 

evapotranspiration to less than potential values and consequently the crop evapotranspiration 

(ETc) begins to decrease. In this case ETc is multiplied by a stress factor (Ks) to get actual 

avapotranspiration, However in the absence of daily water balance, stress factor (Ks) or 

evapotranspiration reduction factor (ETred.) is calculated by the relationship between relative 

evapotranspiration reduction and relative yield reduction determined by Doorenbos and 

Kassam (1979). Shaozhong et al. (2000) estimated actual maize evapotranspiration by 
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multiplying reference crop evapotranspiration (ET0) by Kc and Ks under water deficits in a 

semiarid region, however they estimated Ks on the basis of response of leaf water potentials 

and stomatal conductance of maize crop to soil water availability. 

2.11. Irrigation scheduling and critical limit for readily available water  

Increasing shortage of water imposes the need to optimize its use for all human 

activities, especially for irrigation, which is the main water use sector worldwide. Excessive 

irrigation is non-beneficial while water deficit may lead to economic yield loss. Appropriate 

irrigation scheduling is a process that deals with when and how to irrigate, therefore, it helps 

in optimizing water resources (Rodrigues and Pereira, 2009). Wu et al. (2011) stated that 

irrigation should be initiated when the water contents in the root zone reach the initial value 

of 0.244 cm3 cm−3 for their loamy clay soil, 0.228 cm3 cm−3 for their clay loam and 0.190 for 

their sandy loam. These water content values correspond to the soil matric potential of 129, 

99 and 21 kPa, respectively. They also noted that below that critical value of stress, the rate 

of decrease was more obvious when going from the loamy clay to to sandy loam and soil 

water content significantly affected winter wheat yield because the optimal water contents 

were not the same for all treatments. They reported 60 % of field capacity as critical value 

for clay loam and loamy clay soil. Ouda et al. (2010) simulated the impact of water saving on 

wheat growth and its consumptive use using data of four years of field trials. Yield-Stress 

model was calibrated and validated using the wheat yield and consumptive use of those field 

trials, and then a model was used to predict wheat yield under deficit irrigation, i.e. 90, 85, 80 

and 70% of full irrigation. Their simulation results showed that there was a high potentiality 

(30 %) for irrigation water saving with only 5 % yield losses for both fresh and drainage 

irrigation water. They also described that changing irrigation schedule without exerting 

harmful effects on wheat yield could save up to 17% of the full irrigation. Nazeer (2009) 

used CROPWAT model to study the effect of water stress and climatic impacts on yield 

reduction of maize. His simulation results showed that in rainfed and irrigated, both 

condition, soil moisture deficit below the readily available moisture which occurred in 

developmental stage (RAM) resulted the largest yield reduction. He also concluded that it is 

economical to irrigate when the ratio of actual crop evapotranspiration to the maximum crop 

evapotranspiration (ETc/ETm) is 100 % (at critical stage of readily available water). 

Similarly, Fares and Alva (2000) determined the irrigation levels based on available soil 
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water (ASW) and tree growth stage. They described that irrigation based on monitoring soil 

water content minimized water drainage below the root zone. 

2.12. Water characteristic curve-RETC-fit 

The data of the Soil water retention curve (WRC) is useful to determine the plant’s 

available water, which is the difference of the soil water content at field capacity and at the 

permanent wilting point. Soil water retention curve, is also a key soil hydraulic property to 

study the movement of water and solute transport in unsaturated soils, it describes the 

amount of water retained in a soil under equilibrium at a given matric potential (Gao and Liu, 

2010). Soil water tension relationships with soil water content and hydraulic conductivity are 

necessary to quantify plant available water and for the modeling of water and solute 

movement in or through soils (Rawls et. al., 1982). Typically a SWC is highly nonlinear and 

relatively difficult to obtain. Most of the researchers try to find equations describing the 

water retention curve using the simplest set of quantifiable parameters of soil such as texture, 

bulk density or organic matter content (Porebska et al., 2006) such as described by Rosetta 

Lite v. 1.1 2003. (Schaap et al., 2001). In laboratory, soil water retention is determined by 

measuring water contents at defined matric potential heads (Dane and Hopmans, 2002) using 

suction plates at several steps in the pressure range of 0.1 - 15 bar. 

Bittelli and Flury (2009) observed the errors in water retention curves determined 

with pressure plates. They described that soil water retention curve determined from pressure 

platesmay have error at matric potential less than -2000 cm H2O, which may ultimately lead 

to errors in water flow calculation. This determination of SWC and hydraulic conductivity-

matric potential relationship is time- and labour-consuming in addition to requirement of 

expensive and specific equipment. For these reasons, many semi-empirical and statistical 

equations (pedotransfer functions) describing the water retention curve have been developed 

by the scientists (Kutilek and Nielsen, 1994). These equations contain parameters which, 

generally, have no direct physical logic and are mainly used as fitting parameters to match 

function to experimental points, some describe any property like van Genuchten’s parameter 

n and α show the impact content of small and large aggregates, respectively (Guber et al., 

2004).  

As far as modeling of SWC and hydraulic properties is concerned, RETC-fit software 

is used which allows the six types of models for the soil hydraulic properties: a) the van 
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Genuchten-Mualem model (van Genuchten, 1980), b) the van Genuchten-Mualem model 

with an air-entry value of -2 cm, c) modified van Genuchten type equations (Vogel and 

Cislerova, 1988), d) the equations of Brooks and Corey (1964), e) the lognormal distribution 

model of Kosugi (1996), and f) a dual-porosity model (Durner, 1994). However, in 

equilibrium conditions (single-porosity) one of the most popular is van Genuchten’s equation 

(van Genuchten, 1980). However, when water moves in structured field soils and even 

seemingly homogenous coarse-textured soils (Baker and Hillel, 1991) nonuniform flow 

which is referred to as preferential flow (Beven, 1991) leads to an apparent nonequilibrium 

condition with respect to pressure head or solute concentration or both (Brusseau and Rao, 

1990; Wang, 1991) which is frequently described by dual porosity models. Durner (1994) 

divided the soil porous medium into two overlapping regions and suggested each of these 

regions a van Genuchten-Mualem type function (van Genuchten, 1980) of the soil hydraulic 

properties. 

Campbell (1988) described that using RECT-fit curve fitting, we can find out the 

water contents below 5000 cm pressure head where pressure plates are no more reliable. 

Similarly, Fares and Alva (2000) also used the analytical RETC (RETension Curve) model to 

extend soil water release curves beyond the limited range of tensiometer suction 

measurements. Galal (2004) carried out a study to ensure optimum management by 

calculating the changes in soil hydraulic properties. He used RETC for estimating soil 

hydraulic properties. The model of van Genuchten (single porosity) used in RETC program 

provided a high precision for evaluating the hydraulic properties. Haws et al. (2005) 

described the superiority of dual porosity model over single porosity model as it closely 

matches peak discharge values and it permits abrupt termination in the recession limbs and 

water exchange between mobile and immobile water contents allows water to be stored 

within the flow domain. 

2.13. Drainage and evapotranspiration simulation using Hydrus-1D 

 The application of simulation models to study the water dynamics of soil profile of 

growing crops in agricultural fields has been in practice for over three decades (Nimah and 

Hanks, 1973; Droogers et al, 2000; Zang et al., 2004). These mathematical models have the 

promising potential to evaluate and explore solutions to water management, thus facilitate 

improved water use (MacRobert and Savage 1998; Droogers et al. 2000). Hydrus-1D model 



 24

(Simunek et al. 1998) extensively used for simulating the one-dimensional movement of 

water and root water uptake in variably-saturated porous media. 

Examples of Hydrus-1D application using single porosity, dual porosity and dual 

permeability model to a range of laboratory and field conditions involving uniform and 

transient flow are provided by many scientists. Kodesova et al. (2006) simulated variability 

saturated water flow in clay soil with and without macropores by using single porosity and 

dual permeability models in Hydrus-1D. Their results showed that the preferential flow has 

considerable impact on water infiltration into soil having several scenarios of probable 

macropore compositions. They observed that commulative infiltration differ by two or more 

orders of magnitude with and without macropores, thus choosing an appropriate model is 

very critical when describing non- equilibrium flow in soil. Simunek and Hopmans (2009) 

presented a new compensated root water and nutrient uptake model, implemented in Hydrus, 

called root adaptability factor which represents a threshold value above which reduced root 

water is fully compensated for by increased uptake in other soil regions that are less stressed. 

When we use critical value of the water stress index, the water stress response function is 

proportional to water uptake compensation. They partitioned passive and active nutrient 

uptake by a priori defined concentration value cmax, while they described that passive nutrient 

uptake is zero when cmax is equal to zero. Sakai et al. (2008) demonstrated capabilities of the 

new version (4.0) of HYDRUS-1D which implemented the Penman-Monteith equation for 

calculating potential evapotranspiration. They described that estimations of ET and water 

contents in the root zone using readily available meteorological information can be useful for 

water management decisions involving irrigation and drainage systems. Yasutaka and 

Nakamura (2008) used HYDRUS-1D to assess the future risk of groundwater contamination 

from contaminated soil. They simulated an actual site polluted by boron in Kanto (Japan) 

where they measured boron concentrations at several depths. Their simulation results showed 

that the predicted boron concentration in groundwater from 2025 to 2065, for about 40 years, 

was over 1.0 mg L-1 (the Japanese groundwater criteria). Scanlon et al. (2002) compared the 

measured water results with seven different simulation codes, i.e. HYDRUS-1D, SHAW, 

HELP, SWIM, soil cover, UNSAT-H and VS2DTI, using water balance data of 1-3 year in 

hot and cold desert regions. Statistically similar and approximately same water balance 

components were observed by simulation from most codes. 
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       MATERIALS AND METHODS 

 

 

3.1 Experimental site  

One Lysimeter and two field experiments were conducted for two years, using wheat- 

fallow-maize rotation at Research Farm (Block 1,2; Square No. 25; latitude, 31°-26' N and 

73°-06' E; altitude, 184.4 m), Institute of Soil and Environmental Sciences, University of 

Agriculture, Faisalabad, Punjab, Pakistan.  

 

3.2 Climate and soil 

The climate of Faisalabad is subtropical. The mean maximum temperature is 27 °C 

and minimum is 27 °C during the summer. In winter these temperatures are 21 and 6 °C, 

respectively. May, June and July are the three hottest months of the year. The average annual 

precipitation is about 200 mm and half of which in the months of July and August. June is 

usually the hottest month with a mean maximum temperature of 34.1 °C while January is the 

coolest month with a monthly minimum temperature of 14.3 °C. The highest monthly 

potential evaporation (ET0) is 9.9 mm d-1, it occur during May while the lowest value of ET0 

is 1.2 mm d-1 and occur in January (http://en.wikipedia.org/wiki/Faisalabad). 

During 2007-09, the annual average precipitation was 292 mm, 66.3 % of which 

occurred during May-August which was the fellow period of this study. The soil of the 

experimental area is poor in NP contents and calcareous (Table-1) which is comprised of 

alluvial deposits mixed with loess making it very fertile. It is classified as a, well-drained 

Hafizabad loam, mixed, semi-active, isohyperthermic Typic Calciargids. 

 

3.3 Experimental background 

 

3.3.1 Treatments application and design 

                                The following studies were conducted, to access the effect of 

irrigation, nitrogen and manure rates on pesticide and nitrate movement, soil properties and 

crop production with the following treatment plans:  

 

    

 Chapter 
3          
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3.3.2 Study-1  

Effect of manure and irrigation levels on NO3
- movement, soil properties and 

yield of wheat and maize under lysimeter and field conditions 

3.3.2a Part-1: Lysimeter Trial  

         The lysimeters used in this study were made from concrete. The area of each 

lysimeter is 4.5 m2. They have leachate collectors at 0.35, 0.70, 1.15 and 1.6 m below the soil 

surface. For wheat crop, there were two manure levels, a control (M0) and a 50 Mg ha-1 

(M50). There were also two irrigation levels (I1= 32.5 cm and I2= 47.5 cm). These two 

irrigations I1 and I2 were split on an initial 10 cm rate and 7.5 cm subsequent application rates 

in 30, 20, 30 and 30 days intervals for I1 and in 30, 20, 20, 20 and 20 day intervals for I2. 

Complete randomized design (CRD) was used with three repeats. A basal dose of NPK was 

applied at the rate of 105-85-62 kg N-P2O5-K2O ha-1, Wheat variety AS-2002 was used as 

test crop, planted at 9 inches row to row distance using hand drill.  

At the same layout, maize trial was conducted with the same residual manure, i.e. 0 (M0) and 

50 Mg ha-1 (M50), and two irrigation levels, i.e. 45.0 cm (I1) applied at 12, 15, 15, 15, 15 and 

23 days interval and 60.0 cm (I2) applied at 12, 15, 15, 8, 7, 7, 15 and 15 days interval. Each 

irrigation consisted of 7.5 cm depth. A basal dose of NPK was applied to the maize crop @ 

195-140-105 kg N-P2O5-K2O ha-1. Hybrid maize variety Pioneer-3062 was sown as test crop, 

planted at 22 cm plant to plant and 67 cm row to row distance (36 plants per lysimeter). The 

wheat and maize trials were repeated the next year, with the same layout.  

Applied manure was 60 and 68 % moist, having 1.42 and 1.38 % total N; 0.4 and 

0.47 % P2O5; 1.3 and 1.2 % K2O, on dry weight basis, for year 2007-8 and 2008-09, 

respectively. Before the 1st irrigation of 2nd year wheat trial, Br- tracer was applied at 100 

Kg Br- ha-1 as KBr-. First year wheat crop (wheat-1) was sown on 20-11-2007 and harvested 

on 13-04-2008 (144 days) while the 2nd year wheat (wheat-2) crop was sown on 11-12-2008 

and harvested on 28-04-2009 (139 days). Fallow periods were of 129 and 131 days during 

2008 and 2009, respectively. First year maize (maize-1) crop was sown on 23-08-2008 and 

harvested on 03-12-2008 (109 days) while 2nd year maize crop (maize-2) was sown on 25-08-

2009 and harvested on 16-12-2009 (112 days). Isoproturon 50 WP was applied using 

knapsack sprayer 55 days after sowing (DAS) of wheat crop (after second irrigation) at the  
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Fig.-3.1 Lysimeters used for experiment  

 

rate of 1 kg a.i. ha-1 while atrazine 38SC was sprayed to maize crop 30 DAS at 0.774 kg 

active ingredient (a.i) ha-1.   

3.3.2b Part-2: Field Trial 

Field Trial-1 was conducted in plots of 6.7 m x 13.3 m dimensions, with the same 

treatment combination that of lysimeters trial, however trial was conducted following split 

plot design using two manure levels in main plots while two irrigation levels in subplots. 

Each treatment was repeated six times. After the 2nd irrigation, Br- was applied at 100 kg Br- 

ha-1 as KBr, 55 days after wheat sowing, in 2 x 2 m area, mixed well in the upper 5 cm layer 

in the centre of sub-plots and dykes which were made around this area. The first year wheat 

crop (wheat-1) was sown on 30-11-2007 and harvested on 19-04-2008 (141 days) while 

during the 2nd year wheat (yr-2 wheat) was sown on 16-12-2008 and harvested on 27-04-

2009 (133 days). The length of the fallow periods was of 122 and 125 days during 2008 and 

2009, respectively. The first year maize (maize-1) crop was sown on 20-08-2008 and 

harvested on 12-12-2008 (115 days) while 2nd year maize crop (maize-2) was sown on 01-09-

2009 and harvested on 23-12-2009 (112 days). Isoproturon 50 WP was applied with the help 

of knapsack sprayer 55 days after sowing (DAS) of wheat crop, after the second irrigation at 

1 kg a.i. (active ingredient) ha-1 while atrazine 38SC was sprayed to maize crop 30 DAS at 

0.774 kg a.i. ha-1. 
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Fig.-3.2 Overall view of wheat and maize Field Trials  

 

3.3.3 Study-2: Pesticide sorption and residues study 

              3.3.3a Part-1: Pesticide sorption for different soil layers 

                                                Soil samples for atrazine and isoproturon sorption were 

taken from the area of Field Trial-1. These samples were collected from 0-35, 35-70 and 70-

110 cm depths, 60 days after manure application. Samples from 35-70 cm depth collected 

from M0 and M50 treatments were mixed considering no effect of manure at that depth. 

Similarly, samples from 70-110 cm depth were taken as do from 35-70 cm. Details of 

sorption study are provided in Section 3.16. 

3.3.3b Part-2: Effect of manure and irrigation levels on pesticide movement in a wheat-

fallow-maize rotation under lysimeter and field conditions 

Pesticide residues were analyzed from lysimeter and field trial under study-1. The rest 

of conditions were the same as described in section 3.3.2. Isoproturon 50 WP was applied to 

lysimeter and field trial with a knapsack sprayer 55 days after sowing (DAS) of wheat seeds 

after the second irrigation at 1 kg a.i. ha-1. Soil samples were taken from four depths (0-35, 

35-70, 70-115 and 115-160 cm) from the lysimeter and three depths (0-35, 35-70 and 70-110 

cm) from the field, 285 days after application of 2nd year dose, to determine the residues of 

Isoproturon. Atrazine 38 SC was sprayed to maize crop 30 DAS at a rate of 0.774 kg a.i. ha-1. 

Soil samples for residues measurement were taken from lysimeter and field trial from the 

same depths as in case of Isoproturon, 65 days after application and were stored at -4 °C 

untill their analysis. The rest of the details are provided in section 3.16. 
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3.3.4 Study-3:    

Effect of irrigation and nitrogen levels on NO3
- movement and yield of wheat and 

maize 

Field Trial-2 was conducted using three irrigation levels, i.e. I1, I2 and I3 each for wheat 

(32.5, 40.0 and 47.5 cm) and maize (37.5, 52.5 and 67.5 cm) were maintained in main plots 

while three nitrogen rates i.e. N1, N2 and N3 for wheat (100, 130 and 160 kg N ha-1) and 

maize (220, 270 and 320 kg N ha-1) were applied to subplots of dimension 5 m x 15 m in 

three splits, i.e. first dose at sowing time and remaining two each with first and second 

irrigation. Phosphorus (P2O5) and potassium (K2O) were applied at 85 and 65 kg ha-1 to 

wheat crop while respective doses for maize crop were 140 and 105 kg ha-1. Each treatment 

was repeated three times. The experiment was repeated the next year with same layout.  

Flat sowing of both crops achieved planting wheat with a “hand drill” at 22 cm lines 

apart, while for maize at 67 cm row to row and 23 cm plant to plant distance with the help of 

a “dibbler”. Wheat crop was irrigated 30, 50, 80 and 110 days after sowing (DAS) according 

to I1; 30, 50, 70, 90 and 110 DAS according to I2 and 30, 50, 65, 80, 95 and 115 DAS 

according to I3. Maize crop was irrigated five times at the intervals of 10, 15, 21, 21 and 25 

DAS according to I1; seven times at the intervals of 10, 15, 15, 15, 10, 10 and 17 DAS 

according to I2 and nine times at the intervals of 10, 15, 10, 10, 10, 10, 10, 10 and 7 DAS 

according to I3. Each irrigation consisted of 75 mm except 100 mm in case of the 1st 

irrigation to wheat crop.  

First year wheat crop (wheat-1) was sown on 30-11-2007 and harvested on 19-04-2008 

(141 days) while 2nd year wheat (wheat-2) crop was sown on 15-12-2008 and harvested on 

28-04-2009 (134 days). Fallow periods were of 122 and 125 days during 2008 and 2009, 

respectively. First year maize (maize-1) crop was sown on 20-08-2008 and harvested on 12-

12-2008 (115 days) while 2nd year maize crop (maize-2) was sown on 02-09-2009 and 

harvested on 23-12-2009 (112 days). Each treatment was repeated three times. After the 2nd 

irrigation, Br- was applied at 100 kg Br- ha-1 as KBr, 55 days after wheat sowing, in 2 x 2 m 

area, mixed well in the upper 5 cm layer in the centre of sub-plots and dykes which were 

made around this area. 
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3.5 Leachate collection 

Ceramic cups already installed at the depths of 0.35, 0.70, 1.15 and 1.6 m in each 

lysimeter were used for leachates collection. In both field trials in which crops were grown, 

ceramic cups were inserted at three depths, i.e. 0.35, 0.70 and 1.1 m in each plot. These 

ceramic cups were buried after the sowing of 1st wheat crop. These were installed randomly 

in the plots, at least 2 m away from the edges. Ceramic cups were prepared and inserted 

according to the method stated by Webster et al. (1993). All the samplers were pre-treated 

using 1 M HC1 as stated by Debyle et al. (1988). Leachates were collected at predefined 

intervals (Table-1) by applying 0.6 to 0.7 bar suction with the help of suction pump (Fig.-

3.3). Samples were analyzed within 24 hrs of leachate collection, otherwise stored at -4 °C. 

Fig.-3.3 Leachates collection under lysimeters and field conditions a) Lysimeters with a wheat 

crop; b) Inside room having leachate collectors; c) a bottle connected to ceramic cup d) ceramic cup used for 

field trial; e) An installed ceramic cup while collecting leachates in the field and f) Suction pump  

 

3.6 Total NO3
- leaching measurement 

Nitrate leaching (LNO3
-) was calculated at 35, 70, 110 and 115 cm depths based on the 

following equations: 

cmcmcmNO
CDL 3535)35(3

                                                               [1] 

cmcmcmNO
CDL 7070)70(3

                                                               [2] 
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cmcmcmNO
CDL 110110)110(3

                                                            [3] 

cmcmcmNO
CDL 115115)115(3

                                                             [4] 

Here, D is depth and C is nitrate concentration in leachates. 

3.7 Nitrate/bromide built-up measurement by the soil coring method 

Soil samples from three depths 0-35 (D1), 35-70 (D2) and 70-110 cm (D3) of field 

trials, and from 0-35 (D1), 35-70 (D2) and 70-115 cm of lysimeter trial were collected and 

analyzed for Br- and NO3
--N contents. The NO3

--N and Br- built-up at predefined time 

intervals was calculated by subtracting current NO3
--N/Br- mass from initial budget. The 

NO3
--N/Br- mass (kg ha-1) upto a certain depth of soil was calculated by multiplying NO3

--

N/Br- concentration (mg kg-1) by the soil mass of one hectare for respective depths. 

3.8 Determinations/procedures: 

3.8.1 Nitrate analysis 

Nitrate-N was analyzed by the chromotropic acid method (Ahmed et al., 2010; 

Hadjidemetriou, 1982). 

 To measure soil NO3
--N, 10 g of air dry sample was taken in an Erlenmeyer flask 

then a 50 mL of 0.01 N copper sulphate solution was added, the mixture was shaked for 15 

minutes and then it was filtered through Whatman No.-42. Then took 3 mL of filtrate in 10 

mL volumeteric flask, added 1 mL of 0.1 % chromotrophic acid and 6 mL of concentrated 

sulphuric acid. Then determination of NO3-N was carried-out at 430 nm by 

spectrophotometer.  

 Calculations                                                                              

            
VWt

A
ppmNNOmgkgNNO




  10
)()( 3

1
3                                                          [5]                            

Where, A           = Total quantity of extract (mL) 
             V           = Quantity of extract used for measurement (3 mL) 
            Wt          = Air dry soil weight (g)      
NO3

- (mg kg-1)   = NO3
--N mg kg-1 x 4.429 

Leachate NO3
--N concentration (ppm) was measured by taking 1 mL leachate sample while 

rest of procedure was same as in case of soil. 

3.8.2 Bromide analysis 

 Bromide was analyzed by spectrophotometry following the method described by Presley 

(1971). This procedure consists of the following steps: 
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1) Added 1 mL sample (extract/leachate) to a 50 mL Erlenmeyer flask. 

2) Added 15 mL of bright yellow colored reagent E [mixed phenol red-acetate buffer 

prepared by adding 25 mL reagent D (0.080 g phenol red (phenol sulfonephthalein) dissolved 

in 10 mL 0.1 N NaOH. Dilute to volume, with distilled water, in a 500 mL volumetric flask, 

and made volume up to 500 the mark with reagent C (Added 30 g NaOAc and 7 mL glacial 

acetic acid to 1000 mL volumetric flask). Diluted to volume with distilled water)] and flask 

was swirled. 

3) Added 2 mL of reagent A (0.005 N chloramine-T in distilled water). Swirled the contents 

until the next addition was made. 

4) Added 5 mL of reagent B (0.05 N sodium thiosulfate in distilled water) after 30 second, 

while continued swirling. 

5) Standards were prepared from KBr and treated like leachate samples. 

6) Absorbance of blue color developed was measured at 595 nm, on a spectrophotometer. 

3.8.3 Soil chemical analysis  

3.7.3.1 Soil pH  

        Soil pH was measured with a digital pH meter, after making a saturated soil paste and 

standardizing pH meter with 4.0 and 9.2 pH buffer solutions (Dellavalle, 1992a). 

3.8.3.2 Electrical conductivity of saturated soil extract (ECe) 

After obtaining the extract from saturated soil paste with the help of a vacuum pump 

ECe was measured using a digital Jenway electrical conductivity meter (Dellavalle, 1992a).                            

3.8.3.3 Soil NPK 
Total N concentration was measured by digesting a known weight of soil with 98 % pure, 

concentrated H2SO4 and digestion mixture was followed by distillation (Teacator) using 

Kjeltec autosystem. The available P was measured after extracting soil with 0.5 M NaHCO3 

(pH 8.5) followed by measuring the absorbance of the blue color of the solution at 880 nm 

(Olsen and Sommers. 1982) using a spectrophotometer. The K was extracted with 1 M 

neutral ammonium acetate and determined by using flame emission spectroscopy.  

 3.8.4 Plant analysis 

Grain and straw/shoot samples were ground using a grinding mill after drying at 65 °C for 48 

h in an air circulating oven. The plant samples were digested according to a method 

described by Moore and Chapman (1986) by adding 4.4 mL digestion mixture (0.42 g Se + 
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14 g of Li2SO4.H2O + 350 mL of 100 % pure H2O2 + 420 mL of conc. H2SO4) to 0.4 g of dry 

ground sample. Total N content was determined using the Kjeltec auto system and P was 

measured with the help of a spectrophotometer using Vanadomolybdate method (Kuo, 1996). 

Total K concentration in grain/straw was determined with the help of flame photometer after 

calibrating with series of K standards. 

3.8.5 Manure composition 

The dairy manure samples (ground < 2 mm) were analyzed for water percentage, organic 

carbon and NPK contents following the standard analytical techniques. Total N in manure 

was measured by the Kjeldhal method as described by Bremner and Mulvaney, 1982. For 

determination of total P and K in manure, the samples were first digested using the wet-

digestion method (nitric acid and perchloric acid) as described by Kuo (1996). Phosphorus 

and potash in the digest was measured by a spectrophotometer and a flame photometer, 

respectively. 

 
Table 3.1 Analysis of dairy manure used in lysimeter and Field Trial-1 
 

Parameter Symbol Year-1 Year-2 
Moisture contents (%) 60.5 ± 2.50* 68.4 ± 3.30 
N  - 1.42 ± 0.02 1.38 ± 0.03 
P2O5  - 0.47 ± 0.02 0.50 ± 0.01 
K2O  - 1.30 ± 0.04 1.20 ± 0.03 
Organic carbona  - 46.6 ± 1.60 48.6 ± 1.23 

* Average ± Standard error with three repeats 
a Carbon content, and NPK contents were measured using methods described by Nelson and Sommers (1996) 

 

On the basis of manure analysis, 276 and 227 kg N; 94 and 80 kg P2O5; 240 and 208 kg K2O 

were available from 50 Mg ha-1 of manure, during yr-1 and yr-2, respectively. 

3.8.6 Leaf area index 

The leaf area index (LAI) was measured by a digital leaf area meter. However, depending 

upon availability of instrument (leaf area meter) LAI was also measured by formula reported 

by Dwyer and Stewart (1986):  

            Leaf area = L × W × A       

                Where L is leaf length, W is the greatest leaf width and A is factor having 

value of 0.75 for maize and 0.80 for wheat crop. 
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Leaf area index of wheat crop was measured 20, 30, 40, 50, 60, 70, 80,100, 110 and 

120 DAS. Maize crop Leaf area index was measured 10, 20, 30, 40, 50, 60, 70, 80 and 100 

DAS, and at harvest. 

3.8.8 Plant height 

Meter tape was used to measure plant height. Plant height of wheat crop was 

measured 20, 30, 50, 70 and 90 DAS, and at the time of harvest. Maize crop height was 

measured 20, 30, 40, 50, 60 and 70 DAS, and at harvest. 

3.8.9 Soil organic carbon (SOC) 

Oxidizable soil organic carbon (SOC) was analyzed using the standard procedure 

given by Ryan et al. (2001). 

3.8.10 Physical parameters measurements 

a) Bulk density 

Soil bulk density from 0-5, 5-10, 10-20 and 20-30 cm depths were determined by the core 

samplers method as described by Blake and Hartge, 1986.       

b) Crust measurement 

There was crust formation before germination of 2nd the wheat trial. Soil crust strength was 

determined with a pocket penetrometer/hardness meter (Daiki DIK-5560) which was 

assembled with a spring (1 kg/40 mm) and a cone (8 mm diameter × 50 mm long). Ten 

penetrometer measurements per plot were carried out three day after rainfall. The area of the 

cone base was 1 cm2.  The penetration resistance measurements were made by pushing the 

penetrometer vertically to the soil at an approximated speed of 3 cm/s. The detection limit 

was 0.03 kg cm-2. 

Fig.-3.4 Pocket penetrometer used for measurement of crust strength  
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c) Particle size analysis   

Percentage of sand, silt and clay was measured by Bouyoucos hydrometer methods and 

textural class was determined by using International Textural Triangle (Ryan et al., 2001).     

d) Infiltration rate  

Infiltration rate was measured with a double ring infiltrometer. The inner and the outer rings 

were driven about 10 cm into the soil by means of impact an absorbing hammer and a driving 

plate and then they were filled with water. The water flowing through the inner ring into the 

soil was noted until a constant rate was achieved (Klute, 1986). 

e) Soil saturated hydraulic conductivity (Kfs) 

Soil saturated hydraulic conductivity (Kfs) was measured by Guelph Permeameter (Model 

2800 KI), taking three steady-state readings. The Kfs was then calculated from the following 

formula: 

Kfs = (0.0041)(X)(R2) – (0.0054)(X)(R1)                                                                         [6] 

Were R1 and R2 are the steady-state rates of water fall (cm s-1) in the reservoir at the first (h1) 

and second head (h2) of water (cm), respectively and X (35.5 cm2) is the reservoir constant 

which is related to the cross sectional area of the combined reservoir (cm2). 

 

Fig.-3.5 a) Soil saturated hydraulic conductivity measurement by Guelph permeameter 

and b) Infiltration measurement by double ring infiltrometer 
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f) Unsaturated hydraulic conductivity [K(h)]: 

Unsaturated hydraulic conductivity was measured using a tension infiltrometer (Eijkelkamp 

09.09) by taking steady state readings at two matric potential (h1= -5 cm and h2= -10 cm). 

The volume of water entering the soil per unit time through the porous membrane at two 

tensions, i.e. h1 and h2 was measured as 
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where r is the radius of the water reservoir of the tension infiltrometer 

The unknown parameter α to find out K(h) was measured as  
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where h1 is -5cm and h2 is -10 cm matric potential 

So varying unsaturated hydraulic conductivity with matric potential was calculated as 

(Gardner, 1958): 

ah
seKhK )(                                                                                                                     [9] 

Fig.-3.6 Measurement of unsaturated hydraulic conductivity by tension infiltrometer 

 

g) Water release curve and Soil hydraulic parameters 

Water retention curve was measured for soil layers of 0-35, 35-70, 70-110 cm from field 

trials while from 0-35, 35-70, 70-115 and 115-160 cm from lysimeters. From manure 
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receiving plots of lysimeters and field trial, soil samples were collected separately at 0-35 to 

find any change in water retention. 

Retention capacity of soil was measured by determining water contents at pre-defined 

matric potential (Dane and Hopmans, 2002) with the help of suction plates at the 0.3, 0.6, 

1.0, 3.0 and 4.5 bar pressure and a linear regression equation was determined by taking ln(h) 

verses lnθ/θs to get water contents at permanent wilting point (θWP) and field capacity (θFC) of 

different soils (Williams et al., 1983). The following linear regression equation was 

developed by taking ln θ/θs versus ln(h) to get θWP, θFC, θAWC etc. 

)/ln(lnln se bPP                      [10] 

P is the matric potential (kPa), “Pe” (intercept) is air entry value/bubbling pressure which is 

inversely related to “α”, and “b” is the slope of ln P vs ln θ/θs water retention curve. 

Fig.-3.7 Pressure membrane apparatus used for WRC 

 

3.9 RETC-fit software description for modeling of soil water retention curve and 

hydraulic properties  

Both single porosity and dual porosity models were used to predict better fit of soil 

water retention curve to the measured data. RETC-fit version 6.02 software model was fitted 

to both retention and conductivity data using van Genuchten-Mualem (van Genuchten et al., 

1992) and Durner-Mualem (Durner, et al., 1999) models. Units for length and time selected 

were cm and days, respectively. Maximum number of iterations were 50 while number of 

retention and conductivity data points (in case of Field Trial-1) were 15 and 9, respectively. 

Default value for θr selected was 0.027 (Rawls et al., 1982) and for α and n value of 0.012 

and 1.43 predicted by pedotransfer function code with Rosetta Lite v. 1. 1999. (Schaap et al., 

2001) were selected, respectively according to sand, silt and clay proportion. Then mean 

values of water fraction and hydraulic conductivity from recorded data were put against their 

respective matric potential to get results from the RETC-fit software. Model fitness was 
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Fig.-3.8 Different Steps of WRC modeling by using RETC-FIT software 
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relied on R squared for regression of observed vs fitted values. 

Recorded data were fitted to Single porosity and Dual porosity model (Durner, 1994) 

using the RETC code to find out hydraulic parameters in the three main layers of the 

experimental site using RETC-fit version 6.02 software. 

a) Single porosity model 

For the equilibrium conditions (single-porosity) one of the most popular model van 

Genuchten’s equation (van Genuchten, 1980; Geo and Liu, 2010) was applied to find out VG 

parameters. 

According to this model   
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Hydraulic conductivity can be written as (Maulem, 1976) 

2/1 ])1(1[)( mm
e

l
es SSKhK                                              [13] 

b) Dual porosity model: 

According to Durner (1994) under non -equilibrium conditions: 
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where wi are the weighting factors for the sub-curves of the overlapping subregions, and ai, 

ni, mi (=1-1/ni), and l (0.5) are empirical parameters of the sub-curves 

3.10 Drainage calculation 

Drainage was calculated before each irrigation, using the following water balance 

equation: 

          DSETIP a                 [16] 

Here, I = Depth of irrigation applied (cm), which was calculated using cut throat flume, 
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ETa= actual evapotranspiration (cm day-1) 

P = Rainfall (cm), 

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

were measured gravimetrically by taking soil samples at each depth, before each irrigation, 

before start and at the end of trial.  

Δ D = Drainage or deep percolation (cm) 

Actual evapotranspiration was calculated by the following relation: 

csa ETKET                                                                    [17] 

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

or no stress conditions. 

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

relationship between the relative evapotranspiration reduction 
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where Ya is the actual harvested yield, Ym is the maximum potential yield and ky is the yield 

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

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

was relative yield reduction and ETred is the relative evapotranspiration reduction. 

ETc was calculated using following equation: 

0ETKET cc                                                                              [20] 

Where Kc was crop coefficient and ET0 was potential evapotranspiration 

The crop coefficient was calculated as follows: 
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endcmidcdevcinicc KKKKK                                          [21] 

Here Kc ini, K c dev, Kc mid and Kc end were crop coefficients at initial, developing, mid and end 

stages, respectively. 

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

by Doorenbos and Kassam (1979), and set according to the ET0 values and wetting intervals 

during initial stage.  

Kc mid and Kc end were calculated using the following equations 
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where u2 is the mean daily wind speed at 2 m height (m s-1), R.H.min. is the daily minimum 

relative humidity and h is the plant height, Kc mid (Tab) and Kc end (Tab) were taken from 

Doorenbos and Pruitt (1977). The daily Kc for developing stage was interploted linearly 

between Kc ini and Kc mid within the course of the crop development stage.  

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

using The Penman-Monteith FAO-56 Equation (Allen et al., 1998) as follows: 
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where ET0 is the reference/potential evapotranspiration (mm day-1), Rn the net radiation 

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

psychrometric constant (kPa °C-1), Tmean the average daily air temperature measured at 2 m 

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

deficit (kPa), ea the actual vapour pressure (kPa), es the saturation vapour pressure (kPa) and 

∆ the slope of the vapour pressure curve (kPa °C-1). 

3.11 Irrigation water measurement 

All irrigations in the field were measured with a cut-throat flume. The time required to 

irrigate the field plot to a required irrigation depth was calculated as follows: 

                     
Q

Ad
t                                              [25] 
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Where Q is discharge (cusec), t is time (hours), A is area of plot (acre) and d is depth of 

irrigation (inches). 

3.12 Total available water (TAW) and threshold value for readily available water 

(RAW)  

As irrigation was scheduled according to the farmer’s recommendation (communally used 

range of irrigation depth for wheat and maize) at predefined intervals, total available water 

(TAW) before each irrigation was determined to assess any stress in relative to RAW which 

was calculated by the Equation [26] 

rWPFC ZTAW )(1000                                                         [26] 

Where TAW is the total available water (mm), θFC is the water content at field capacity (m3 

m-3), θWP is the water content at wilting point and Zr is the rooting depth which was taken as 

1.1 m for both wheat and maize trial. 

Readily available water in mm (RAW) was calculated according to the following formula: 

pTAWRAW                                                                             [27] 

Value of p “threshold value for readily available water” for wheat and maize (0.55) were 

taken from FAO Irrigation and Drainage Paper No. 33. and adjusted according to the 

following formula (Allen et al., 1998) 

 )5(04.055.0. cadj ETp                                                             [28] 

Where padj is the adjusted fraction of total available water depleted from the root zone before 

any moisture stress and ETc as mm/day. 

Critical point of readily available water was calculated by the fallowing equation: 

                                                                                                     [29] 

3.13a Water use efficiency 

Water-use efficiency (WUE) was measured as described by Hussain et al. (1995): 

cET

GY
WUE                                                                                             [30] 

Where WUE (kg ha-1 mm-1) is the water use efficiency for grain yield (kg ha-1), GY is the 

grain yield (kg) and ETc (mm) which was calculated by the Equation [15]. 

3.13b Irrigation water use efficiency 

Irrigation water use efficiency (WUEi) was calculated as follows: 

                                                                                                                                      [31]                                 
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Where I (mm) is the irrigation depth applied 

3.14 Root weight density (RWD) and Root length density (RLD)  

Roots of both crops were sampled for RWD and RLD at the end of mid crop growth 

stage. Wheat root samples were taken within rows, using a root sampler having a 15 cm 

depth and a four cm radius. Maize plant roots were sampled manually from 0.35 m3 by taking 

out bulk of soil with the help of sampling tools. Roots were washed by root washing systems 

or manually, depending upon feasibility. They were then oven dried at 65 °C till no change in 

weight (mostly for 24 hours) and then weighed (Rosario et al., 2000). Root length density of 

samples was measured with the help of Dalta T-Scan. In case of large maize samples, RLD 

was realized on sub-sample of 5 g.  

Fig.-3.9a) Root sampling of maize; b,c) Dalta T-Scaner for measuring the RLD and RWD 

 

3.15 Modeling water flow and plant root uptake with Hydrus-1D  

Hydrus-1D Model was calibrated using water balance at D3, i.e. (110 cm depth for field and 

115 cm depth for lysimeter conditions and validated with data from the 2nd year trial. Hydrus-

1D was also used to predict drainage at 35 cm and 70 cm soil depth, for both years. 

3.15. 1 Model description 

a) Water flow 

The dual-porosity model was used to describe water flow, which is based on Richards 

equation (Simunek et al., 2003), where a mass balance equation was used to illustrate 

moisture dynamics in soil as follows: 
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wim TS 
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where Sm and Sim are root water uptake for these two regions and Tw is the water transfer rate 

from the mobile to immobile region (inter to intra- aggregate pores), and 
t
im


  is change in 

immobile water contents with respect to time. 

b) Water transfer rate  

The water transfer rate/term, Tw, in dual-porosity (Šimunek et al., 2001) model was calculated 

using the following first-order rate equation: 
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Where θim is water content in the matrix, ωw is a first-order rate coefficient (T-1), and Se
m and 

Se
im are effective water saturations of the mobile and immobile regions, respectively. 

c) Initial and boundary conditions 

Data of water content upto 1.10 m for field and 1.15 m for lysimeter trial were collected 

gravimetrically at sowing and before each irrigation at a pre-decided time scale. Bottom 

boundary conditions were computed as free drainage. The surface boundary conditions 

consisted of precipitation and evaporation. The daily evapotranspiration rate was calculated 

with the Penman-Monteith formula. The standard meteorological data consisting of net 

radiation MJ m-2 day-1, humidity (%), maximum and minimum temperature (C°), average 

wind speed (km day-1) and actual sunshine (hr) were collected. 

d) Root water uptake and evaporation  

The amount of water absorbed by a plant from a unit area of soil per unit time was measured 

according to Feddes et al. (1978) while parameters of root water uptake for wheat and maize 

crop were set according to Wesseling (1991). 

Potential evaporation (Es) was estimated (Ritchie, 1972) as follows: 

LAIk
as ETE .                                                                          [35] 
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where Es is potential from soil surface (mm day-1), LAI is the leaf area index measured at 10 

days intervals, and k is a constant governing the radiation extinction factor (0.5).  

3.15.2 Model calibration and validation  

Hydrus-1D model was calibrated (for ETc and drainage) using a combined data set of 1st year 

data of all treatments for wheat-1yr and maize-1yr crop. Soil physical and hydraulic 

parameters (Table-1), climatic and agronomic data (rooting depth, leaf area index) were used 

in calibration and varied to achieve a close agreement between predicted and observed values 

of water balance component. The model was then validated with the data of 2nd year trials. 

Model efficiency (EF) was calculated to evaluate the level of agreement between the 

observed data of soil water content and predicted values, as described by Nash and Sutcliffe 

(1970). 
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where EF = 1 corresponded to exact match between the model predicted values and observed 

means, FE = 0 indicates that model predicted as accurately as the means of observed data, EF 

-∞ to 0  occurred when observed means were better predictor than model.       

Fig.-3.10 Drainage measurement by Hydrus-1D; different processes 
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3.16 Pesticides residue and sorption analysis 

Soil samples collected from lysimeter and field trials, then they were stored at -5 °C, until 

were shipped to University of Minnesota, USA. where Isoproturon and Atrazine sorption 

study and residues analysis were performed in Dr. William Koskinen and Christensen 

Laboratory. 

 3.16.1 Isoproturon residue and sorption study 

a) Residue extraction 

For Isoproturon residues extraction, soil samples (50 g) were weighed into 200-mL 

plastic centrifuge bottles, added 50 mL acetonitrile: water: orthohosphoric acid (90:10:0.25 

v/v) and then samples were vortexed  for two min. Samples were then allowed to stand 6 

hours, at room temperature for complete extraction. After that, samples were centrifuged for 

20 minute, at 1500 rpm and 20 mL supernatant was taken. Concentrations of greater than 10-

fold were achieved by reducing 20 mL methanol concentrate to 2 mL under a stream of 

nitrogen using a Tecam Dri-Block. 

b) Sorption study 

Isoproturon solutions of various concentrations (0.03, 0.1, 0.3, and 1.0 ppm) were 

selected to measure the adsorption capacity of the 10 g soil. Standard Batch equilibration 

method was carried out to find sorption isotherms. In this study, a 10 mL aqueous solution of 

Isoproturon in 0.01 N CaCl2 was added to 10 g of air-dried soil with three replicates, in 50 

mL glass centrifuge tubes. Tubes were vortex for two minutes, shaken on a horizontal shaker 

in the dark for 24 hr to reach equilibrium, and then centrifuged at 1500 rpm for 20 min using 

a Centra CL3R Thermo IEC, centrifuge. Two mL supernatants were taken in 3 mL vials. 

c) LC-MS/MS analysis 

Samples of Isoproturon (molecular weight= 207.14) residues and sorption study were 

analyzed by LC-MS/MS (Applied Biosystems/MDS Sciex). For the determination of 

Isoproturon scan type was MRM (multiple reaction monitoring) in the positive ion mode. 

Selected ion monitoring (SIM) conditions were used to record chromatograms. For the 

determination of isoproturon, ions at m/z values of 207.14 were recorded as base peaks. The 

pump used was Waters Alliance 2695 w/z 996 PDA; Column used was Pheenomenex 

Columbus C8 (5μ x 50 x 2mm) p/n 00B-4187-B0, Pump initial conditions were: stoke 

volume, 130 μL; solvent, water/formic acid: ACN::70:30;  flow ramp, 2; flow rate, 0.2 mL  
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Fig.-3.11 LC-MS/MS used for isoproturon analysis 

 
Fig.-3.12 Phenomenex Columbus C8 Column used for Isoproturon analysis 

 
 Fig.-3.13 MRM showing final products of Isoproturon (m/z,Da=207.14) fragmentation 

(with abundance of ions 165.1 out of three, i.e. 165.1, 134 and 119.1 m/z, Da) 
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min-1; stop time 10 min.; column temp. 40.0 °C; max. pressure, 300 Bar; and pre-column 

volume, 0.0 μl. HPLC gradient time table was as: Initial, 70:30 (Water/formic acid: CAN); 

1min, 70:30; 3 min., 10:90; 6 min., 10:90; 7 min., 70:30; and 10 min., 70:30. Waters Alliance 

2695 auto-sampler initial conditions were as fallows: draw speed, normal; sample 

temperature, 20 °C; and sample temperature limit, 5 °C. Waters 996 PDA detector Start 

wavelength, 210 nm; end wave length, 400 nm; and resolution, 1.2 nm  

 

3.16.2 Atrazine residue and sorption study 

a) Atrazine 38 SC residues extraction 

          For Atrazine analysis, LC-grade water was used which was prepared in a Milli-

Q filtration system (Millipore, Bedford, MA USA) by purifying demineralized water. 

Acetonitrile and Methanol (CH4O) from Fisher Chem Alert ® and Metazachlor from Chem 

Service. Stock solutions of selected solutes were prepared dissolving a specific quantity of 

Atrazine in 0.01 N CaCl2 in water. These standard solutions were kept at 4 Cº and used for 

spiking soil samples after preparation of dilute working standard solutions. Propachlor-

surrageate (1% in methanol: water:: 4:1) was used to find the extraction efficiency. 

Metazachlor (1.048 ppm in methanol) was used as internal standard. 

For, Atrazine residues extraction, 10 g soil samples were weighed into 50-mL glass 

centrifuge tubes, 20 mL methanol water (4:1 v/v) was added, tubes were capped with Teflon-

lined caps and samples were vortex for two min. Samples were then allowed to stand 

overnight, at room temperature for complete extraction. After 16 hr, the tubes were put into a 

rack on a laboratory robotic system (Zymark Zymate II Core System), and then used for 

further process.  

b) Laboratory robotic system (Zymark Zymate II Core System) procedure for Atrazine 

Robotic application procedure included the following steps: a) Vortex sample for 30s; 

b) centrifuged samples for 5 min at 2775 rpm; c) Transferred supernatant (14 mL) to a clean 

50-mL centrifuge tube; d) Added 14 mL extraction solvent, i.e. methanol water (4:1 v/v) to 

soil; Vortex sample for 30 s; e) Centrifuged samples for 5 min at 2775 rpm; f) Transferred 

supernatant to tube with previous supernatant; evaporated methanol from supernatant at 50 

C° for 66 min under gentle air stream; pour remaining about 5 mL water through C18 solid  
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Fig.- 3.14 Laboratory Robotic system (Zymark Zymate II Core System) along with C18 
SPE cartridge 

 

Fig.- 3.15 Chromategrams showing elute time of Atrazine, Metazachlor-internal 
standard and Propachlor-surrageate 
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phase (200 mg packing) extraction cartridge preconditioned by rebort; rinsed centrifuge tube 

with water and rinsate passed through cartridge; eluted Atrazine with 1 mL Methanol 

containing Metazachlor (1.22 ppm in methanol) as the internal standard; collected the 

solution in 16 x 100 mm glass test tube; pipette solution in GC vial; crimp cap GC vial; and 

place the vial into a new rack. When concentrations of 3-fold were necessary, the 1.0 mL 

methanol concentrate was reduced further 0.3 mL under a stream of nitrogen on a Tecam 

Dri-Block, after adding toluene and in this case standards were also prepared in toluene. 

Maximum concentration factors employed in this study were 3-fold.  

c) Sorption study using Batch equilibrium method 

Pesticide solutions of various concentrations (0.2, 0.5 and 1.0 ppm) were used to 

quantify the adsorption capacity of the soil. Standard Batch equilibration method was used to 

find out sorption isotherms (OECD, 2000). In this study, 10 mL aqueous solution of Atrazine 

in 0.01 N CaCl2 was added to 10 g of air-dried soil with three replicates, in 50 mL glass 

centrifuge tubes. Tubes were vortex for two minutes, shaken on a horizontal shaker in the 

dark for 24 hr to reach equilibrium, and then centrifuged at 3000 rpm for 20 min using a 

Beckman, AvantiTM J-25 centrifuge machine. Supernatants were taken (3 mL), passed a 3 

mL aliquot of the supernatant solution through a Varian C18 solid phase extraction (SPE) 

cartridge. To recover atrazine residues/concentration, the cartridge was eluted with 1.0 mL of 

methanol. When concentrations of three fold were necessary, the 1.0 mL methanol 

concentrate was reduced further 0.3 mL under a stream of nitrogen on a Tecam Dri-Block, 

after adding toluene and standards were also prepared in toluene. Maximum concentration 

factors employed in this study were 3-fold.  

d) GC analysis 

The herbicide concentrations in solution were determined by a Aqilent-6890-N Gass 

chromatograph (GC) equipped with a MSD-5973 detector and coupled with 7683 auto 

injector. For atrazine, the analytical column used was capillary Aligent 19091S-413 (0.32 

mm * 30 m * 0.25 um) with a constant pressure of 30 psi. For Atrazine, the mobile phase was 

methanol.GC analyses were run isocratically, with a sample injection syringe of 10 μL and 

injection volume of 2 μL. Initial flow rate was 11.3 mL min-1 with average velocity of 122 

cm sec-1. Under prevailing conditions, the retention time for Atrazine was 11.84 min with a 
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total sample run time of 27 min. Initial temperature was 250°C and increased with 20° min-1 

for 5 minute and then 50° C min-1 for 7 minute, and finally atained 325° C. 

3.16.3 Measurement of Kd and Koc 

The sorption onto soil was assumed to be the differences between the initial and 

equilibrium concentrations. To obtain sorption isotherms, the amount of pesticide sorbed per 

unit weight of soil at equilibrium (Cs, mg kg-1) was plotted against the amount of pesticide 

per volume of solution at equilibrium (Ce mgL-1). Sorption coefficient, Kd (L kg-1), was 

measured for each combination of soil organic level and spiking concentration, by means of 

the following equation: 

Kd=Cs/Ce                         [37] 

where Kd is the sorption coefficient/soil-water partition coefficient (L kg-1), Cs is the 

concentration of pesticide sorbed to soil (mg kg-1) and Ce is the concentration of pesticide 

remaining in solution (mg L-1) after 24 hr at equilibrium. 

The organic carbon partition coefficients (Koc) for Isoproturon and Atrazine were determined 

by normalizing the corresponding Kd values to the SOC contents of the soil: 

Koc= Kd /foc                                                                                                                                                                            [38] 

Where foc is the fraction of organic carbon in the soil 

3.17 Models used for herbicide dissipation  

Assuming that herbicide dissipation in surface soil follows first-order kinetics, the 

pesticide residues, at any time (Mt), was calculated by the following Equation: 

t
t MM  0                                  [39] 
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where M0 denotes the residue at time zero (y-intercept values), μ is the dissipation rate 

constant (slope of the disappearance lines), and t is the post application time in days. The 

time at which the pesticide remains half of the initial level is termed the half-life (t1/2) 

(Zimdahl et al., 1994). 

3.18 Risk assessment by GUS  

The ground water ubiquity score (GUS) was used to access the atrazine and isoproturon 

leaching potential (Gustafson, 1989): 

)log4(log 2/1
ocKtGUS           [41] 
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Here pesticides having GUS< 1.8 were ranked as non leachers       

3.19 Statistical Analysis 

The data collected was statistically analyzed using ANOVA (analysis of variance) 

techniques according to CRD for lysimeters and RCBD with split plot arrangement for both 

field trials. The means were compared by LSD (least significant difference) test at p≤ 0.05. 

(Steel et al., 1997). The software packages STATISTIX 8.1 (StatSoft, Inc., 2001), 

STATISTICA (Version 8, www.statsoft.com, OK 74104, US), was used for statistical 

analysis. Data were analyzed for year effect using two tailed Student distribution (T-Test). 

3.20 Economic and marginal analysis 

The data collected from both field trials (Field Trial-1 and Field Trial-2) on wheat and 

maize crop were subjected to an economic and marginal analysis. The total input costs 

(variable and fixed costs) for all the treatments were calculated in US dollars after 

determining their prices. To reflect the difference from the same set of treatments between 

the experimental yield and the expected yield at farmers field, 10 % downward yield 

adjustment was made. Net benefit for each treatment was noted by subtracting the total 

variable cost from the total benefits (Byerlee, 1988). To carry out Dominance analysis, 

treatments were given in the order of increasing variable costs. A treatment was assumed to 

be dominant (D) if it had net profit that were less than/equal to that of a experimental 

treatment with lower variable price (Byerlee, 1988). Marginal analysis was carried out to find 

out marginal rate of return (MRR). TO calculate MRR, change in net profits was divided by 

the change in cost and expressed as a percentage (Byerlee, 1988). For farmer 

recommendations, the dominat treatments (D) were dropped due to higher cost involved. 
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Fig.-3.14 a) Climatic data and b) precipitation, during two years of lysimeter and field 

trials (30 Nov., 2007- 15 Dec., 2009) 
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Table-3.2 Soil sampling and leachates collection schedule for NO3-N/Br- 

 

Sampling No. 

with crop 

Soil Sampling Leachate collection

DAS No. of Irrigation upto sampling Irrigation No. at when leachate collected 

Lysi.+Field Trial-1 Field Trial-2 Lysi.+Field Trial-1 Field Trial-2 

I1 I2 I1 I2 I3 I1 I2 I1 I2 I3 

1 (Wheat) 60  2 2 2 2 2 1 1 1 1 1 

2        - 90  3 4 3 4 4 2 2 2 2 2 

3        - harvest 4 6 4 5 6 3 4 3 4 4 

4        - - - - - - - 4 6 4 5 6 

Fallow End period (last week of fallow period) 

1 (Maize) 30  2 2 2 2 2 1 1 1 1 1 

2        - 60  4 5 3 4 5 2 2 2 2 2 

3        - harvest 6 8 5 7 9 4 5 3 5 5 

4        - - - - - - - 6 8 5 7 9 
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Table 3.3 Physical and chemical characteristics of the soil in the lysimeters 

Characteristics Unit Value 

   
Sand  % 37 

                        Silt                                           " 38.5 
                        Clay                 " 24.5 

Textural Class ( upper 15cm)                                      Loam 

Bulk density 
0-5 cm 

Mg m-3 
1.40 

5-10 cm 1.42 
10-20 cm 1.44 

Infiltration rate mm hr-1 55.5 
Field saturated hydraulic conductivity  

( upper 15cm) " 64.4 

Penetration resistance at 15 % water content   
( upper 15cm) kPa 780 

ECe dS m-1 1.56 
pH  7.8 

Soil organic carbon 
0-5 cm 

g kg-1 
4.9 

5-10 cm 4.2 
10-20 cm 3.5 

Total nitrogen 
0-15 cm 

g kg-1 
0.44 

15-30 cm 0.33 

Available phosphorus 
0-15 cm 

mg kg-1 
7.4  

15-30 cm 6.2 

Available potassium 
0-15 cm 

" 
121.8 

15-30 cm 102.5 

NO3
- 

0-10 cm " 5.42 
10-20 cm " 6.14 
20-40 cm " 6.73 
40-60 cm " 5.94 
60-80 cm " 5.47 

80-115 cm " 5.36 
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Table 3.4 Physical and chemical characteristics of the soil of the experimental site (Field 

Study-1) 

 

Characteristics Unit Value 

   
Sand % 38 
Silt " 37 
Clay " 25 

Textural Class ( upper 15cm)                                      Loam 

Bulk density 
0-5 cm 

Mg m-3 
1.43 

5-10 cm 1.45 
10-20 cm 1.49 

Infiltration rate mm hr-1 46.5 
Field saturated hydraulic conductivity  

( upper 15cm)
" 54.4 

Penetration resistance at 15 % water content     
( upper 15cm)

kPa 1025 

ECe dS m-1 1.67 
pH  8.0 

Soil organic carbon 
0-5 cm 

g kg-1 
5.2 

5-10 cm 4.4 
10-20 cm 3.6 

Total nitrogen 
0-15 cm 

g kg-1 
0.47 

15-30 cm 0.35 

Available phosphorus 
0-15 cm 

mg kg-1 
8.4  

15-30 cm 7.2 

Available potassium 
0-15 cm 

" 
115.4 

15-30 cm 97.2 

NO3
- 

0-10 cm " 6.62 
10-20 cm " 7.43 
20-40 cm " 6.82 
40-60 cm " 6.12 
60-80 cm " 5.64 

80-115 cm " 5.03 
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Table 3.5 Physical and chemical characteristics of the soil of the experimental site (Field 

Study-2) 

Characteristics Unit Value 

   
Sand % 39.0 
Silt " 36.0 
Clay " 25.0 

Textural Class ( upper 15cm) Loam 

Bulk density 
0-5 cm 

Mg m-3 
1.46 

5-10 cm 1.48 
10-20 cm 1.50 

Infiltration rate mm hr-1 40.3 
Field saturated hydraulic conductivity      

( upper 15cm) " 44.8 

Penetration resistance at 15 % water content 
(upper 15cm) kPa 1060 

ECe dS m-1 1.35 
pH  8.1 

Soil organic carbon 
0-5 cm 

g kg-1 
4.3 

5-10 cm 4.0 
10-20 cm 3.5 

Total nitrogen 
0-15 cm 

g kg-1 
0.45 

15-30 cm 0.33 

Available phosphorus 
0-15 cm 

mg kg-1 
8.1  

15-30 cm 6.3 

Available potassium 
0-15 cm 

" 
113.5 

15-30 cm 96.5 

NO3
- 

0-10 cm " 3.23 
10-20 cm " 3.30 
20-40 cm " 3.70 
40-60 cm " 6.34 
60-80 cm " 5.76 

80-115 cm " 3.52 
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     RESULT & DISCUSSIONS 
 

Study-1: Effect of manure and irrigation levels on NO3
- movement, soil 

properties and yield of wheat and maize under lysimeter and field conditions  

 

        4.1 Part-1: Lysimeter Trial 

  4.1.1 Water retention capacity and hydraulic properties of the experimental soil 

Soil water retention curve (WRC) and hydraulic conductivity are necessary to quantify plant 

available water and for modeling of water flow and solute movement in soils. Fig.-4.1.1 

shows the regression equations indicating the relations of ln θ/θs verses ln (P), while Table-

4.1.1 depicts the average values regarding water retention and hydraulic properties for the 

different four layers of lysimeters. It is clear from Fig.4.1.6 that there was a linear correlation 

between ln θ/θs (-) and lnP (kPa), with an air entry value/bubbling pressure (intercept) value 

ranging from 1.08 to 1.52 and a negative slope ranging from -4.22 to -3.88, when observed 

for different soil depths.  

Data show (Table-4.1.1) that soil was loam for all depths with almost similar clay 

contents, however an increase in sand fraction was observed with increasing depth, resulting 

in a decreased silt contents with depths. An increase (0.67 %) of soil bulk density (B.D.) was 

observed for D2 (35-70 cm), D3 (70-115 cm) and D4 (115-160 cm) soil depth as compared 

with D1 (0-35 cm) soil depth. However, high organic matter (o.m.) in D1 due to manure 

application reduced the B.D. of soil layer by 1.37 % compared to the soil layer of the control 

treatment (D1M0) in D1 (D1M50), however effect was statistically non significant. Hydraulic 

conductivity (Ks) values decreased with the depths which could be the result of net increase 

of sand content of the lower soil layers. The lower two soil layers had 4.5 % sand increase 

compared to D1. Similarly, earlier on, at the same place, Khan et al. (2007) observed a 

significant increase in Ks (44 %) and porosity of soil at 0-15 cm soil depth. With the 

application of manure, available water capacity of the soil increased from 0.147 cm3 cm-3 to 

0.152 cm3 cm-3 for D1 soil depth. Similarly, Fares et al. (2008) observed asignificant increase 

in water holding capacity with the application of manure. Values of θFC ranged from 0.259 to 

265, with minimum in case of D1, while θwp ranged from 0.108 to 0.119 with minimum for 

    

 Chapter 
4          
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D1 M50. Our findings are in line with Rawls et al. (1982) who stated almost similar values of 

θFC (0.27 cm3 cm-3) and θwp (0.12 cm3 cm-3) for loam soil.  

 

4.1.2 Modeling WRC according to van Genuchten (VG) model 

Table-4.1.2 depicts the parameters obtained from the fitting of the observed data to 

the water retention curves based on VG model, while resulting water retention curves are 

shown in Fig. 4.1.2 (column-1). Values of r2 for Pearson’s correlation and sum of square 

residuals (SSQ) show that observed data fitted well VG model. RETC-fit software simulated 

values of VG model parameter “n” varied between 1.11 for D3 and 1.44 for D1M50 while 

values of “α” ranged from 0.0123 (D1) to 0.0176 (D1M50) which is typical for loam soil. For 

the lower soil depths (D2, D3 and D4), lower “n” values and higher “α” values that might be 

due to increase in sand proportion (Schaap et al., 2001). Data of soil water retention capacity 

showed a similar trend with depths as observed by the laboratory study (Table-4.1.2). Data 

(Table-4.1.8) indicate the residual water contents (θr) of soil varied between 0.051 (D3) and 

0.056 (D1). Curve fitting (Fig. 4.1.2) also showed that we can extrapolate the water contents 

below 5000 cm suction head where reliability of the pressure plates is questionable 

(Campbell, 1988). Similarly, Bittelli and Flury (2009) also questioned the water retention 

curves when determined with pressure plates. 

 

4.1.3 Modeling WRC according to Durner model 

 Table-4.1.9 shows the parameters obtained from the fitting of the observed data to 

the water retention curves fitting model of Durner. Resulting water retention curves are 

shown in Fig. 4.1.7 (column-2). It is obvious from r2 value and and SSQ that Durner model 

fitted well the observed data. Highest r2 value (0.99) was for data of D1 and D1M50. Data of 

the Durner model had higher r2 values than the V.G. model, indicating that observed data of 

soil water retention fitted better in the dual porosity model under field conditions. These 

findings concur with those of other scientists who preferr DM model under field conditions 

due to non-uniform water flow (Kohne et al., 2006; Gerke and van Genuchten, 1993a; Jarvis, 

1994). 
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Fig. 4.1.1 Relationship of ln (θ/θs) vs ln (P) for the measured data of four main layers of 

the experimental site  

 

   
 

 
 
 
 
 
 
 
 
 
 
 
 
Note: Data are average of three repeats
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Table-4.1.1 Measured soil physical and hydraulic parameters in the four main layers of the experimental site  
 

 +Manure (50 Mg ha-1) amended plots, * Texture was loam according to USDA classification 
¶Mean± standard error (data are average of three repeats) 
                                                                                                                                                                                           
 

Depth 
(cm) 

Particle fraction (%) B.D. 
 

θs 

 
θFC θPWP θAWC Ks 

 
SOC 
 

Sand silt clay* (Mg m-3) ------------cm3 cm-3------------ (cm day-1) % 

0-35+ 37.0±0.15¶ 38.0±0.18 25.0±0.15 1.45±0.02 0.45±0.02 0.260±0.01 0.108±0.01 0.152±0.01 45.4±1.1 0.75±0.12 

0-35  37.0±0.12 38.0±0.14 25.0±0.21 1.46±0.03 0.45±0.05 0.259±0.01 0.112±0.01 0.147±0.01 42.3±0.8 0.37±0.04 

35-70  39.0±0.24 36.0±0.15 25.0±0.29 1.47±0.02 0.44±0.02 0.265±0.02 0.117±0.01 0.148±0.01 30.5±0.5 0.27±0.05 

70-115  41.5±0.19 32.0±0.20 25.5±0.20 1.47±0.01 0.44±0.02 0.265±0.02 0.120±0.01 0.145±0.01 30.5±0.4 0.21±0.02 

115-160 41.5±0.10 32.0±0.10 25.5±0.19 1.47±0.01 0.44±0.01 0.265±0.01 0.119±0.01 0.146±0.01 30.5±0.6 0.19±0.01 
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Table 4.1.2 Parameters of WRC measured using RETC-fit software according to single 

porosity-fit of retention (van Genuchten -Mualem model) 

  

 

 

 

 

 

 

 

+Manure (50 Mg ha-1) amended plots (data are average of three repeats) 

 
Table-4.1.3 Parameters of WRC measured using RETC-fit software applying dual   

porosity - fit of retention (Durner model) 
 

 

 

+Manure (50 Mg ha-1) amended plots (data are average of three repeats) 
 
 
 
 
 

Depth 
(cm) 

α   
 

n m θFC 

 
θPWP 

 
θr 

 
θAWC 

 
r2 *SSQ 

(10-4) 
(cm-1) ------------cm3 cm-3------------ 

0-35+ 0.0123 1.44 0.258 0.261 0.117 0.055 0.144 0.98 2.3 

0-35  0.0123  1.21 0.337 0.257 0.115 0.056 0.142 0.95 4.1 

35-70  0.0161 1.15 0.309 0.258 0.116 0.52 0.142 0.97 1.1 

70-115  0.0157 1.11 0.338 0.255 0.116 0.051 0.139 0.96 6.0 

115-160 0.0176 1.19 0.334 0.256 0.115 0.053 0.141 0.95 2.1 

Depth 
(cm) 

*θr 
(-) 

*αm 

(cm-1) 

*nm *αim 

(cm-1) 
ωim 

 

*nim θFC 

(-) 
θPWP 

(-) 
θAWC 

(-) 

*SSQ 
(10-4) 

*r2 

0-35+ 0.045 0.016 1.47 0.0171 0.38 1.21 0.255 0.115 0.140 2.3 0.99 

0-35  0.052 0.015 1.36 0.0155 0.50 1.36 0.253 0.113 0.140 4.1 0.99 

35-70 0.42 0.123 1.45 .0156 0.39 1.34 0.257 0.119 0.138 5.6 0.97 

70-115 0.046 0.017 1.38 0.0134 0.44 1.22 0.255 0.118 0.137 6.2 0.98 

115-160 0.048 0.028 1.25 0.0131 0.41 1.19 0.256 0.118 0.138 1.4 0.98 
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Fig.-4.1.2 WRC of soil according to single porosity model (SPM) and dual porosity 

model (DPM) using RETC-fit 

(Fig.-1 to -4 downward representing D1M50, D1, D2 and D3 and D4, respectively; column-1, 

SPM; column-2, DPM); Data are average of three repeats                                                              
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4.1.4 Effect of manure and irrigation levels on yield and yield contributing 

parameters of wheat and maize 

 

4.1.4.1 Effect of manure and irrigation levels on grain yield of wheat and maize  

                           The effect of manure on grain yield of wheat was significant in both 

years, while the effect of irrigation on gain yield was significant only during year-2 (Table- 

4.1.4). Interactive effect of manure and irrigation on wheat grain yield was significant in both 

years. 

M50I2 treatment had the maximum grain yield of wheat (5.05 and 4.95 Mg ha-1) in 

both years. This yield is 61.3 and 52.3 % higher than those of “M0I1” during yr-1 (2007-08) 

and yr-2 (2008-09), respectively. Treatment “M0I1” had the least wheat grain yield. The order 

of grain yield was “M50I2”> “M50I1”>> “M0I2”> “M0I1”, during both years. The effect of 

residual manure was also significant on grain yield of maize, in both years, while additional 

irrigation was statistically non effective in increasing the grain yield. Interactive effect of 

residual manure and irrigation on maize grain yield was also significant both the years. 

Treatment “M50I2” showed maximum maize grain yield, i.e. 7.10 and 6.95 Mg ha-1 during yr-

1 (2008) and yr-2 (2009), respectively. It was followed in the descending order by “M50I1” 

and “M0I2” which showed 14.4 and 5.7% increase during yr-1 and 16.7 and 8.7% increase 

during yr-2, over “M0I1”, respectively. 

 Our results concur with the findings of Tarinder et al. (2008) who added manure 10 

Mg ha-1 along with recommended NPK for the period of 34 years and found an increasing 

yield trend in wheat and maize, and SOC (0.20 to 0.52%) compared to recommended NPK. 

Similarly, Sheng-Mao (2006) found that the application of manure 30 Mg ha-1 with 

recommended NPK accounted for 20.5 % increase in yield of wheat for 19-year. Similar to 

our experiment, Sun et al. (2006) studied the relationship among the irrigation and yield and 

concluded that increased irrigation increased the ET and soil evaporation and consequently 

the yield of wheat crop, however excessive irrigation was not cost effective and decreased 

the grain yield, WUE and WUEi. 
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4.1.4.2 Effect of manure and irrigation levels on WUE and WUEi of wheat and maize  

Manure application significantly increased the (water use efficiency) WUE of wheat 

crop, i.e. 26.9 and 24.5% increase was observed during yr-1 and yr-2, respectively (Table-

4.1.4). The manure also increased the irrigation water use efficiency (WUEi) by 41.8 and 

36.0% during yr-1 and yr-2 respectively. Effect of residual manure on WUE of maize was 

significant only during yr-2, however it significantly improved the WUEi
 of maize in both 

years. Varying the irrigation levels did not affect the WUE of wheat and maize however, it 

statistically lowered the WUEi by both crop. Additional irrigation (I2) decreased the WUEi of 

wheat by 17.1 and 18.5% and maize by 19.8 and 7.4%, during yr-1 and yr-2, respectively. 

Regarding the Interactive effect of manure and irrigation on WUE, “M50I1” proved 

the best treatment combination, which increased the WUE of wheat by 30.8 and 28.8% over 

“M0I1” during yr-1 and yr-2, respectively, while interactive effect of residual manure and 

irrigation on WUE was non significant during yr-1 and significant during yr-2 where “M50I1” 

showed maximum WUE (1.59 kg ha-1 mm-1). Interactive effect of manure and irrigation on 

WUEi indicates that “M50I1” was the best treatment which showed the maximum WUEi, i.e 

1.15, 1.14, 1.40 and 1.37 kg ha-1 mm-1 for wheat yr-1, wheat yr-2, maize yr-1 and maize yr-2, 

respectively. Increased WUE may be due to increased specific surface area resulting in 

increased water holding capacity at higher tensions by the addition of organic matter (Gupta 

et al., 1977). Like wise, Weil and Kroontje (1979) found that manured plots were moister in 

the rooting zone, after 5 years of heavy applications of manure to the soil. We conducted trial 

under conventional flood irrigation method, and according to many other studies low WUEi 

may be due to the fact that improved and scientific based irrigation scheduling may cause an 

increased WUE, i.e. Hu et al. (2008) observed that the water use efficiency under the modern 

treatment improved to 2.2 kg m-3 compared with 2.0 kg m-3, observed under the conventional 

treatment. Like wise, Sani et al. (2008) observed highest WUE of maize with full 

consumptive use (100% CU) irrigation followed by 75% CU and 50 % CU. Similarly, Olsen 

et al. (2000) also investigated that the effect of irrigation on wheat yield was almost solely 

due to increased root water uptake as WUE remained unchanged. 
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Table 4.1.3 Effect of manure and irrigation levels on grain yield, WUE and WUEi of wheat and maize  

Treatments Grain yield (kg ha-1) WUE (kg ha-1 mm-1) WUEi (kg ha-1 mm-1) 

Wheat-1 Wheat-2 Maize-1 Maize-2 Wheat-1 Wheat-2 Maize-1 Maize-2 Wheat-1 Wheat-2 Maize-1 Maize-2 

Manure (M)          
              M0* 3.45 3.52 6.16 5.99 0.80 0.82 1.55 1.43 0.73 0.75 1.11 1.07 

              M50 4.82 4.76 6.98 6.83 1.02 1.01 1.56 1.56 1.04 1.02 1.26 1.23 

Irrigation (I)         

                 I1** 3.86 3.91 6.42 6.22 0.90 0.92 1.59 1.50 0.97 0.98 1.31 1.27 

                 I2 4.41 4.37 6.72 6.59 0.92 0.92 1.50 1.49 0.80 0.80 1.05 1.03 

Interaction (MxI)  

         M0I1  3.13 c° 3.25 b 5.99 b 5.74 c 0.78 b 0.80 b 1.58  1.42 b 0.78 bc 0.81 b 1.22 bc 1.17 b 

         M0I2       3.76 bc 3.78 b  6.33 ab 6.24 bc 0.82 ab 0.83 b 1.47  1.44 ab 0.68 c 0.69 c 0.99 c 0.97 c 

          M50I1      4.59 ab 4.57 a 6.85 ab 6.70 ab 1.02 a 1.03 a 1.59  1.58 ab 1.15 a 1.14 a 1.40 a 1.37 a 

          M50I2      5.05 a 4.95 a 7.10 a  6.95 a 1.01 a 1.00 a 1.53  1.53 a 0.92 b 0.90 b 1.11 ab 1.08 bc 

LSD (p≤ 0.05) M 0.67 0.45 0.62 0.45 0.15 0.10 NS 0.10 0.16 0.10 0.12 0.10 
                        I NS 0.45 NS NS NS NS NS NS 0.16 0.10 0.12 0.10 
                        M x I 0.94 0.64 0.88 0.64 0.22 0.14 NS 0.15 0.23 0.14 0.17 0.13 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm commulative irrigation depth for wheat, and 45 and 60 cm for maize  
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to  the Least Significance Difference Test 
Year effect: Statistically (T-test;p≤ 0.05) similar grain yield, WUE and WUEi of wheat and maize was observed during both years 
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4.1.4.3 Effect of manure and irrigation levels on plant height during growing period of 

wheat and maize  

Effect of different treatment combinations on plant height of wheat and maize crop at 

different time intervals during the crop growth is obvious from Fig-4.1.3. During wheat crop 

growth, there was no change in irrigation scheduling up to 65 days in both years, therefore 

treatment combination receiving the same amount of water had a similar plant height up to 

the third measurement, while manure receiving treatment combinations significantly 

increased the plant height of wheat crop. Observations made on 70, 80 and 120 days after 

sowing (DAS) of yr-1 wheat crop indicate that “M50I2” showed maximum plant height, i.e. 

73.5, 94.8 and 95.7 cm, respectively. This treatment combination showed 16.1, 20.1 and 20.2 

% increase in plant height over “M0I1” (treatment with least plant height), when observed 

after 70, 80 and 120 days after sowing. Similarly, during yr-2 wheat crop, treatment 

combination “M50I2” depicted 20.0, 18.9 and 17.7% increase over “M0I1” when observed 70, 

80 and 120 DAS, respectively. During yr-2 wheat crop, treatment combination “M0I1” also 

showed minimum plant height at 70, 80 and 120 DAS. It is also obvious from data that plant 

height of wheat increased rapidly from 42 to 80 DAS, compared to the rest of the growing 

periods, in both years. During maize growth period there was no change in irrigation 

scheduling up to 42 days, thus there was no irrigation effect on plant height, however 

treatment combinations receiving residual manure caused more plant height up to that period. 

Observations made from 60 to 100 DAS indicate that treatment combination “M50I2” caused 

maximum plant height, i.e. 200.2, 209.8 and 210.2 cm during yr-1, and 199.2, 210.2 and 

211.4 cm during yr-2, when observed 60, 70 and 100 DAS, respectively. It was followed in 

descending order by “M50I1” and “M0I2” while “M0I1” showed minimum plant height, when 

observed from 60 to 100 DAS. It is also obvious from data that plant height of maize 

increased rapidly from 30 to 50 DAS, compared to the rest of growing period, for both years. 

An increased plant height of wheat and maize by proper irrigation or balanced fertilization 

such as in the form of manure has been observed by many scientists, e.g. Law-Ogbomo and 

Remison (2009) observed statistically higher plant height of maize after two, four and six 

weeks of sowing with the application of dairy manure. Increased plant height in maize with 

the application of organic source was also observed by Gill et al. (1996) and Ahmad et al. 

(2008).  
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4.1.4.4 Effect of manure and irrigation levels on leaf area index during the growing 

period of wheat and maize 

Effect of different treatment combinations on leaf area index (LAI) is presented in. 

Results (Fig. 4.1.3) indicate that LAI of wheat was statistically similar to treatment 

combination receiving the same level of dairy manure, up to 60 DAS, because irrigation 

scheduling was the same in all treatments up to 65 days, however effect of manure was 

statistically significant in both years. Effect of treatment combinations on LAI of wheat 

observed from 70 to 120 days depicts that “M50I2” produced highest values, i.e. 4.24, 4.48, 

4.47, 4.25 and 2.55 after 70, 80, 90, 100 and 120 days of sowing, respectively, while 

respective values for yr-2 wheat crop were 4.20, 4.40, 4.40, 4.23 and 2.58.  It was followed in 

descending order by “M50I1” and “M0I2” while minimum LAI was observed with “M50I1”. 

Fig.4.1.3 also indicates that LAI of wheat increased rapidly from 30 to 60 days after sowing, 

while decreased after 120 days of sowing. 

As maize crop was equally irrigated up to 42 DAS during that period only manure 

receiving treatments combination differed significantly from non manured one, however 

under the influence of residual manure and varying irrigation levels treatment combination 

“M50I2” produced highest LAI from 60 DAS to harvest time. It was followed in descending 

order by “M50I1” and “M0I2” while minimum LAI was observed in the case of “M0I1”. 

Treatment combination “M50I2” showed 20.6, 13.5, 10.3, 9.7, 8.1 and 7.9% increase in LAI 

for yr-1 maize, over “M0I1” when observed after 50, 60, 70, 80, 100 DAS and at the harvest 

of maize crop, respectively, while respective increases during maize yr-2 were 18.2, 16.5, 

17.8, 18.8, 21.1 and 16.6%. It is also obvious from Fig-.4.13 that LAI of maize crop 

increased rapidly from 30 to 50 DAS and declined 100 DAS during both years. Highest LAI 

observed with increased irrigation correlate with the findings of Sani et al. (2008) who 

observed the highest LAI of maize when the application of irrigation was done at the full 

consumptive use. Like our study, many scientists have observed an increased LAI due to 

increased fertilization in the form of manure, e.g. Law-Ogbomo and Remison (2009) 

observed a statistically higher LAI of maize after two, four and six weeks of sowing with the 

application of dairy manure. Similarly, Rehman et al. (2010) observed increased LAI of 

wheat by proper nutrition either by inorganic or organic fertilizer (manure). 
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Fig-4.1.3 Effect of manure and irrigation levels on plant height during growing period 

of wheat and maize  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Note: Year effect was statistically significant (T-test) for plant height at 40 DAS of yr-1 wheat  
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Fig-4.1.4 Effect of manure and irrigation levels on leaf area index during growing 
period of wheat and maize  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Note: Year effect was statistically significant (T-test) for LAI at 30 and 60 DAS of yr-1 wheat, and 
30, 50, 60, 70, 80 110 and 115 DAS of yr-1 maize  
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4.1.4.5 Effect of manure and irrigation levels on root length density and root weight 

density of wheat and maize  

The manure and irrigation resulted in significant increase in root weight density 

(RWD) and root length density (WLD) of wheat and maize (Fig-4.1.5) crops, in both years. 

Treatment combination “M50I2” was the best treatment, which produced 0.99, 1.04 mg cm-3 

RWD of wheat while 0.95 and 0.89 mg cm-3 RWD of maize crop, during yr-1 and yr-2, 

respectively, with their respective increase of 63.5, 66.5, 58.3 and 53.4% over “M0I1” (the 

treatment combination with least RWD). It was followed in descending order by the two 

statistically similar treatments, i.e. “M50I1” and “M0I2. 

Different treatment combinations also had a significant effect on RLD of wheat and 

maize crop. Highest mean value of RLD of wheat, i.e. 3.46 and 3.64 cm cm-3
 during y-1 and 

yr-2, respectively, wwere observed in the case of “M50I2” with their respective increase of 

74.2 and 80.2%, over “M0I1” (The treatment combination which showed the minimum RLD). 

Similarly this treatment produced the highest RLD of maize crop, i.e. 5.19 and 5.26 cm cm-3 

during yr-1 and yr-2, respectively with their respective increases of 57.8 and 57.0%, over 

“M0I1”. Previous observations also showed that RLD was positively affected by proper 

distribution of water (Barber and Kover, 1991). Similar to our findings, Mosadeghi et al. 

(2009) described a positive effect of manure application on soil physical properties and 

ultimately on root length density of maize crop. Makumba (2009) observed the root density 

of maize averaging 1.02 cm cm-3 in the top 0-40 cm soil layer. Similarly, Ibrahim et al. 

(2011) observed that RLD of wheat (6.35 mm cm−3) was increased with 30 Mgha-1 manure, 

when applied to deep tillage treatment. 

We observed a significant increase in RWD and RLD with increased irrigation level 

to wheat and maize crop. Similar to our results, previous observations indicate that proper 

distribution of water positively affected the RLD (Barber and Kover, 1991) of different 

crops. Bandyopadhyay and Mallick (2003) found a strong relationship between water use and 

RLD of maize with r2 equal to 0.78. Similar to our observation high root zone depletion of 

water due to high root density of maize was observed by Sharp and Davies (1985). Likewise, 

Sangakkara et al. (2010) observed highest average RLD (4.93 cm cm-3) and RWD (0.42 cm 

cm-3) of maize at optimum moisture of 14 days intervals, while water stress in case of 21 

days interval resulted in decreased RLD (3.93 cm cm-3).  
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Fig.-4.1.5 Effect of manure and irrigation levels on root length density and root weight 

density of wheat and maize  
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LSD (p≤0.05) Wheat-1 Wheat-2 Maize-1 Maize-2 
RWD 
       :M 0.19 0.16 0.16 0.54 
       :I 0.19 0.16 N.S. N.S. 
       :M×I* 0.22 0.27 0.33 0.34 
RLD 
       :M 0.64 0.53 1.27 0.70 
       :I 0.64 0.53 N.S. 0.70 
       :M×I 0.69 0.66 1.50 1.05 
Note: year effect was statistically non-significant for both crops 
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4.1.4.6 Length of different growth stages of wheat and maize, and corresponding Kc 

values 

Mean values of crop coefficient for initial, development, mid and late/end growth 

stages of wheat and maize along with their lengths affected by different treatment 

combinations (Table-4.1.11). Wheat crop initial growth stage remained for 25 and 27 days 

during yr-1 and yr-2 respectively, while corresponding values for Kc were 0.46 and 0.47. Mid 

stage of wheat was 69 (yr-1) and 56 (yr-2) days long with corresponding Kc values of 1.15 

and 1.14. Value of Kc for end stage of wheat ended up with 0.26 and 0.42 for their growth 

periods of 22 and 23 days during yr-1 and yr-2, respectively. Crop development stages of 

wheat were 28 and 27 days long and the value of Kc for this stage started from initial stage 

value, increased continuously and ended up at mid stage value. Laghari et al. (2008) also 

stated similar values for wheat crop coefficient, i.e. 0.50, 0.5-1.1, 1.1 and 1.1-0.35 for initial, 

development, mid and late stage, respectively. Maize Kc values for initial stage were 0.50 

and 0.51 during yr-1 and yr-2, respectively, with corresponding length of stage 16 and 15 

days respectively. Crop development stage of maize was 22 and 27 days long. Mid stages 

were 60 and 57 days long, with their Kc values of 1.7 and 1.8 during yr-1 and yr-2, 

respectively. Late stage Kc values ended with 0.33 and 0.57 with their stage length up to 11 

and 13 days, respectively. Maize Kc value for yr-2 was higher than yr-1 because maize was 

harvested at higher moisture content. Similarly, standard Kc value of 0.40 for initial, 0.80 for 

vegetative growth, 1.10 for flowering, 0.90 for yield formation and 0.55 for ripening of 

maize was used by Andrioli and Sentelhas (2009) to calculate ETc. However, Liu et al. 

(2002) observed a Kc value of 0.59 for the first 20 days, 1.24 for 30 days, 1.38 for 30 days 

and 1.17 for last 20 days for maize crop which were slightly higher than our observations. 

Table- 4.1.11 Values of Kc for different growth stages and their length (day) 

Crop Growth stage 
Initial Crop development Mid stage Late stage 

Wheat -1 0.46 (25±1.2*) 0.46→1.15 (28±1.3) 1.15 (69±2.2) 1.15→0.26(22±0.9)

Maize -1 0.50 (16±0.8) 0.50→1.17 (22±1.1) 1.17 (60±1.4) 1.17→0.33(11±0.7)

Wheat -2 0.47 (27±1.1) 0.47→1.14 (27±0.7) 1.14 (56±1.7) 1.14→0.42(23±1.1)

Maize -2 0.51 (15±0.6) 0.51→1.18 (27±0.9) 1.18 (57±2.1) 1.18→0.57(13±0.8)

*Mean ± standard error (Values in the parentheses are the lengths of growth stages in days) 
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4.1.5 Effect of manure and irrigation levels on soil physical properties at harvest 

of wheat and maize  

           4.1.5.1 Effect of manure and irrigation levels on soil bulk density at different 

depth at harvest of wheat and maize  

          Fig.- 4.1.6 depicts effect of different treatments on the bulk density (B.D.) of 

soil (0-30 cm) at the harvest of wheat and maize crop. Manure application significantly (P≤ 

0.05) lowered the B.D. of soil from 0-5 and 5-10 cm depth, at harvest of wheat yr-1, while its 

effect was non significant for lower depths, i.e. 10-20 and 20-30 cm. During yr-2, effect of 

manure on soil B.D. was significant only upto 5 cm depth. With the application of manure, at 

harvest of wheat a decrease of 5.1 and 3.4% for yr-1 while 4.0 and 2.4% for yr-2 at 0-5 and 

5-10 cm depth was observed, respectively, over non manured plots. At harvest of maize crop, 

a slightly lower soil B.D. in manured plots was observed at 0-5 and 5-10 cm depth, however 

its effect was statistically non significant. For lower depths, i.e. 10-20 and 20-30 cm, no 

change in soil B.D. was observed with the application of manure. Effect of irrigation on soil 

B.D. was statistically non significant at the harvest of wheat and maize crop, for all depths 

studied in both years. Interactive effect of manure and irrigation was statictically significant 

only for 0-5 cm depth, at the harvest of wheat crop. Lowest B.D. of soil was observed with 

treatment combination “M50I1”, however this treatment was at par with “M50I2”. It is also 

obvious from Fig.-4.16 that a significant increase in B.D. of soil was observed with the 

increase in depth. Our results are in line with Sommerfeldt and Chang (1985) who described 

that organic matter in manure may decrease the surface (0-15 cm) soil bulk density. 

Similarly, Mosaddeghi et al. (2009) found a significant reduction in BD with manure 

application, i.e., 1.30, 1.36 and 1.41 Mg m−3 for M60, M30 and M0, respectively, 

confirming, the reduction tending to increase with increasing application. Many other studies 

have shown the positive role of manure in reducing the B.D. of soil (Ishaq et al., 2001; Ishaq 

et al., 2002).  

4.1.5.2 Effect of manure and irrigation levels on infiltration rate at harvest of wheat 

maize  

Infiltration rate observed up to thirty minute as affected by different treatment 

combination at the harvest of wheat and maize crop (Fig. 4.1.7) indicate that effect of manure 
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on infiltration rate was statistically significant at harvest of wheat crop up to 10 minute in 

both years, however residual manure showed no impact on infiltration rate at the harvest of 

maize crop. Effect of irrigation levels on infiltration rate was non significant at the harvest of 

wheat and maize crop. It is clear from Fig.-4.1.7 that there was a rapid decrease in infiltration 

rate up to 5 minutes, after that infiltrate rate became almost steady. The average values of 

infiltration rate (Fig.-4.1.7e) show that manure had an overall significant effect with an 

increase of 18.1 and 23.9 % at the harvest of wheat yr-1 and wheat yr-2 crop, over non 

manured plots. Irrigation had no individual effect as well as interaction with manure. 

Interactive effects of manure and irrigation indicate that treatment combination “M50I1” 

showed a maximum value of infiltration rate, i.e. 59.3, 46.1, 56.2 and 43.6 mm hr-1 for wheat 

yr-1, maize yr-1, wheat yr-2 and maize yr-2 crop, respectively. It was followed in descending 

order by “M50I2” and “M0I2” while minimum infiltration rate was observed with “M0I2”. Our 

results are in line with the observations of Weil and Kroontje (1979) who revealed that heavy 

applications of manure caused increased infiltration rates that might be a consequence of 

increased earthworm activity and the large number of surface-connected burrows that had 

been formed during spring and summer seasons.  

4.1.5.3 Effect of manure and irrigation levels on soil saturated hydraulic conductivity at 

harvest of wheat and maize  

Manure and irrigation had variable effects (Fig.-4.1.8) on soil saturated hydraulic 

conductivity (Ks). Heavy irrigation (I2) decreased the Ks value by 19.3, 15.8, 7.4 and 6.0% 

compared to reduced irrigation (I1), at the harvest of maize yr-1, maize yr-2, wheat yr-1 and 

wheat yr-2, respectively, however in contrast, manuring increased the corresponding value of 

Ks by 12.7, 15.8, 4.2 and 7.2%. Statistically, treatment effect was non significant as do their 

interaction, due to high standard error involved (see standard error bar in Fig.- 4.1.8). Higher 

hydraulic conductivity was observed at the harvest of wheat crop compared to that of maize 

harvest that might be the consequence of less moisture content at wheat harvest (11.2 and 

12.6 % compared to 24.2 and 25.1%, during yr-1 and yr-2, respectively, in upper 30 cm 

layer). Increased Ks, by the application of manure has been observed in many field studies 

(Ekwue, 1992; Khan et al., 2007) that might be associated with deceased bulk density and 

probably related to the effects of increased organic matter of the soil which has ability to 

enhance soil macro-aggregation (Shirani et al., 2002; Min et al., 2003). 



 76

Fig.- 4.1.6 Effect of manure and irrigation on soil bulk density at different depth at 
harvest of wheat and maize  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Note: Year effect was statistically non significant at harvest of wheat and maize at all depths; Manure effect was significant 
at 0-5 cm (LSD=0.06) and 5-10 cm (LSD=0.03) during yr-1 wheat; at 0-5 cm (LSD= 0.04) during yr-1 wheat; Interactive 
effect of manure and irrigation was significant upto 0-5 cm at harvest of yr-1 wheat (LSD main plot=0.06, LSD sub-
plot=0.04 ) yr-2 wheat (LSD main plot=0.04, LSD sub-plot=0.03). 
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Fig.-4.1.7 Effect of manure and irrigation levels on infiltration rate at harvest of a) 

wheat-1, b) maize-1, c) wheat-2, d) maize-2, and e) average infiltration rate for all crops 

 

 

 

 

 

 
 
 
Note: Year effect on average infiltration rate was statistically significant (T-test) for wheat-1. Manure effect was significant 
at 5 minute (LSD=20.5 for wheat-1 and 17.2 for wheat-2) and 10 minute (LSD=15.4 for wheat-1 and 12.5 for wheat-2); 
Manure effect on average infiltration rate was significant at wheat-1 (LSD=7.6) and wheat-2 (LSD= 9.5) harvest. 
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4.1.8 Effect of manure and irrigation levels on soil saturated hydraulic conductivity at 

harvest of wheat and maize  

 

 

 

 

 

 

 

 

 

 

        Note = Year effect was significant (T-test) for wheat-1 and maize-1 
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4.1.6 Effect of manure and irrigation levels on soil organic carbon at harvest of wheat 

and maize  

Fig. 4.1.9 show that manure and irrigation levels had a variable, individual as well as 

combined effect on soil organic carbon (SOC) at different depth studied. Data revealed that 

effect of manure on SOC was most pronounced in the upper 10 cm soil layer, especially at 

the harvest of wheat crop. Manure showed an increase in SOC of 0-5, 5-10 and 10-20 cm 

depth by 44.2 and 37.1 and 30.1 % at yr-1 wheat harvest, and 60.9, 45.0 and 13.1% at yr-2 

wheat, respectively, however the effect was statistically significant up to 20 and 10 cm 

during yr-1 and yr-2, respectively. At harvest of maize-1 crop residual manure showed 13.8 

and 12.4 % in SOC at 0-5 and 5-10 cm depth, respectively, while at the harvest of yr-2 maize 

corresponding increase was 10.8 and 24.3%, however effect was statistically significant for 

5-10 cm soil depth at yr-2 maize harvest. At 20-30 cm soil depth, there was no change in 

SOC measured at wheat and maize harvest. Irrigation did not have any pronounced effect on 

SOC of all soil depths. Interactive effect on SOC was significant at wheat harvest, for 0-5 

and 5-10 cm depth only.  

Treatment combination “M50I2” showed highest level of SOC, i.e. 0.57 and 0.54% 

(yr-1); 6.1 and 6.2% (yr-2), at 0-5 and 5-10 cm soil depth, respectively. Next to it, “M50I1” 

was statistically at par with the best treatment, during both years. Similar to our results, 

Manojlovic et al. (2008) illustrated that manure effects on soil C and N have been confined 

to essentially the top 15 cm of soil. Similarly, Lou et al. (2011) observed a positive 

correlation between increasing levels of manure and total organic carbon, particulate organic 

carbon, carbon storage and carbon sequestration, in a 20 year field experiment. Strong 

residual effect of manure at harvest of the 2nd crop (maize) is well supported by the findings 

of Eghball (2002) whose results showed that manure has a long residual effect, i.e. 25 % of 

applied manure carbon (C) remained in soil after 4 years. Therefore, we can avoid yield 

decline trend observed with even full recommended dose of NPK fertilizers, in many fertility 

experiments in low organic carbon containing soils (Nambiar and Abrol (1989), 

consequently, combinations of farmyard manure and NPK have produced the highest crop 

yields in many parts of the world (Lin et al., 1996; Matson et al., 1998). 
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Fig.-4.1.9 Effect of manure and irrigation levels on soil organic carbon at harvest of 
wheat and maize  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Year effect was statistically non significant (T- test) at harvest of wheat and maize at all depths; Manure effect was 
significant at 0-5 cm (LSD=0.14), 5-10 cm (LSD=0.08) and  10-20 cm (LSD=0.05) during yr-1 wheat; at 0-5 cm (LSD= 
0.014) and 5-10 cm (LSD= 0.10) for yr-2 wheat; at 0-5 cm (LSD=  0.05) for yr-1 maize; and at 5-10 cm (LSD=0.05) for yr-
2 maize. Interactive effect of manure and irrigation was significant at 0-5 cm (LSD=0.17 main-plot, 0.7 subplot), 5-10 cm 
(LSD=0.13 main-plot, 0.5 subplot) and 10-20 cm (LSD=0.08 main-plot, 0.4 subplot) for yr-1 wheat; at 0-5 cm (LSD main 
plot=0.19, LSD sub-plot=0.12), 5-10 cm (LSD main plot=0.12, LSD sub-plot=0.06) for yr-2 wheat; at 0-5 cm (LSD main 
plot=0.10, LSD sub-plot=0.03 ) at maize-1 and; at 5-10 cm (LSD main plot=0.13, LSD sub-plot=0.07) during maize-2.   
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4.1.7 Critical limit of readily available water and moisture content before each 

irrigation 

Critical limit of readily available water (θRAW) during wheat and maize crop growth period 

varied during the different months of the year (Fig. 4.1.10). Data show that the average value 

of θRAW was 0.174 and 0.173 (m3m-3) for wheat crop, during yr-1 and yr-2, respectively, 

while for maize crop a little higher value, i.e. 0.178 (m3m-3)  was recorded for the two year 

trials. Fig.- 4.1.10 also point out that θRAW during wheat growing season increased 

continuously due to increasing ETc, while vice versa during maize crop. In contradictory to 

our results, Wu et al. (2011) in their experiment observed a slightly higher value of θRAW for 

loam (clay loam and sandy loam) soil. They stated that transpiration rate did not decrease 

until the θRAW, i.e. 0.244 cm3 cm−3 for the loamy clay, 0.228 for the clay loam, and 0.190 for 

the sandy loam soil, with respective soil water suctions of 129, 99 and 21 kPa, respectively. 

As our irrigation scheduling was preplanned according to farmer practices ranging 

from under to over irrigation, different extents of water stress was observed with different 

manure and irrigation levels, and at different stages of crop growth. Fig.- 4.1.10 also depicts 

the available water content before each irrigation and at the end of the growing season (crop 

harvest). During all wheat growing period, available water content of the 0-110 cm profile 

were ≥ θRAW with treatment combination “M50I2” and “M0I2”, while “M50I1” and “M0I1” 

showed a stress before the 3rd and 4th irrigations to these treatments, and before the crop 

harvest. Similarly, during maize growth, the crop was under stress before the 3rd and 4th 

irrigations with treatment combinations “M50I1” and “M0I1”. Water contents of manured plots 

with same level of irrigations were below than that of non manured plots, which might be 

due to increased root water uptake (Table- 4.1.5). A highly variable available water content 

before each irrigation showed that there in need for proper adjustment in the proper irrigation 

scheduling. Similarly, Ouda et al. (2010) simulation results showed that there was 30% 

potentiality for irrigation water savings with only 5% yield losses. Nazeer (2009) used 

CROPWAT model to properly estimate the yield reduction of maize caused by water stress 

and concluded that it is most economical to irrigate at θRAW (when the ratio of actual crop 

evapotranspiration to the maximum crop evapotranspiration is 100%). He also added that the 

largest yield reduction due to increasing of soil moisture deficit below the readily available 

moisture occurs in developmental stage.  
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Fig.-4.1.10 Critical limit of readily available water and moisture content before each 

irrigation 
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4.1.8 Effect of manure and irrigation on evapotranspiration/evaporation during wheat-

fallow-maize rotation 

Data show that manure and irrigation increased the crop evapotranspiration (ETc) 

with significant interaction (Table-4.1.5). Manure application increased the ETc by 11.1 and 

9.2%, during yr-1 and yr-2, respectively, while respective increase with residual manure for 

maize crop was 11.9 and 5%. Similarly an increase up to 11.3, 11.2, 12.4 and 7.5% was 

observed with I2 for ETc of yr-1wheat, yr-2 wheat, yr-1 maize and yr-2 maize, respectively 

over I1. Regarding interaction, “M50I2” depicted highest ETc, i.e. 49.8 and 46.5 cm during yr-

1, and 49.6 and 45.7 cm during yr-2 for wheat and maize crop, respectively. It was followed 

in descending order by two statistically similar treatment combinations, i.e. “M0I2” and 

“M50I1” while “M0I1” showed minimum ETc. 

Increased ETc with the application of manure can be justified by increased RWD and 

RLD (Figure-4.1.5) which consequently lead to an increased root water uptake. Low ETc 

observed with I1 irrigation level could be supported by the findings of Allen et al. (1998) 

who stated that after the root zone depletion exceeds RAW (the water content drops below 

the threshold point), it would be high enough to limit evapotranspiration to less than potential 

values and consequently the crop evapotranspiration (ETc) begins to decrease. Similar to our 

results, Musick and Dusek (1980) observed 40 cm seasonal irrigation water requirement of 

maize when grain yields and WUE were 9.52-10.85 Mg ha-1 and 1.25-1.46 kg m
-3

, 

respectively. Similar water requirement of maize, i.e. 43-49 cm for maximum production was 

reported by Doorknobs and Pruitt (1983). According to Laghari et al. (2008), for wheat crop 

to be grown in Pakistan, an average of 350-390 mm of irrigation water is needed for ET and 

deep percolation requirements of wheat crop. On the other hand, a lower irrigation water 

requirement of wheat and maize, i.e. 260 mm for wheat and 590 m3 ha-1 for maize, 

respectively was observed in Iran (Ministry of Jihad-e-Agriculture, 1998). However a range 

of water requirement for maximum production of maize varied between 430-490 mm per 

season has been observed depending on climate and length of growing period (Doorknobs 

and Pruitt, 1983). During fallow period, due to more water input during yr-1 (42.17%) 

compared with yr-2, 71.50% increased cumulative evapotranspiration was observed. 
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Table.-4.1.5 Effect of manure and irrigation levels on evapotranspiration/ evaporation 

(cm) during wheat-fallow-maize rotation  

 

 

 

 

 

 

Treatments Year-1  Year-2 

 Wheat Fallow¶ Maize Wheat Fallow Maize 

Manure (M)                

              M0* 43.0 25.9 40.0 43.1 14.3 41.9 

              M50 47.7 25.0 44.8 47.1 15.4 44.0 

Irrigation (I)              

                 I1** 42.9 25.5 39.9 42.6 14.6 41.4 

                 I2 47.8 25.4 44.9 47.6 15.1 44.5 

Interaction (MxI)       

         M0I1  40.2 c° 26.5 36.8 b 40.7 c 14.0 40.5 b 

         M0I2       45.7 ab 25.3 43.2 a 45.5 b 14.6 43.3 ab 

          M50I1      45.6 b 24.5 43.0 a 44.5 b 15.1 42.3 ab 

          M50I2      49.8 a 25.4 46.5 a 49.6 a 15.6 45.7 a 

LSD (p≤ 0.05) M/I 2.96 NS 3.72 1.35 NS NS 

                        M x I 4.19 NS 5.27 1.92 NS 4.61 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 
kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, 
respectively; It also include 7.54, 8.03, 4.05 and 11.38 cm precipitation during, wheat yr1, wheat yr-2, 
maize yr-1 and maize yr-2 crop, respectively   
¶Water input was 46.66 cm and 32.82 cm, during 2008 and 2009 fallow period, respectively 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance 
Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for fallow period at all depths 
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4.1.9 Hydrus-1D predicted/measured drainage at different depths during wheat-fallow-

maize rotation under the effect of manure and irrigation  

Data presented in Table-4.1.6 indicate the model predicted drainage at 35 and 70 cm 

depth, in a wheat-fallow-maize crop rotation, while measured as well HYDRUS-1D 

simulated drainage at 115 cm depth along with model efficiency (EM) are given in Table-

4.1.7. It is clear from the data that irrigation and manure had a variable effect as do their 

interaction, on drainage at different depths. During both crop seasons, drainage was directly 

proportional to the irrigation water applied, while manure decreased the drainage by increase 

in root water uptake (Table-4.1.6 & -4.1.7). Interaction between irrigation and manure 

showed that the highest drainage at all depths was studied with treatment combination 

“M0I2”, i.e. 21.2, 22.9, 21.6 and 22.3 cm drainage was observed at 35 cm in the case of 

wheat-1, wheat-2, maize-1 and maize-2, respectively, while respective amount of drainage 

observed at 70 cm was 15.4, 17.2, 16.8 and 18.6 cm, and at 115 cm was 16.2, 15.1, 12.2 and 

15.3 cm. It was followed in descending order by “M50I2” and “M0I1” while minimum 

drainage was observed with “M50I1”. Decreased amount of drainage was observed at 70 cm 

depth, compared to 35 cm, as do with 115 cm depth when compared to 70 cm depth, which 

might be due to root water uptake below 35 and 70 cm depths, respectively. However during 

fallow summer season, decreased drainage with increasing depth might be due to capillary 

rise as a consequence of strong negative matric potential. As most of irrigation occurred 

during last one month of fallow period (Fig. 3.1), it caused a significant amount of water 

storage (data not provided).  

We conducted trial under a conventional irrigation method and increased drainage 

with heavy irrigation correlate with the finding of Hu et al. (2008) who stated that the water 

use efficiency under the modern treatment improved to 2.2 kg m-3 compared with 2.0 kg m-3. 

Similarly, Ouda et al. (2010) simulated the effect of irrigation water saving with the 

application of 90, 85, 80 and 70% of full irrigation on wheat yield and its consumptive use 

and showed that there was a high potentiality (30%) for irrigation water saving and 

ultimately reduced drainage with only 5 % yield losses for both fresh and drainage water 

irrigation. 

 HYDRUS-1D simulation results of drainage for yr-2 wheat and maize at 115 cm 

depth showed that the model simulated the drainage well as indicated by model efficiency 
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value (EF), however with some exceptions. For interaction, the value of EM ranged from 

0.73 to -1.51 for wheat crop and from 0.84 to -3.31 for maize crop. Positive values observed 

with “M50I2” and “M0I2” showed that model predictions were better than observed values, 

however negative values observed for other the two treatment combinations, i.e. “M50I1” and 

“M0I1” where drainage amount was less, indicate that observed values were better than model 

predicted values. Like our study, Many Scientists are using Hydrus-1D model extensively for 

simulating the one-dimensional movement of water and root water uptake in variably-

saturated porous media (Simunek et al., 1998). Simunek and Hopmans (2009) used Hydrus-

1D for simulation root water uptake under stressed conditions by presenting a new 

compensated root water and nutrient uptake model, implemented in Hydrus, called root 

adaptability factor. Similar to our Simulation by dual porosity model, Kodesova et al. 

(2006a) also used dual permeability models in Hydrus-1D to simulate variability saturated 

water flow in clay soil with and without macropores.  

4.1.11 Effect of manure and irrigation levels on NO3-N concentration in leachates at 

different depths 

Manure and irrigation had a variable effect as do their interaction (Table-4.1.8, Table-

4.1.9), on average NO3-N concentration during wheat, maize and fallow period. Effect of 

manure on NO3-N concentration (data are average of leachates collections for four different  

times) was statistically significant during wheat period, at all depths, i.e. an increase of 131.1 

and 85.1%; 74.0 and 89.8%; 48.4 and 18.2 %; 56.7 and 55.9 % was observed during yr-1 and 

yr-2, at 35, 70, 115 and 160 cm depth, respectively. Data also revealed that with the 

application of manure NO3-N concentration crossed the EPA critical limit (11.3 ppm NO3-N) 

at the upper two depths during yr-1 and at all depths during yr-2. Effect of irrigation on NO3-

N concentration during wheat growth period was statistically non significant at all depths 

studied. Interactive effect of manure with irrigation showed that statistically similar NO3-N 

concentration was observed with treatment combinations “M50I2” and “M50I1, however these 

two treatments showed higher concentration of NO3-N compared to treatment combinations 

receiving no manure, i.e. “M0I1” and “M0I2”. Very high NO3-N concentrations, i.e. 19.0 and 

19.6 ppm (yr-1 wheat), 15.6 and 15.5 ppm (yr-1 wheat) were observed at 35 cm with“M50I1” 

and “M50I2”, respectively, which were far above the critical limit of NO3-N for drinking 

purpose. It might be due to continuous release of NO3-N from manure. Our results showed 
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that under semi-arid conditions, the agricultural intensification through the application of 

irrigation and N fertilizer/manure aimed at increasing crop yields, introduced a long-term risk 

of NO3
- pollution by excess N fertilizers, e.g. nitrogen leached from the irrigated fields 

(Hadas et al., 1999). Gheysari et al. (2009) observed very high NO3
-
 concentrations, i.e. 46 

and 138 mg l-1 as lowest and highest seasonal average NO3
-
 concentration, respectively with 

four irrigation levels (0.7, 0.85, 1.0 and 1.13 of soil moisture depletion, SMD) and N rates (0, 

142 and 189 kg N ha-1) by installing ceramic cups at soil depths of 30 and 60 cm.. Similarly, 

Tahir and Rasheed (2008) found the possibilities of increased NO3
- concentration in the areas 

receiving high N fertilizer rates. Throughout the Pakistan, they found about 19 % of 747 

samples, beyond the permissible safe limit of 11.3 mg L-1, where comparatively higher NO3
- 

concentrations were observed in hand pumps and wells in or nearby agricultural areas.  

Long fallow period, which received heavy rain especially during the last 30 days, 

NO3-N concentration was statistically higher (2-3 fold) in the manure receiving treatments, 

compared with the non-manured plots. A significant increase, i.e 119.5, 11.2, 143.8 and 

80.6% was observed at 35, 70, 115 and 160 cm depth with the application of manure during 

yr-1 fallow period, while respective increase during yr-2 fallow period was 160.6, 107.0, 

89.1 and 65.1%. Statistically higher NO3-N concentration was observed with I2 irrigation 

(although there was no change in irrigation during the fallow period) that might be due to 

more mineralization and release of NO3-N during the wheat season, and later on it moved to 

lower depth with draining water during fallow period. Interaction of manure and irrigation 

was also significant during the fallow period. NO3-N concentration observed during the 

fallow period was mostly in order of “M50I2” ≥“M50I1” > “M0I2” ≥ “M0I2”. This shows that 

manure application to wheat crop followed by heavy rainy season with no cover crop has 

high risk of nitrate leaching because cover crops help in scavenging the NO3
--N. This 

argument is supported by the results of Bergstrom and Jokela (2001) who found negligible 

amounts of NO3
- in leachates in the presence of the cover crop, and over all reduced NO3

- 

leaching (22 compared with 8 kg ha-1).  Moreover, rain falls/irrigation added in pulses allow 

added water and nitrate as soil solution to be leached below root zone  which are out of phase 

with respect to the crop's uptake rates (Warrick, 1990). 

Residual manure also statistically increased the NO3-N concentration at all depth during the 

maize growth, compared with non manured plots, however its concentration was below the  
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Table- 4.1.6 Effect of manure and irrigation levels on drainage (cm) at 35 and 70 cm depth during wheat-fallow-maize rotation  
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Treatments Wheat Fallow¶ Maize 

 35 cm 
(Y-1) 

70 cm 
(Y-1) 

35 cm  
(Y-2) 

70 cm  
(Y-2) 

35 cm 
(Y-1) 

70 cm  
(Y-1) 

35 cm  
(Y-2) 

70 cm  
(Y-2) 

35 cm  
(Y-1) 

70 cm  
(Y-1) 

35 cm  
(Y-2) 

70 cm  
(Y-2) 

Manure (M)           

              M0* 
16.8 12.5 18.2 14.0 18.2 12.8 13.2 9.7 17.9 13.8 17.8 14.4 

              M50 13.0 10.5 14.4 11.8 19.2 12.8 12.9 10.3 15.2 11.1 16.3 11.9 
Irrigation (I)         

                 I1** 
10.5 8.6 11.6 9.9 18.1 12.4 13.2 9.9 13.0 9.8 12.3 9.3 

                 I2 19.3 14.4 21.0 15.9 19.2 13.2 12.9 10.1 20.1 15.2 21.8 17.1 
Interaction (MxI)  

         M0I1  12.3 c° 9.6 c° 13.4 c 10.8 c 17.6 12.4 13.2 9.7 14.2 c 10.8 c 13.2 b 10.2 c 
         M0I2       21.2 a 15.4 a 22.9 a 17.2 a 18.7 13.2 13.2 9.6 21.6 a 16.8 a 22.3 a 18.6 a 
          M50I1      8.6 d 7.5 d 9.7 d 8.9 d 18.6 12.4 13.2 10 11.8 d 8.7 c 11.3 b 8.3 c 
          M50I2      17.4 b 13.4 b 19 b 14.6 b 19.7 13.2 12.6 10.6 18.5 b 13.5 b 21.2 a 15.5 b 
LSD (p≤ 0.05)   

                         M/I 1.61 0.92 0.99 0.58 NS NS NS NS 1.70 1.70 1.67 1.88 

                       M x I 2.28 1.31 1.40 0.82 NS NS NS NS 2.40 2.41 2.36  2.66 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1; (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to irrigation at 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; It also include 7.54, 8.03, 4.05 
and 11.38 cm precipitation during, wheat yr1, wheat yr-2, maize yr-1 and maize yr-2 crop, respectively   
¶Water input was 46.66 cm and 32.82 cm, during 2008 and 2009 fallow period, respectively 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for fallow period-1 at 35 and 70 cm depths, and for maize-2 at 70 cm depth
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Table- 4.1.7 Effect of manure and irrigation levels on drainage (cm) at 115 cm depth during wheat-fallow- maize rotation  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Year-1 Year-2 

Treatments 
Wheat  

(M¶) 

Fallowψ 

 (P) 

Maize  
 
(M) 

Wheat 

 (M) 

Wheat  

(S) 

EM 
 
 

Fallow 

 (P) 

Maize 

 (M) 

Maize  

(S) 

EM 
 
 

Manure (M)           

              M0* 12.4 7.5 9.9 12.4 12.0 0.16 7.2 11.0 10.6 -0.56 
              M50 6.8 7.2 8.3 10.9 10.3 0.68 7.2 8.8 8.8 -3.91 
Irrigation (I)         
                 I1** 6.0 7.2 7.2 9.0 8.5 -0.99 7.6 6.1 5.4 -1.96 

                 I2 13.2 7.5 11.0 14.3 13.8 0.43 6.7 13.8 14.0 0.72 

Interaction (MxI)  

         M0I1  8.5 b° 7.6 7.6 c 9.6 b 9.5 -0.69 7.6 6.7 c 6.1 -0.79 
         M0I2       16.2 a 7.4 12.2 a 15.1 a 14.5 0.21 6.7 15.3 a 15.2 0.84 
          M50I1      3.4 c 6.8 6.7 c 8.3 b 7.5 -1.51 7.6 5.4 c 4.7 -3.31 
          M50I2      10.2 b 7.6 9.8 b 13.4 a 13.1 0.73 6.7 12.2 b 12.9 -1.33 

LSD (p≤ 0.05)   

                         M/I 1.92 NS 1.25 2.19 - - NS 1.82 - - 

                       M x I 2.72 NS 1.77 3.10 - - NS 2.58 - - 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1.(50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, 
respectively) 
**I1 and I2 corresponds to irrigation @ 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; It also 
include 7.54, 8.03, 4.05 and 11.38 cm precipitation during, wheat yr1, wheat yr-2, maize yr-1 and maize yr-2 crop, respectively   
ψWater input was 46.66 cm and 32.82 cm, during 2008 and 2009 fallow period, respectively  
¶ M, P and S represents measured, predicted and simulated values 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test. 
Year effect (T-test-p≤ 0.05) was statistically non-significant 
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Table-4.1.8 Effect of manure and irrigation levels on NO3-N concentration (ppm) in leachates at different depths (Year-1) 

 
 

Treatments 35 cm 70 cm 115 cm 160 cm 

 Wheat Fallowψ Maize Wheat Fallow Maize Wheat Fallow Maize Wheat Fallow Maize 

Manure (M)           

              M0* 
8.4 5.9 11.0 7.5 4.9 11.0 6.3 4.8 9.1 5.2 4.9 7.2 

              M50 19.3 13.0 13.7 13.1 10.4 10.8 9.4 11.7 10.7 8.2 8.9 9.4 
Irrigation (I)         

                 I1** 
13.7 9.1 10.3 10.0 6.3 10.2 7.8 8.1 9.2 6.5 6.2 7.7 

                 I2 14.0 9.8 14.4 10.6 9.0 11.6 7.9 8.5 10.6 6.9 7.6 8.9 
Interaction (MxI)  

         M0I1  8.4 b 5.8 c° 8.3 b 7.9 b 3.8 d 10.6  6.2 b 4.3 b 8.2 b 5.3 b 4.4 c 6.7 c  
         M0I2       8.3 b 6.0 c 13.6 a 7.1 b  6.0 c 11.3 6.4 b 5.3 b 9.9 ab 5.1 b 5.4 c 7.6 bc 
          M50I1      19.0 a 12.3 b 12.3 a 12.1 a 8.8 b 9.8 9.4 a 11.8 a 10.2ab 7.7 a 7.9 b 8.6 ab 
          M50I2      19.6 a 13.6 a 15.1 a 14.0 a 11.9 a 11.8 9.3 a 11.6 a 11.2 a 8.6 a 9.8 a 10.1 a 
LSD (p≤ 0.05) M/I 1.17 0.86 2.51 1.94 1.43 NS 0.72 1.20 1.43 0.76 1.02 1.14 

                        M x I 1.65 1.22 3.55 2.74 2.03 NS 1.01 1.70 2.03 1.07 1.45 1.62 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to irrigation at 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; It also include 7.54 and 4.05 cm 
precipitation during wheat yr-1and maize yr-1, respectively 
ψWater input was 46.66 cm during 2008 fallow period  
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
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Table-4.1.9 Effect of manure and irrigation levels on NO3-N concentration (ppm) in leachates at different depths (Year-2) 

 
 

Treatments 35 cm 70 cm 115 cm 160 cm 

 Wheat Fallow¶ Maize Wheat Fallow Maize Wheat Fallow Maize Wheat Fallow Maize 

Manure (M)           

              M0* 
8.4 3.6 8.5 7.4 4.3 8.8 5.7 4.6 7.5 7.4 4.0 7.0 

              M50 15.6 9.3 11.3 14.0 8.9 9.8 11.3 8.7 9.3 11.6 6.6 7.9 
Irrigation (I)         

                 I1** 
11.4 5.9 10.0 10.4 5.6 8.8 8.8 6.7 8.3 8.9 4.6 6.5 

                 I2 12.6 6.9 9.8 11.0 7.6 9.9 8.3 6.7 8.5 10.1 6.1 8.4 
Interaction (MxI)  

         M0I1  7.2 c° 3.6 c 8.9 b 7.3 b 3.4 c 8.1 b 6.1 b 3.8 d 7.3 b 5.2 c 3.5 c 6.2 c 
         M0I2       9.6 b 3.5 c 8.0 b  7.4 b 5.2 c 9.5 a 5.3 b 5.4 c 7.7 b 9.6 b 4.5 bc 7.7 b 
          M50I1      15.6 a 8.2 b 11.1 a 13.4 a 7.8 b 9.4 ab 11.4 a 9.5 a 9.2 a 12.6 a 5.6 b 6.8 bc 
          M50I2      15.5 a 10.3 a 11.5 a 14.5 a 10.0 a 10.2 a 11.2 a 7.9 b 9.3 a 10.5 ab 7.6 a 9.0 a 
LSD (p≤ 0.05)     M/I 1.43 0.55 1.25 1.84 1.29 0.93 1.53 0.71 0.82 1.68 0.78 0.78 

                         M x I 2.02 0.78 1.77 2.61 1.83 1.32 2.17 1.01 1.17 2.38 1.11 1.10 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to irrigation @ 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, during yr-1 and yr-2, respectively; It also include  
8.03 and 11.38 cm precipitation during, wheat yr-2 and maize yr-2 crop, respectively;¶Water input was 32.82 cm, during 2009 fallow period;  
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for wheat-1 at 160 cm depth; fallow period-2 at 35 cm, 70 cm and 115 cm depth; and maize-1 for 35 
cm, 115 cm and 160 cm depth 
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critical limit, except for yr-1 where NO3-N concentration was 13.7 ppm. During the maize 

crop growth, statistically higher NO3-N concentration was observed at 35 and 160 cm during 

yr-1 and at 70 and 160 cm during yr-2, with the application of additional irrigation (I2), while 

irrigation was not effective statistically for the rest of depths. Interactive effective of manure 

and irrigation was also significant in both years for all observed depths, except 70 cm during 

yr-1. Highest NO3-N concentration was observed with “M50I2” where it crossed the limit at 

35 and 70 cm during yr-1 and 35 cm during yr-2 maize crop. It was followed by “M50I1” 

where NO3-N concentration crossed the critical limit only at 35 cm, during yr-1 maize crop, 

however these two treatments were statistically similar/at par compared to each other except 

during y-2 maize crop where “M50I2” showed higher   NO3-N concentration from rest of 

treatments. Treatment combination “M0I1” caused minimum NO3-N concentration at all 

depths, during both years of maize trials.  Overall decreasing trend in NO3-N concentration 

was observed with increasing depths, i.e. 10.6, 9.2, 8.2 and 7.3 ppm NO3-N concentration 

was observed at 35, 70, 115 and 160 cm depth, respectively. Similarly, Jokela (1992) 

observed the NO3-N in the soil solution in the upper 0.6 to 0.9 m near or above 10 mg L-1 in 

most samples receiving manure (0 and 9 Mg ha-1) or fertilizer N (56 and 112 kg ha-1) applied 

to maize crop.  

4.1.12 Effect of manure and irrigation levels on total NO3-N leached at different depths 

during wheat-fallow maize duration  

Table 4.1.10 & -4.1.11 indicate the treatments effect on total NO3-N leached at 

different depth during 2 years in a wheat-fallow-maize crop rotation system. Effect of 

manure on NO3-N leaching was significant during wheat crop and fallow period at all three 

depth, while during second crop (maize) residual manure increased the NO3-N leaching at 35 

and 70 cm depths during yr-1, while during yr-2 maize crop it had no significant effect at all 

depths. Data showed that with manure treatment during wheat crop 17.5 and 18.5 kg NO3-N 

ha-1 moved below 35 cm depth during yr-1 and yr-2, respectively, in contrast to 8.5 and 13.2 

kg NO3-N ha-1 with non-manured treatments. During yr-1 fallow period even greater amount, 

i.e. 21.8 kg NO3-N ha-1 was moved down below 35 cm in the case of manure treatment while 

13.8 kg NO3-N ha-1, during yr-2. Similarly, during wheat crop at 70 cm depth, manure 

application increased the NO3-N leaching by 115.7 and 37.4% during yr-1 and yr-2, 

respectively, while corresponding increase observed at 115 cm soil depth was 39.5 and 
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56.2%. During fallow period 96.9 and 79.2% increase was observed with manure application 

at 70 cm, during yr-1 and yr-2, respectively, while at 115 cm it increased NO3-N ha-1 

leaching by 194.8 and 89.6%. Residual manure during yr-1 maize crop increased NO3-N ha-1 

leaching by 37.9% at 35 cm, compared to non manured plots. Increased NO3
- leaching with 

increasing N supply either by inorganic sources or manure has been observed in many 

studies, e.g. Hansen and Djurhuus (2007) calculated that the average annual nitrate leaching 

at 80 cm was 38 and 52 kg N ha-1y-1 with 60 and 120 kg N ha-1 when observed by installing 

ceramic cups at 80 cm depth. Like wise, Jaynes et al. (2004) observed the ratio of 1.3 for 

reduction of NO3-N to N reduced application. Similarly, Chang and Entz (1996) observed the 

increasing nitrate leaching losses ranged from 93 to 341 kg ha-1 by increasing the application 

of manure to barley crop at 0, 1, 2 and 3 times the maximum recommended annual 

application rate). 

Heavy irrigation (I2) also increased the movement of NO3-N below 35, 70 and 115 

cm, during wheat and maize crop, while due to similar amount of precipitation during fallow 

period irrigation effect was non significant. These results also agree with previous findings 

that have indicated that high NO3-N leaching occurred due to over irrigation or water 

movement (Cameira et al., 2003; Vazquez et al., 2006), i.e. 8.43 kg NO3-N ha-1 leaching at 

0.60 m depth was observed with over irrigation (1.13 soil moisture depletion) to maize crop 

by applying 142 kg N ha-1 (Gheysari et al. (2009).  

  Data showed variable interactive effect of manure and irrigation for wheat, fallow 

period and maize, at all three depths. During yr-1 wheat crop, highest NO3-N, i.e. 23.1, 14.9 

and 9.6 kg NO3-N ha-1 moved below 35, 70 and 115 cm depth, respectively, while respective 

leaching observed during yr-2 was 23.9, 16.0 and 17.2 kg NO3-N ha-1
. Next to it, treatment 

combinations “M50I1” and “M0I2” were statistically similar compared to each other at 35 and 

70 cm depth during yr-1 wheat while at 115 cm depth “M0I2” showed higher NO3-N leaching 

compared to “M50I1”. Similarly during yr-2 wheat, “M0I2” showed higher NO3-N leaching 

compared to “M50I1”, while both the years “M0I1” caused minimum NO3-N leaching at all 

depths studied. During fallow period order of NO3-N leaching at all three depths was: 

“M50I2” ≈“M50I1”> “M0I2” ≈ “M0I1”. During yr-1 maize crop, “M50I2” showed maximum 

NO3-N leaching at 35 cm, while at 70 cm depth NO3-N was more pruned to leaching with 

“M50I1”, however at 115 cm depth, and at all depths during yr-2 maize crop these two 
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treatment combinations were statistically non significant compared to each other. Treatment 

combination “M0I1” proved best with minimum NO3-N leaching. High leaching losses 

observed in our study could be supported by the finding of Riley et al. (2001) who observed 

leaching of 2 and 5 % of the applied N below the root zone with conventional agricultural 

practices. Similar to our study, Zhu et al. (2005) observed up to 28.6 kg N ha-1 (5.9 % of total 

nitrogen supply) leaching out of the root zone through 24.7 % drainage of total surface water 

supply. High nitrate leaching with our manure receiving treatments was as a consequence of 

high concentration of NO3-N in draining water. Like wise, Baker and Johnson (1981) 

observed increasing NO3-N concentration from 20 to 40 mg N L-1, by increasing N rate from 

100 to 250 kg ha-1, on corn-soybean/oat crop rotation.  

4.1.13 Effect of manure and irrigation levels on soil NO3-N built-up at different time of 

crop growth 

The manure and irrigation as well as their interactive effect on NO3-N built-up at 0-

115 cm depth, at different timing was different during wheat growth, fallow period and maize 

growth (Table-4.1.12). With application of manure during yr-1, a high NO3-N built up (53.1 

kg ha-1) was observed 60 days after sowing (DAS) of wheat crop for 0-115 cm depth, 

compared to 31.8 kg ha-1, observed for treatment receiving no manure. Soil NO3-N built up 

decreased continuously as wheat crop grown to maturity, however still a positive balance of 

19.8 kg ha-1 was observed at crop harvest in plots receiving manure, compared to -4.8 kg ha-1 

observed in case of non manured plots. Leaching of NO3-N from M0 treatment further 

reduced its reservoir in 0-115 cm depth, i.e. -6.0 and -6.9 kg ha-1 at the end of fallow period, 

during yr-1 and yr-2, respectively. However, due to continuous mineralization of manure, 

17.6 and 12.9 kg NO3-N ha-1 built up was observed in manured plots at the end of fallow 

period, during yr-1 and yr-2, respectively. After 30 DAS of yr-1 maize crop, 63.0 and 75.0 kg 

NO3-N ha-1 built up observed with M0 and M50 treatment, respectively was reduced further to 

3.4 and 7.7 kg NO3-N ha-1, at the harvest of maize crop. Similarly, at the harvest of yr-2 

maize crop, a positive soil budget of 0.9 and 9.3 kg NO3-N ha-1 was observed with M0 and 

M50 treatment, respectively. With both irrigation levels statistically similar soil built up was 

observed during both years. Interactive effect of manure and irrigation for 0-115 cm depth 

showed that highest NO3-N ha-1 built up was observed with treatment combination “M50I2” 

which was statistically at par with “M50I1” during all sampling time except 2nd and 3rd 
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sampling of yr-1 wheat, and 3rd sampling of yr-1 maize. Similarly, treatment combinations 

“M0I2” and “M0I1 were statistically at par compared to each other. 

 Nitrate-N built up (Table-4.1.13) observed from 35-70 cm depth significantly 

increased by manure application, when observed at different time during wheat growth, 

fallow period and maize growth, however irrigation had no pronounced effect at any stage 

during both years. Interaction between manure and irrigation showed statistically significant 

effect on NO3-N built up from 35 cm to 115 cm of soil. Different treatment showed NO3-N 

built up in order of “M50I2” ≈“M50I1”> “M0I2” ≈ “M0I1”. Highest NO3-N built up at 35-115 

cm was observed with treatment combination “M50I2” and “M50I1” at 1st sampling date during 

wheat and maize crop (30 and 60 DAS of maize and wheat crop, respectively).  At the end of 

wheat crop season, maximum NO3-N built up, i.e. 8.8 and 10.7 kg NO3-N ha-1, during yr-1 

and yr-2, respectively, was observed with “M50I2” while -ve soil  NO3
- budget of -3.3 and -

2.3 kg NO3-N ha-1, for respective years, was observed with “M0I1”. At the end of both years 

when maize crop was harvested, a NO3-N built up ranging from 3.4 to 7.6 kg NO3-N ha-1 

during yr-1 and 1.2 to 9.8 kg NO3-N ha-1 during yr-2, was observed at 35-115 cm dept. This 

presence of NO3-N ha-1 at 35-115 cm depth related to movement of NO3-N below 35 cm 

depth with the heavy application of N fertilizer, which further increased by the effect of 

residual manure. 

 Data (Table-4.1.14) showed that manure application also increased the NO3-N at 70-

115 cm depth, compared to non manured plots, when studied during different timing of the 

year in a wheat-fallow-maize crop rotation. Similarly, heavy irrigation statistically increased 

the NO3-N at 70-115 cm soil depth when observed at 1st sampling during yr-1 wheat, 2nd 

sampling yr-2 wheat, yr-1 fallow period, 2nd sampling yr-1 maize, 1st sampling during yr-2 

and 2nd sampling maize yr-2. Interaction of manure and irrigation showed that NO3-N built 

up at 70-115 cm was observed in order of “M50I2”≥ “M50I1”> “M0I2”≥ “M0I1”. Similar to our 

study, many scientists studied the effect of increasing irrigation level and manure application 

rates on soil NO3-N built up and leaching below root zone. Zhu et al. (2005) observed that 

5.9 % and 15.7 % of total nitrogen supply, respectively was lost by NO3 leaching out of the 

root zone through 24.7 % drainage of total water supply during 1998-99 and 1999-07, 

respectively. Like wise, Gheysari et al. (2009) observed 8.43 kg N ha-1 NO3-N leaching at 

60-cm with the application of 142 kg N ha-1 along with 1.13 SMD irrigation level. 
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Table-4.1.10 Effect of manure and irrigation levels on NO3-N leached (kg ha-1) at different depths (Year-1) 

Treatments 35 cm 70 cm 115 cm 

 Wheat Fallow¶ Maize Wheat Fallow Maize Wheat Fallow Maize 

Manure (M)                   
              M0* 8.5 10.0 12.2 5.3 5.8 11.7 4.8 2.9 6.7 

              M50 17.5 21.8 16.8 11.3 11.5 9.8 6.7 8.6 6.5 

Irrigation (I)         
                 I1** 9.2 15.1 9.8 6.0 8.2 8.1 3.5 6.0 4.8 

                 I2 16.8 16.6 19.3 10.5 9.1 13.4 8.0 5.5 8.4 

Interaction (MxI)  
         M0I1  6.4 c° 9.9 b 8.0 d 4.3 c 5.1 b 8.5 c 3.2 c 3.3 b  5.1b 

         M0I2       10.5  c 10.0 b 16.4 b 6.2 bc 6.5 b 14.9 a 6.4 c 2.5 b 8.3 a 

          M50I1      12.0 bc 20.3 a 11.5 c 7.7 b 11.2 a 7.6 c 3.8 b 8.7 a 4.5 b 

          M50I2      23.1 a 23.2 a 22.1 a 14.9 a 11.7 a 11.9 b 9.6 a 8.4 a 8.5 a 

LSD (p≤ 0.05) M/ I 3.24 3.40 1.46 1.03 1.20 1.48 0.46 0.67 0.70 

                        M x I 4.58 4.81 2.06 1.83 1.69 2.09 0.65 0.96 0.99 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1(50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, 
respectively) 
**I1 and I2 corresponds to irrigation @ 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; It also include 
7.54 and 4.05 cm precipitation during, wheat yr-1and maize yr-1, respectively   
¶Water input was 46.66 cm during 2008 fallow period 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
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Table-4.1.18 Effect of manure and irrigation levels on NO3-N leached (kg ha-1) at different depths (Year-2) 
 

 

 

 

 

Treatments 35 cm 70 cm 115 cm 

 Wheat Fallow¶ Maize Wheat Fallow Maize Wheat Fallow Maize 

Manure (M)           

              M0* 
13.2 5.7 13.2 9.4 4.8 10.1 8.0 2.4 7.1 

              M50 18.5 13.8 13.1 12.9 8.6 10.4 12.5 4.6 6.8 

Irrigation (I)         

                 I1** 
10.9 9.5 8.5 8.5 6.3 6.8 6.5 3.5 4.4 

                 I2 20.7 10.1 17.8 13.7 7.1 13.7 14.0 3.5 9.5 

Interaction (MxI)  

         M0I1  8.7 d° 6.0 c  8.2 b 7.3 d 4.7 c 6.0 c 5.3 d 2.4 b 4.2 b 
         M0I2       17.6 b 5.4 c 18.2 a 11.5 b 4.9 c  14.2 a 10.7 b 2.5 b  10.0 a 
          M50I1      13.1 c 12.9 b 8.8 b 9.8 c  7.9 b 7.6 b 7.7 c 4.6 a 4.7 b 
          M50I2      23.9 a 14.8 a 17.5 a 16.0 a 9.4 a 13.2 a 17.2 a 4.6 a 9.0 a 
LSD (p≤ 0.05)   

                         M /I 1.31 0.69 1.36 1.17 0.84 1.13 1.33 0.22 0.79 

                        M x I 1.85 0.97 1.93 1.65 1.18 1.60 1.88 0.31 1.12 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, 
respectively) 
**I1 and I2 corresponds to irrigation @ 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, during yr-1 and yr-2, 
respectively; It also include  8.03 and 11.38 cm precipitation during, wheat yr-2 and maize yr-2 crop, respectively   
¶Water input was 32.82 cm, during 2009 fallow period 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test.  
Year effect (T-test-p≤ 0.05) was statistically significant for wheat-1 at 115 cm dept; fallow period-1 at 35 cm, 70 cm and 115 cm 
depth; and maize-1 at 35 cm, 70 cm and 115 cm depth  
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Table- 4.1.12 Effect of manure and irrigation levels on NO3-N built-up (kg ha-1) during wheat-fallow-maize rotation at 0-115 
cm depths 

Treatments Year-1 Year-2 

 W(S1)¶ W(S2) W(S3) Fψ M(S1) M(S2) M(S3) W(S1) W(S2) W(S3) F M(S1) M(S2) M(S3) 

Manure (M)  
              M0* 

31.8 16.4 -4.8 -6.0 63.0 23.8 3.4 26.9 14.1 -4.0 -6.9 67.0 22.9 0.9 
              M50 53.1 36.1 19.8 17.6 75.0 33.9 7.7 47.6 33.0 19.6 12.9 75.2 33.0 9.3 
Irrigation (I)  

              I1** 
40.5 24.4 5.7 4.5 66.9 28.8 5.1 36.5 22.5 7.1 2.7 71.0 26.9 5.0 

                 I2 44.5 28.1 9.3 7.2 71.0 28.9 6.0 38.0 24.6 8.5 3.4 71.2 29.0 5.2 
Interaction   
         M0I1  30.3 b° 15.3 c -5.3 c -6.4 b 60.4 b 23.2 b 3.4 c 25.4 b 13.3 b -4.5 b -7.3 b 66.4 b 22.2 b 1.2 b 

         M0I2       33.3 b 17.4 c -4.3 c  -5.5 b 65.5ab 24.3 b 3.4 c 28.3 b 14.9 b -3.4 b -6.5 b 67.6 b  23.6 b 0.6 b 

          M50I1      50.6 a 33.4 b 16.7 b 15.4 a 73.4ab 34.3 a 6.7 b 47.6 a 31.7 a 18.7 a 12.6 a 75.6 a 31.5 a 8.7 a 

          M50I2      55.6 a 38.7 a 22.8 a 19.8 a 76.5 a 33.4 a 8.6 a 47.6 a 34.3 a 20.4 a 13.2 a 74.8 a 34.4 a 9.8 a 

LSD(p≤ 0.05)  
           I/M 7.68 2.11 1.87 3.86 10.35 1.98 1.10 3.38 3.15 1.85 2.59 4.85 4.03 1.06 
           M x I 10.87 2.99 2.64 5.46 14.63 2.8 1.56 4.78 4.45 2.61 3.67 6.86 5.70 1.50 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; ψWater input was 46.66 cm and 32.82 cm, during 2008 
and 2009 fallow period, respectively 
¶ W, F and M represents wheat, fallow and maize period, respectively, while S1, S2 and S3 represents the sampling after 60 and 90 days and at harvest, 
for wheat crop, and  after 30 and 60 days and at harvest for maize crop. 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test. 
Year effect (T-test-p≤ 0.05) was statistically significant for W(S1) yr-1, W(S2) yr-1, W(S3) yr-1, F yr-1 and M (S3) yr-1  
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 Table-4.1.13 Effect of manure and irrigation levels on NO3-N built-up (kg ha-1) during wheat-fallow-maize rotation at 35-70 

cm depths 

 

Treatments Year-1 Year-2 

 W(S1)¶ W(S2) W(S3) Fψ M(S1) M(S2) M(S3) W(S1) W(S2) W(S3) F M(S1) M(S2) M(S3) 

Manure (M)  
              M0* 12.9 7.6 -2.8 -4.1 22.5 9.2 3.4 12.3 6.5 -1.8 -4.0 24.0 8.1 1.7 
              M50 24.9 16.3 9.3 8.7 26.6 13.2 6.6 22.3 14.0 9.7 6.1 27.2 15.1 9.3 
Irrigation(I)  

              I1** 
18.9 10.9 2.7 2.5 24.1 11.0 4.5 17.8 9.9 3.2 0.7 25.5 10.5 5.0 

                 I2 18.9 13.0 3.8 2.1 24.9 11.5 5.5 16.8 10.5 4.7 1.4 25.6 12.7 6.0 
Interaction   
         M0I1  12.3 b° 7.6 -3.3 b -3.7 b 22.4 b 8.7 b 3.4 c 13.3 b 6.4 b -2.3 c -4.3 b 23.4 c 6.5 c 1.2 c 
         M0I2       13.5 b 7.5 -2.3 b  -4.5 b 22.5 b 9.7 b   3.4 c 11.3 b 6.5 b -1.3 c -3.7 b 24.5 b 9.7 b 2.1 c 
          M50I1      25.4 a 14.2 8.7 a 8.6 a 25.8 a 13.2 a 5.6 b 22.3 a 13.4 a 8.7 b 5.6 a 27.6 a 14.5 a 8.7 b 
          M50I2      24.3 a 18.4 9.8 a 8.7 a 27.3 a 13.2 a 7.6 a 22.3 a 14.5 a 10.7 a 6.5 a 26.7 a 15.6 a 9.8 a 
LSD(p≤ 0.05)  
            M/I 1.59 NS 1.53 1.56 1.24 2.43 0.62 2.03 1.38 1.17 1.29 0.76 1.01 0.64 
           M x I 2.25 NS 2.16 2.21 1.76  3.44 0.88 2.87 1.95 167 1.82 1.08 1.43 0.90 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; ψWater input was 46.66 cm and 32.82 cm, during 2008 
and 2009 fallow period, respectively 
¶ W, F and M represents wheat, fallow and maize period, respectively,  while S1, S2 and S3 represents the sampling after 60 and 90 days and at 
harvest, for wheat crop, and  after 30 and 60 days and at harvest for maize crop. 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant only for fallow period-1 
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Table-4.1.14 Effect of manure and irrigation levels on NO3-N built-up (kg ha-1) during wheat at 70-115 cm depths 

 
 

Treatments Year-1 Year-2 

 W(S1)¶ W(S2) W(S3) Fψ M(S1) M(S2) M(S3) W(S1) W(S2) W(S3) F M(S1) M(S2) M(S3) 

Manure   
            M0* 3.4 4.0 -1.8 1.5 7.2 7.1 3.3 4.9 5.0 0.4 0.1 7.2 6.3 1.9 
             M50 9.3 8.7 5.5 7.1 9.3 9.2 5.0 9.3 8.2 8.1 5.2 9.2 8.7 7.6 

Irrigation  
             I1** 

5.6 6.1 1.7 3.9 8.2 7.6 4.0 7.1 6.1 4.0 2.6 7.5 6.9 4.5 
                 I2 7.1 6.6 2.1 4.7 8.3 8.7 4.3 7.1 7.1 4.5 2.7 8.9 8.1 5.0 
Interaction   
         M0I1  2.3 c° 3.4 c -1.2 c 1.2 c 7.6bc 6.5 c 3.4 c 4.3 d 4.5 d 0.4 b 0.4 b 6.7 d 6.2 c 1.4 b 
         M0I2       4.5 b 4.5 b -2.3 c 1.7 c 6.7 c 7.6bc 3.2 c 5.5 c 5.4 c 0.4 b -0.3 b 7.6 c 6.4 c 2.3 b 
          M50I1    8.9 a 8.7 a 4.5 b 6.5 b 8.7ab 8.7ab 4.5 b 9.9 b 7.6 b 7.6 a 4.8 a 8.3 b 7.6 b 7.6 a 
          M50I2    9.7 a 8.7 a 6.5 a 7.6 a 9.8 a 9.7 a 5.4 a 8.7 a 8.7 a 8.6 a 5.6 a 10.1a 9.8 a 7.6 a 
 LSD(p≤ 0.05) 
           I/M 0.90 0.36 0.85 0.72 0.82 0.98 0.57 0.69 0.38 0.72 0.67 0.46 0.72 0.75 
           M x I 1.28 0.51 1.21 1.03 1.17 1.39 0.80 0.98 0.54 1.01 0.96 0.65 1.02 1.06 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; ψWater input was 46.66 cm and 32.82 cm, during 2008 
and 2009 fallow period, respectively 
¶ W, F and M represents wheat, fallow and maize period, respectively, while S1, S2 and S3 represents the sampling after 60 and 90 days and at harvest, 
for wheat crop, and  after 30 and 60 days and at harvest for maize crop 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference   
Year effect (T-test-p≤ 0.05) was statistically significant for W(S3) yr-2 and fallow period yr-1 
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Significantly higher NO3-N observed with residual effect of manure during 2nd crop (maize) 

during our two year trial correlate with the findings of Eghball (2002) who showed that 

manure has a long residual effect i.e. higher residual soil NO3
- and organic carbon was 

observed to a depth of 1.2 m in soil upto 4 years. Similar to our trials, Chang and Entz (1996) 

also studied the nitrate accumulation by the annual application of manure @ 0, 1, 2 and 3 

times the maximum recommended annual application rate and observed that higher manure 

application rates resulted in a nitrate built-up within root zone but minimal loss was observed 

below 1.5 m. Yadav et al. (1997) studied the residual effect of manure and stated that ground 

water contamination by NO3-N was comprised of 15 % applied N, 68 % residual NO3-N in 

the non-root zone and 20 % residual manure from root zone layers. Depletion of 0-115 cm 

soil profile NO3-N during fallow period as a consequence of drainage of water and NO3-N 

below this depth correlates with the findings of Martinez and Guiraud (2006) who stated the 

importance of cover crop in scavenging the applied NO3-N. They observed that nitrate 

concentration in water draining from the bare fallow lysimeters averaged 40 mg N1−1, while 

with the catch crop (maize), it declined rapidly, from 41 mg N I−1 to 0.25 mg N I−1, at the end 

of ryegrass growth. In our non manured plots we observed a -ve budget of soil NO3-N, that 

could be the reason of yield declining trend with even full recommended dose of NPK 

fertilizers, in many fertility experiments in low organic carbon containing soils of India 

(Nambiar and Abrol, 1989). 

4.1.15 Effect of manure and irrigation levels on Br- recovery at different soil depth in a 

wheat-fallow-maize rotation 

Bromide (Br-) used as a tracer during 2008-09 (yr-2), showed different levels of recovery 

under different treatments below active rooting zone (0-35 cm). Data (Table-4.1.15) revealed 

that at the harvest of wheat crop, 13.7 and 9.8% decrease in mass of Br- at 35-70 and 70-115 

cm depth was observed in manure treated plots, which was statistically different from non 

manured plots. Similarly, at the end of a year (maize harvest)  statistically lower Br- recovery 

(12.1 compared to 18.2%) was observed at 35-70 cm depth, however, at lower depth (70-115 

cm ) its effect was non significant. Low recovery in manure treated plots might be due to 

more uptake of Br- as a result of more root water uptake by wheat and maize crop (Table-

4.1.5).  
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Heavy irrigation showed a significantly increased movement of Br- to lower depths, i.e. 38.1, 

60.6 increase in Br- recovery at 35-70 and 70-115 cm depth was observed  at the end of 

wheat growing season, however as time lapsed, Br-, moved to lower depths. At the end of 

maize growing season, more Br- recovery was observed with I1 compared to I2, at 35-70 cm 

depth, while its effect was non significant at 70-115 cm depth. As a whole, Br- recovery at 

35-70 and 70-115 cm depth, significantly increased at the end of fallow period compared to 

that observed at the end of wheat growing period, which showed a significant losses of Br- 

from 0-35 cm and it deposited to these depths. At the end of each year (at maize harvest), 

recovery of bromide at 35-70 cm decreased, while continuously increased at 70-115 cm 

depth. 

Interaction of irrigation with manure was significant for 35-70 cm depth at the end of 

wheat harvest, fallow period and at the end of each year (maize harvest), while for 70-115 cm 

depth treatment effect was significant at wheat harvest only. Maximum Br- recovery for 35-

70 cm at the harvest of wheat, fallow period and at the end of a year was observed with 

“M0I2”, “M0I1” and “M0I2”, respectively, however at 70-115 cm depth maximum Br- was 

obtained with “M0I2”, at all three time intervals. Similar to our study, many scientists 

compared the bromide and nitrate leaching, i.e. Clay et al. (2004) compared these through 

undisturbed soil columns, by flushing 2 pore volume 0.01 M CaCl2 after surface application 

of Br- and NO3. They described that Br- moved faster than NO3
-, and concluded that when 

Br- is used to estimate NO3-N losses, it may be overestimated by 25 % NO3-N leaching. 

However, Tilahun et al. (2004) compared the bromide and nitrate transport and stated that 

under the assumption of no biochemical processes, Br- can be used as a tracer for NO3-N 

studies. Similarly, Walvoord et al. (2003) described that NO3-N in arid-to-semiarid sites 

follow the conservative solute (Cl-/Br-) accumulation profiles rather than the expected 

reduction because such kind of soils promote NO3
- continually and reduce denitrification 

(Hartsough et al., 2001). 

4.1.16 Effect of manure and irrigation levels on NPK recovery by wheat and maize  

Effect of different treatment combinations on N, P and K recovery by wheat, maize 

and collectively for a year are presented in Table-4.1.16, Table-4.1.17 and Table4.1.18, 

respectively. Results showed that application of additional manure significantly decreased 

the % recovery of applied NPK (inorganic + manure) by wheat crop. However due to 
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residual effect of manure on succeeding maize crop, statistically higher NPK recovery was 

observed by maize crop. Wheat crop recovered 68.4 and 69.8 % N; 31.5 and 29.7 % P; 172.0 

and 200.4 % K with M0 treatment compared to 33.3 and 40.0 % N; 24.7 and 25.1 % P; 57.2 

and 67.9 % K with M50 treatment, during the years 2007-08 and 2008-09, respectively.  

Succeeding maize crop recovered 60.0 and 49.4 % N; 29.1 and 26.8 % P; 149.7 and 141.0 % 

K with M0 treatment compared to 85.3 and 77.5 % N; 47.2 and 44.4 % P; 213.2 and 208.0 % 

K with M50 treatment, during the years 2007-08 and 2008-09, respectively. These results 

showed that there was significant increase in % recovery by residual effect of manure. With 

additional application of manure, % N recovery for a complete year (wheat plus maize) was 

statistically low (19.2%) during the years 2007-08 while during 2008-09 there was only 4.2 

% decrease in N in recovery. It shows that additional manure with basal NPK dose caused 

even good recovery of N, might be due to continuous release of N from manure. With the 

application of manure in addition to basal dose of NPK, overall P recovery for a particular 

year by wheat plus maize crop was statistically non-significant during the year 2007-8 while 

significant during year 2008-09. These results show that additional P application in form of 

manure showed a good response in P deficit soil and there was no decrease in P recovery by 

its addition by manure. Our results support the findings of Eghball, et al. (2002) who 

described that P availability from animal manure is more than 70% and most of manure P is 

inorganic and becomes available after application. Recovery of K was significantly decreased 

(p≤ 0.05) in both years by application of manure. This may be due to the sufficient K present 

in soil. Additional irrigation increased the NPK uptake during in years, however N effect was 

statistically significant for recovery of 2008-09 (wheat + maize), P uptake for yr-1 maize 

crop, and K for both year wheat crop and as a whole for 2009-09.   

Interactive effect showed that different treatment combinations increased the over all 

% N and K recovery by wheat plus maize crop during both years in the order of M0I2 >M0I1 

>>M50I2 >M50I1, while P recovery was increased in the following sequence: M50I2> M0I2 

>M50I1 >M50I1. Our results correlate with Rasmussen and Parton (1994) findings who, in 54 

year trials found higher recovery of N with manure compared to equal amount of N fertilizer.  

We found increased recovery of N by maize crop under residual manure. Our results are 

supported by Eghball (2000) who in N decay series experiments showed that 35, 10 and 5 % 

N was available for first, second and third year corn.  
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4.1.15 Effect of manure and irrigation levels on Br- recovery (%) at different depths 
 

 

 

 

 

 

 

 

 

 

 

4.1.16 Effect of manure and irrigation levels on N recovery (%) by wheat and maize  

 

 

 

 

 

 

 

 
 
 

Treatments 35-70 cm 70-110 cm 
 Wheat-2 Fallow Maize-2 Wheat-2 Fallow Maize-2 

Manure (M)           
              M0* 18.2 26.6 18.2 5.8 9.8 14.3 
              M50 15.7 23.5 12.1 5.2 9.5 13.8 
Irrigation (I)         
                 I1** 14.3 26.5 16.8 4.2 8.3 13.8 
                 I2 19.7 23.7 13.5 6.8 11.1 14.3 
Interaction (MxI)  
         M0I1  15.8 b° 28.1 a 20.7 a 4.7 b 8.1 12.8 
         M0I2       20.6 a 25.1 ab 15.6 b 6.9 a 11.5 15.8 
          M50I1      12.7 c 24.8 ab 12.9 bc 3.7 b 8.4 14.7 
          M50I2      18.8 ab 22.2 b 11.3 c 6.7 a 10.6 12.9 
LSD (p≤ 0.05)    M/ I 2.16 3.33 2.33 1.09 2.45 N.S 
                            M x I 3.05¶ 4.71 3.30 1.55 NS NS 
* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N 
during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; 
ψWater input was 46.66 cm and 32.82 cm, during 2008 and 2009 fallow period, respectively 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance 
Difference Test 

Treatments 2007-08 2008-09 
 Wheat Maize Total Wheat Maize Total 

Manure (M)           
              M0* 68.4 60.0 63.0 69.8 49.4 56.6 
              M50 33.3 85.3 50.9 40.0 77.5 53.9 
Irrigation (I)         
                 I1** 47.8 71.9 55.3 52.2 62.3 47.8 
                 I2 53.8 73.4 58.6 57.5 64.7 53.8 
Interaction(MxI)  
         M0I1  63.8 a° 59.1  60.7  66.2 a 46.4 b 53.3 ab 
         M0I2       73.0 a 61.0  65.2 73.4 a 52.5 b 59.8 a 
          M50I1      31.9 b 84.7  49.8 38.3 b 78.1 a 53.0 b 
          M50I2      34.6  b 85.9  51.9 41.7 b 76.9 a 54.7 ab 
LSD (p≤ 0.05)   
                        M/ I 8.57 6.66 2.45 7.42 8.70 5.98 
                        M x I 23.30 30.24 15.89 17.47 17.01 6.51 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N 
during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance 
Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for wheat-2  
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Table-4.1.17 Effect of manure and irrigation levels on P recovery (%) by wheat and 
maize  

 

 

 

 

 

 

 

 

 

 
Table-4.1.18 Effect of manure and irrigation levels on K recovery (%) by wheat and 
maize  

 

 

 

 

 

 

 

 

 

Treatments 2007-08 2008-09 
 Wheat Maize Total Wheat Maize Total 

Manure (M)           
              M0* 31.5 29.1 30.0 29.7 26.8 27.9 
              M50 24.7 47.2 34.6 25.1 44.4 34.0 
Irrigation (I)         
                 I1** 25.9 36.1 30.3 25.9 33.9 29.3 
                 I2 30.3 40.2 34.3 28.9 37.3 32.6 
Interaction(MxI)  
         M0I1  28.6 27.7 b° 28.0  27.5  24.1 b 25.4 b 
         M0I2       34.5 30.4 b 32.0 31.8  29.4 b 30.3 ab 
          M50I1      23.2 44.5 a 32.6 24.2  43.7 a 33.1 a 
          M50I2      26.2 49.9 a 36.6 26.0  45.2 a 34.8 a 
  
LSD (p≤ 0.05)    M/ I 3.42 7.93 4.63 7.15 10.51 4.33 
                          M x I NS 9.80 10.78  NS 11.30 7.00 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 94 and 
80 kg P2O5 during yr-1 and yr-2, respectively); **I1 and I2 corresponds to 32.5 cm and 47.5 cm 
for wheat, and 45 and 60 cm for maize crop, respectively; °Means sharing the same letter (s) do 
not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for wheat-1 and maize-1 

Treatments 2007-08 2008-09 
 Wheat Maize Total Wheat Maize Total 

Manure (M)          
              M0* 172.0 149.7 158.0 200.4 141.0 163.0 
              M50 57.2 213.2 97.5 67.9 208.0 107.2 
Irrigation (I)         
                 I1** 102.6 172.7 119.6 122.7 167.4 127.1 
                 I2 126.7 190.1 135.8 145.6 181.6 143.1 
Interaction(MxI) 
         M0I1  150.7 b° 145.0 b 147.1 a 178.2 b 132.0 b 149.1 b 
         M0I2       193.3 a 154.3 b 168.8 a 222.5 a 150.1 b 177.0 a 
          M50I1      54.4 c 200.5 ab 92.1 b 67.1 c 202.9 a 105.2 c 
          M50I2      60.1 c 225.9 a 102.9 b 68.8 c 213.0 a 109.2 c 
LSD (p≤ 0.05) M 
                        I 17.8 34.0 18.2 6.4 25.6 11.4 
                        M x I 45.1 69.4 35.9 25.6 33.0 23.7 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 240 and 
208 kg K2O during yr-1 and yr-2, respectively); **I1 and I2 corresponds to 32.5 cm and 47.5 cm for 
wheat, and 45 and 60 cm for maize crop, respectively; °Means sharing the same letter (s) do not 
differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for wheat-2 
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4.2 Part-2: Field Trial-1 

 

4.2.1 Water retention capacity and hydraulic properties of the experimental site 

Water retention capacity and hydraulic properties of soil at the start of experiments, 

for different soil depths are presented in Table-4.21, while regression equations showing 

relations of ln θ/θs verses ln (P) are shown in Fig.-4.2.1. Soil was loam for all depths with 

almost similar clay contents, however an increase in sand fraction was observed with 

increasing depth, resulting in a decreased silt contents for that depths. Bulk density of soil 

also increased by 2.0 and 2.64 % for 35-70 cm (D2) and 70-110 cm (D3) soil depth when 

compared with 0-35 cm soil depth (D1). However, application of manure to D1 (D1M50) 

resulted 0.66 % decrease in B.D. for D1 depth. Manure application also increased the SOC 

from 0.35 to 0.67 % (when observed for 0-35 cm depth after one month after application), 

while an over all decreasing trend was observed with increasing depth. Soil saturated 

hydraulic conductivity increased with manure application while decreased for lower depths 

that might be due to increased bulk density (Table-4.21). Similarly, earlier on, at the same 

place, Khan et al. (2006) observed a significant increase in Ks (44 %) and porosity of soil by 

the application of 20 Mg ha-1 manure, which may be due to its low bulk density and 

enhanced soil macro aggregation (Min et al., 2003).  

Available water capacity of the soil increased from 0.135 cm3 cm-3  to 0.142 cm3 cm-3 

for D1M50, while decreased to 0.129 cm3 cm-3 and 0.128 cm3 cm-3 for D2 and D3, 

respectively. Values of θFC were 0.265, 0.260, 0.256 and 0.254 cm3 cm-3 for D1M50, D1, D2 

and D3, respectively, while respective values for θWP were 0.123, 0.125, 0.127 and 0.126 cm3 

cm-3. Our findings are in line with Rawls et al. (1982) who stated almost similar values of θFC 

(0.27 cm3 cm-3), θwp (0.12 cm3 cm-3) and Ks (31.7 cm day-1) for loam soil, A lower value of 

θAWC observed for D2 and D3 compared to D1 soil depths might be due to an increased sand 

proportion in soil (Rawls et al., 1982). A similar kind of correlation between soil water 

retention and particle size, soil organic matter and bulk density at a selected matric potential 

was observed by Gupta and Larson (1979). 
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4.2.2 Soil hydraulic properties according to van Genuchten (VG) model 

The parameters obtained from the fitting of the water retention curves according to 

VG model are listed in Table-4.2.1 and the water retention curves are shown in Fig.-4.2.2 

Values of r2 for Pearson correlation show that observed data fitted well to the VG model. 

Data had values of “n” in the range of 1.16 (D3) to 1.40 (D1) while “α” ranged from 0.016 

(D1) to 0.025 (D3) which is typical for loam soil. For D2 and D3 soil depths, lower values of 

“n” and higher values of “α” might be due to increase in sand proportion of the soil (Schaap 

et al., 2001). Data regarding water retention capacity of soil indicated the similar trend for 

different depths as calculated by Equation-10 (Table-1). Data (Table-4.2.2) also indicate that 

the residual water contents (θr) of soil which were in range of 0.045 (D1M50) to 0.035 (D2). 

Curve fitting (Fig.-4.2.2) also showed that we can find out the water contents below 5000 cm 

pressure head where pressure plates are no more reliable (Campbell, 1988). Curve fitting for 

hydraulic conductivity using Van Genuchten-Mualem model (VGM) are shown in Fig. 4.2.2, 

while unsaturated hydraulic conductivity predicted at -5 and -10 cm matric potential are 

presented in Table-4 which shows that model fitted well to observed data with r2 value 

ranging from 0.91 to 0.96. Table-4.2.4 also indicates that at -5 cm matric potential, a higher 

value of unsaturated hydraulic conductivity was observed by using power function after 

measuring “α” with tension infiltrometer when compared to VGM curve fitting. 

 

4.2.3 Soil hydraulic properties according to Durner model 

Table-4.2.3 shows the hydraulic parameters of soil obtained by curve fitting of dual porosity 

model proposed by Durner-Maulem (DM), where as curve fitting is shown in Fig.-4.2.3. 

Dual porosity model fitted well with r2 value ranging from 0.96 to 0.99, however no obvious 

difference in K (h) at -5 and -10 cm matric potential was observed for different soil layers 

and manure receiving treatment. Data also showed that r2 observed in case of DM model was 

higher than VGM model, indicating that observed data of soil water retention and hydraulic 

conductivity fit better in dual porosity model under field conditions. So, like our findings, 

many scientists has preferred DM model under field condition due to non-uniform water flow 

(Kohne et al., 2006; Pruess and Wang, 1987; Gerke and van Genuchten, 1993a; Jarvis, 

1994). 
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Fig.-4.2.1. Relationship of ln (θ/θs) vs ln (P) for measured data of for the three main 
layers of the experimental site  
 
 
 

 
 
 
 
 
Note: Data are average of three repeats 
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Table-4.2.1 Measured soil physical and hydraulic parameters in the three main layers of the experimental site  
 
 

+ Manure (50 Mg ha-1) amended plots, * Texture was loam according to USDA, ¶Mean± standard error (data are average of three repeats) 
 
 
                                           
                                                                                                                                                          
 
 
 

Depth 
(cm) 

Particle fraction (%) B.D. 
 

θs 

 
θFC θPWP θAWC 

Ks 
 

SOC  
 

sand silt clay* 
(Mg m-3) ------------cm3 cm-3------------ cm day-1 (%) 

0-35+ 
38.0± 0.13¶ 37.5± 0.14 24.5± 0.10 

1.50± 0.03 
0.43± 0.02 0.265± 0.008 0.123± 0.015 0.142± 0.015 

30.4± 0.45 
0.67±0.10 

0-35  
38.0± 0.09 37.0± 0.13 25.0± 0.15 

1.51± 0.02 
0.43± 0.01 0.260± 0.010 0.125± 0.013 0.135± 0.016 

27.3± 0.52 
0.35±0.03 

35-70  
40.0± 0.21 34.5± 0.25 25.5± 0.13 

1.55± 0.01 
0.42± 0.01 0.256± 0.013 0.127± 0.014 0.129± 0.011 

19.5± 0.45 
0.28±0.02 

70-110  
42.5± 0.15 32.5± 0.16 25.0± 0.15 

1.54± 0.02 
0.42± 0.01 0.254± 0.012 0.126± 0.009 0.128± 0.010 

20.0± 0.40 
0.22±0.01 
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Table-4.2.2 Parameters of WRC measured using RETC-fit software according to 
single porosity-fit of retention (van Genuchten -Mualem model) 

 +Manure (50 Mg ha-1) amended plots; ¶Data are average of three repeats 

 
Table-4.2.3 Parameters of WRC measured using RETC-fit software applying dual 
porosity - fit of retention (Durner model) 

+Manure (50 Mg ha-1) amended plots; ¶Data are average of three repeats 
 
 
Table-4.2.4 Unsaturated hydraulic conductivity of soil (cm day-1) at -5 and -10 cm 
matric potential simulated by power function, van Genuchten-Mualem model 
(SPM) and Durner model (DPM) 

 
 
 
 
 
 
 
 
 
 
 

+Manure (50 Mg ha-1) amended plots, *Measured using RETC-fit software 
¶Data are average of three repeats; ψ matric potential 

Depth 
(cm) 

α   
 

n m θFC 

 
θPWP 

 
θr 

 
θAWC 

 
r2 *SSQ 

(10-4) 
(cm-1) ------------cm3 cm-3------------ 

0-35+ 0.016¶ 1.35 0.234 0.268 0.123 0.045 0.145 0.96 49.3 

0-35  0.016  1.40 0.220 0.262 0.135 0.042 0.127 0.89 34.6 

35-70  0.023 1.30 0.254 0.255 0.131 0.035 0.124 0.93 25.5 

70-110  0.025 1.16 0.215 0.251 0.130 0.037 0.121 0.90 3.4 

Depth 
(cm) 

*θr 
(-)¶ 

*αm 

(cm-1) 

*nm *αim 

(cm-1) 
ωim 

 

*nim θFC 

(-) 
θPWP 

(-) 
θAWC 

(-) 

*SSQ 
(10-4) 

*r2 

0-35+ 0.040 0.029  1.21 0.005 0.137 1.90 0.267 0.119 0.148 6.2 0.98 

0-35  0.046 0.150 1.14 0.002 0.190 2.27 0.262 0.123 0.139 14.8 0.99 

35-70 0.030 0.027 1.34 0.004 0.452 1.22 0.263 0.125 0.138 9.2 0.99 

70-110 0.035 0.058 1.27 0.006 0.432 1.19 0.256 0.121 0.135 14.0 0.97 

Depth 
(cm) 

Power function Single-porosity* Dual-porosity* 

5 
cmψ 

10 cm 5 cm 10 cm r2 5 cm 10 cm r2 

0-35+ 5.46¶ 0.24 2.49 0.45 0.94 4.53 0.32 0.99 

0-35  4.18 0.25 2.57 0.61 0.91 5.02 0.89 0.96 

35-70  4.55 0.37 3.03 0.57 0.96 6. 21 1.29 0.96 

70-110  4.02 0.34 2.53 0.49 0.96 5.94 0.89 0.97 
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Fig.-4.2.2 WRC and hydraulic conductivity of soil simulated according to single 
porosity model (SPM) using RETC-fit  
(Curves 1 to 4 downward representing D1M50, D1, D2 and D3, respectively) 
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Fig.-4.2.3 WRC and hydraulic conductivity of soil simulated according to dual 
porosity model (DPM) using RETC-fit (Curves 1 to 4 downward representing D1M50, 
D1, D2 and D3, respectively)  
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4.2.4 Effect of manure and irrigation levels on yield and yield contributing 

parameters of wheat and maize 

4.2.4.1 Effect of manure and irrigation levels on grain yield of wheat and 

maize  

          Data (Table-4.2.5) indicate that manure had a significant effect on grain 

yield of wheat, as do its residual effect on maize grain yield. Increased irrigation level (I2) 

was effective in increasing the grain yield of wheat however it had no significant effect 

(p≥0.05) on grain yield of maize. Manure application increased the grain yield of wheat 

and maize by 35.6% and 29.9% during yr-1, compared with no manure treatment, while 

an increase of 42.9% and 21.6% was observed during yr-2, for respective crops. 

Increasing irrigation level (I2) increased the grain yield of wheat by 8.0 and 13.5 %, 

compared to I1, during yr-1 and yr-2, respectively. Treatment combination “M50I2” 

proved the best, which showed the highest yield, i.e. 4.67 Mg ha-1 and 4.56 Mg ha-1 for 

wheat crop of yr-1 and yr-2, respectively, while respective yield observed for maize crop 

was 8.19 and 8.20 Mg ha-1. It was followed in descending order by “M50I1” and “M0I2”, 

while “M0I1” showed minimum wheat and maize grain yield. Data of interaction also 

revealed that manure application with reduced irrigation “M50I1” was even more effective 

than applying additional irrigation without manure “M0I2”. Our results are in line with 

Sheng-Mao (2006) who also observed that application of 30 Mg ha-1 manure with 

recommended NPK accounted for 20.5 % increase in yield for 19-year wheat. Our results 

also coincide with findings of Tarinder et al. (2008) who found an increasing yield trend 

in wheat and maize yield, and SOC (0.20 to 0.52%) by adding manure 10 Mg ha-1 along 

with recommended NPK for the period of 34 years, compared to recommended NPK. 

Similar to our experiment, Sun et al. (2006) studied the relationship among the irrigation 

and yield and concluded that increased irrigation increased the ET and soil evaporation 

and eventually the yield however excessive irrigation was not cost effective and 

decreased the grain yield, WUE and WUEi. Non significant effect of irrigation on maize 

grain yield could be justified by the observations of Warrick (1990) who stated that when 

pulse of irrigation is of phase with respect to the crop transpiration, it causes some of the 

added water and soil solution to be drained out below the root zone. Due this reason 

Spalding et al. (2001) assessed the positive impact of improved irrigation and stated that 
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sprinkler irrigation and N fertigation was effective in reducing N leaching with only 

minor reductions (6%) in crop yield, when compared to conventional irrigation methods.  

4.2.4.2 Water use efficiency and irrigation water use efficiency as affected by 

different levels of manure and irrigation 

Data summarized in Table-4.2.5 showed that water use efficiency (WUE) of 

wheat and maize crop was significantly affected by different irrigation levels both the 

years as do the interactive effect of manure and irrigation, however irrigation alone was 

not effective in increasing WUE of wheat and maize crop. As regard manure effect, an 

increase of 16.3% and 27.2% in the WUE of wheat and maize, respectively, was 

observed with M50 treatment compared to M0, while corresponding WUE by maize crop 

was increased by 32.0 and 19.1%. Regarding interaction, both irrigation levels in the 

presence of manure i.e. “M50I2” and “M50I1” showed statistically similar WUE which was 

statistically higher than treatment combinations receiving no manure.  

Irrigation water use efficiency (WUEi) was significantly influenced by manure and 

irrigation with significant interaction. Manure significantly increased the WUEi of wheat 

crop by 41.8% and 36.0%, during yr-1 and yr-2, respectively, while corresponding 

increase observed for maize crop was 13.6 and 14.5% respectively. However additional 

irrigation (I2) decreased the WUEi by 17.1, 18.5, 19.8 and 19.3% for yr-1 wheat, yr-2 

wheat, yr-1 maize and yr-2 maize crop, respectively. Interactive effect of manure and 

irrigation indicate that highest WUEi of wheat and maize was observed in case of “M50I1” 

which showed an increase up to 69.1, 65.2, 41.4 and 40.9% for yr-1 wheat, yr-2 wheat, 

yr-1 maize and yr-2 maize, respectively, over “M0I2” (treatment combination with 

minimum WUEi). Increased WUE with the application of manure in our study may be 

due to increased water holding capacity of soil during stress by the addition of organic 

matter (Gupta et al., 1977). Similarly, Weil and Kroontje (1979) found more moisture 

contents in heavy manured plots when observed up to 5 years. We conducted trials under 

conventional irrigation method where low WUEi may correlate with the finding of Hu et 

al. (2008) who stated that the water use efficiency under the modern treatment improved 

to 2.2 kg m-3 compared with 2.0 kg m-3, observed under the conventional treatment. 

Similarly, Olsen et al. (2000) also investigated that the effect of irrigation on wheat yield 

was almost solely due to increased root water uptake as WUE remained unchanged. 
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Table 4.2.5 Effect of manure and irrigation levels on grain yield, WUE and WUEi of wheat and maize  

Treatments Grain yield (Mg ha-1) WUE (kg ha-1 mm-1) WUEi (kg ha-1 mm-1) 

 Wheat-1 Wheat-2 Maize-1 Maize-2 Wheat-1 Wheat-2 Maize-1 Maize-2 Wheat-1 Wheat-2 Maize-1 Maize-2 

Manure (M)           

              M0* 3.36 3.09 6.25 6.48 0.80 0.74 1.44 1.66 0.72 0.66 1.11 1.16 

              M50 4.56 4.42 8.12 7.88 0.93 0.97 1.84 1.97 0.98 0.95 1.46 1.41 

Irrigation (I)         

                 I1** 3.86 3.91 6.42 6.22 0.90 0.92 1.61 1.50 0.97 0.98 1.31 1.27 

                 I2 4.41 4.37 6.72 6.60 0.92 0.92 1.50 1.49 0.80 0.80 1.05 1.03 

Interaction (MxI)  

         M0I1  3.17 c° 2.76 d 5.81 b 6.12 c 0.82 b 0.70 c 1.27 b 1.44 b   0.79 b 0.69 c 1.18 bc 1.25 bc 

         M0I2       3.55 b 3.42 c 6.69 b 6.83 bc 0.78 b 0.77 b 1.61 a 1.87 a 0.64 c 0.62 d 1.04 c 1.07 c 

          M50I1      4.44 a 4.27 b 8.05 a 7.55 ab 0.93 a 0.98 a  1.82 a 1.88 a 1.11 a 1.07 a 1.64 a 1.54 a 

          M50I2      4.67 a 4.56 a 8.19 a 8.20 a 0.93 a 0.96 a 1.85 a 2.06 a   0.85 b 0.83 b 1.28 b 1.28 b 

LSD (p≤ 0.05) M 0.34 0.43 0.89 0.74 0.07 0.10 0.20 0.19 0.08 0.10 0.16 0.13 
                        I 0.20 0.16 NS NS NS N.S NS 0.22 0.05 0.04 0.17 0.16 
                        M x I 0.28,0.39¶ 0.23,0.46 1.38,1.32 1.23,1.14 0.06,0.09 0.05,0.11 0.30,0.29 0.31,0.29 0.07,0.09 0.06,0.10 0.25,0.23 0.23,0.20

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively 
¶ 1st LSD value is for same levels of Manure, while 2nd for different levels of manure 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect: Statistically (T-test) similar grain yield, WUE and WUEi of wheat and maize was observed during both years
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4.2.4.3 Effect of manure and irrigation levels on plant height during growing period of 

wheat and maize  

Different treatment combinations had a variable effect (Fig.-4.2.4) on plant height at 

different time intervals during wheat and maize crop growth. There was no change in 

irrigation levels up to 65 and 42 days after sowing of wheat and maize, respectively, however 

treatment combination receiving manure (M50I2 and M50I1) had statistically higher plant 

height of wheat and maize crop at the 2nd and 3rd observation of wheat (30 and 50 DAS) and 

(30 and 40 DAS) maize crop, but 20 DAS, effect of different treatment combination was non 

significant. Treatment combination “M50I2” was the best treatment combination in both years 

which caused maximum plant height at 70, 80 and 120 DAS of wheat and 60, 70 and 100 

DAS of maize. It was followed in descending order by “M50I1” “M0I2” while “M0I2” showed 

minimum plant height. Data also revealed that plant height of wheat and maize crop 

increased more rapidly between 50-70 DAS and 20-40 DAS, and attained almost maximum 

height before 80 and 60 DAS, respectively. Our findings are in line with Ogbomo and 

Remison (2009) who observed statistically higher plant height of maize from two to six 

weeks of sowing with the application of dairy manure. Gill et al. (1996) also observed 

increased plant height in maize with the application of manure. Similarly, increase in wheat 

plant heights by application of manure is evident from findings of Ahmad et al. (2008).  

4.2.4.4. Effect of manure and irrigation levels on leaf area index during growing period 

of wheat and maize  

Fig.-4.2.5 reveals the effect of different treatment combinations on leaf area index 

(LAI) during the period of wheat and maize crop. As there was no change in irrigation up to 

65 and 42 DAS of wheat and maize crop, respectively, irrigation effect was non significant 

up to that time, however during this period manured plots, i.e. “M50I2” and “M50I1” showed 

higher LAI than those receiving no manure. After change in irrigation scheduling (65 DAS), 

maximum LAI of wheat during yr-1 was observed with treatment combination “M50I2” which 

was 13.3, 12.0, 10.9, 12.6 and 2.2 % higher than “M0I1” (treatment with minimum LAI), 

when observed after 70, 80, 90, 110 and 120 DAS, while corresponding increase observed 

during yr-2 was 15.1, 9.9, 10.1, 10.7 and 12.4. Similarly, during yr-1, LAI of maize was 

increased by 12.2, 16.6, 14.1, 13.9 and 14.7 % with “M50I2” compared to the treatment with 

minimum LAI “M0I1”, when observed after 60, 70, 80, 100 and 112 days of sowing and at  
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 Fig.-4.2.4 Effect of manure and irrigation levels on plant height during growing period 
of wheat and maize  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Note: Year effect was statistically significant (T-test) for plant height at 40 days of yr-1 maize  
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Fig.-4.2.5 Effect of manure and irrigation levels on leaf area index of wheat and maize  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Year effect was statistically significant (T-test) for LAI at 10 SAD of yr1 wheat, 30 DAS of yr-
2 wheat and, 70 DAS of yr-1 maize  
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harvest, respectively, while respective increase observed during yr-2 was 17.6, 15.3, 12.2, 

12.2, 9.1 and 18.1 %. Data revealed that a rapid increase in LAI of wheat and maize was 

observed from 30-50 and 20-50 DAS, respectively. A decline in LAI of wheat and maize 

crop was observed after 110 and 100 DAS, respectively. Data also revealed that LAI reached 

to maximum value of 4.72 and 4.76 for wheat and 4.94 and 4.95 for maize crop, during yr-1 

and yr-2, respectively, in case of “M50I2”. The increase in leaf area in plots of FYM might be 

due to balanced nutrient status of the crop as well as more favorable moisture in the soil as 

organic matter increases water holding capacity of soil (Nawab et al. 2006). These results are 

in line with Menqu and Ozqurel, 2008 who concluded that dry matter yields (DM) and leaf 

area index (LAI) were markedly affected by the irrigation treatments. The finding of this 

work showed that well-irrigated treatment should be used for maize grown in semi arid 

regions under no water scarcity. 

4.2.4.5 Effect of manure and irrigation levels on root length density and root weight 

density of wheat and maize  

Effect of different treatment combination on root weight density (RWD) and root 

length density (RLD) of wheat and maize crop are presented in Fig.-4.2.6. Manure and 

irrigation had a variable effect on RWD and RLD of wheat and maize as do their interaction. 

Treatment combination “M50I2” produced maximum RWD, i.e. 0.94, 0.97, 0.96 and 1.03 mg 

cm-3 during yr-1 wheat, yr-2 wheat, yr-1 maize and yr-2 maize, respectively, which showed 

43.9, 45.4, 62.2 and 58.1% increase over treatment combination “M0I1”, having minimum 

values. It was followed in descending order by “M50I1” and “M0I2” which showed 24.1 and 

9.5%; 25.5 and 17.6%; 38.1 and 11.6%; 27.1 and 7.4% increase in RWD of yr-1 wheat, yr-2 

wheat, yr-1 maize and yr-2 maize, respectively. Data regarding the RLD indicated that its 

value ranged from 1.83 to 3.56 cm cm-3 and 3.67 to 5.50 cm cm-3 for wheat and maize crop, 

respectively, where maximum value was observed with “M50I2” and minimum with “M0I1”. 

In case of wheat, maximum increase in RLD was observed with “M50I2” over “M0I1”, i.e. 

94.4 and 88.2% during yr-1 and yr-2, respectively, while maize crop showed 47.7 and 42.2% 

increase for the corresponding years. Next to “M50I2”, treatment combinations “M50I1” and 

“M0I2” were statistically at par compared to each other. The positive correlation of RWD and 

RLD with proper irrigation (Barber and Kover, 1991; Sangakkara et al., 2010) and manure 

(Ibrahim et al., 2011; Mosadeghi et al., 2009) is evident from many studies. 
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Fig.-4.2.6 Effect of manure and irrigation levels on root length density and root weight 

density of wheat and maize  
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LSD (p≤0.05) Wheat-1 Wheat-2 Maize-1 Maize-2 
RWD 
      :M 0.12 0.12 0.32 0.11 
       :I 0.08 0.05 N.S. 0.20 
       :MxI* 0.11, 0.14 0.08, 0.13 0.17, 0.15 0.15, 0.16 
RLD 
      :M 0.17 0.22 0.51 0.46 
       :I 0.29 0.31 0.21 0.49 
       :MxI 0.42, 0.34 0.25, 0.52 0.31, 0.56 0.58, 52 
Note: year effect was statistically non-significant for both crops 

* 1st LSD value is for same levels of Manure, while 2nd for different levels of manure 
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4.2.4.6 Crop coefficient and length of growth stages of wheat and maize    

Length of different growth stages and their respective crop coefficient values for 

calculating the evapotranspiration are affected by different treatments (Table-4.2.6). As an 

average for wheat yr-1 crop, initial, crop development, mid and end stage lasted for 27, 28, 

60 and 26 days, respectively, while corresponding values observed during yr-2 were 24, 32, 

53 and 24 days. Mean values observed for yr-1 maize crop were 15, 28, 60 and 12 days for 

initial, developing, mid and late growth stages, respectively while corresponding values 

during yr-2 were 14, 27, 61 and 10 days, respectively. Mean values of initial crop coefficient 

(Kc.ini) were 0.46, 0.50, 0.47 and 0.51 for yr-1 wheat, yr-1 maize, yr-2 wheat and yr-2 maize 

crop, respectively, while respective mean Kc.mid values were 1.15, 1.1.7, 1.14 and 1.18. 

Values of Kc.end.started from Kc.mid and ended up at 0.27, 0.34, 0.44 and 0.56 for wheat yr-1, 

maize yr-1, wheat yr-2 and maize yr-2 crop, respectively. High value Kc.end for yr-2 maize 

crop corresponded to harvesting of crop at high moisture content. Our results are in line with  

Andrioli and Sentelhas (2009) who calculated ETc with a standard Kc value of 0.40 for initial, 

0.80 for vegetative growth, 1.10 for flowering, 0.90 for yield formation and 0.55 for ripening 

of maize. However slightly higher Kc value of 0.59 for first 20 days, 1.24 for 30 days, 1.38 

for 30 days and 1.17 for last 20 days for maize crop were calculated by Liu et al. (2002).  

Similarly, Li et al. (2003) calculated the crop coefficients (Kc) for wheat and maize 

crop the ratio of the measured ETc and the predicted ET0 by the FAO-56 Penman-Monteith 

method. Their calculated values for wheat were 0.55, 1.03, 1.19, and 0.65 during the initial, 

crop development, mid-season, and end-stages respectively, while respective values for 

maize crop were 0.50, 1.02, 1.26 and 0.68. 

Table- 4.2.6 Values of Kc for different growth stages and their length (day) 
 

Crop Growth stage 
 Initial Crop development Mid stage Late stage 
Wheat -1 0.46 (27±0.8*) 0.46→1.15 (28±0.7) 1.15 (60±1.6) 1.15→0.27(26±0.4) 

Maize -1 0.50 (15±1.0) 0.50→1.17 (28±0.5) 1.17 (60±2.3) 1.17→0.34(12±0.2) 

Wheat -2 0.47 (24±0.3) 0.47→1.14 (32±1.1) 1.14 (53±2.1) 1.14→0.44(24±0.6) 

Maize -2 0.51 (14±0.7) 0.51→1.18 (27±0.6) 1.18 (61±0.9) 1.18→0.56(10±0.8) 

*Mean ± standard error (Values in the parentheses are the lengths of growth stages in days) calculated for 
“M50I2” treatment and considered same for all other treatments
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4.2.5 Effect of manure and irrigation levels on soil physical properties at 

harvest of wheat and maize  

4.2.5.1 Soil bulk density of different depths at harvest of wheat and maize  

              Bulk density (B.D.) of the soil observed at different depths (0-5, 5-10, 10-20 

and 20-30 cm) as affected by manure, irriation and their interaction are presented in Fig.-

4.2.7, which indicates that effect of manure and treatment combination was significant upto 

0-10 cm depth at harvest of wheat crop, while non significant at all depths when studied after 

maize harvest. Irrigation effect was non significant for all depths at harvest of wheat and 

maize crop. At wheat harvest manure treated plots showed an average decrease in B.D. of 

soil up to 3.6 and 4.6% at 0-5 cm depth, while 2.3 and 2.1% at 5-10 cm depth, during yr-1 

and yr-2, respectively. Considering an interaction, “M0I1” showed maximum B.D., i.e. 1.40, 

1.46, 1.49 and 1.51 Mg m-3 at 0-5, 5-10, 10-20 and 20-30 cm depth, respectively, while a 

maximum decrease up to 1.9 and 1.2% during yr-1 was observed at 0-5 and 5-10 cm,  

respectively. However during year-2, a maximum decrease of 5.7 and 1.7% at 0-5 and 5-10 

cm depth was observed with “M50I2” and “M50I1”, respectively. It is also obvious from Fig.-

4.2.7. that there was a continuous increase in B.D. of soil when observed from 0-30 cm 

depth. Similar to our study, many scientists (Ishaq et al., 2001, Ishaq et al., 2002) observed 

the reduction trend in B.D. of soil with increasing the manure level. We observed significant 

manure effect up to 10 cm depth, however Sommerfeldt and Chang (1985) described that 

organic matter in manure may decrease the B.D. from 0 to 15 cm. At the end of each year 

although we found reduced bulk density with the effect of residual manure, however its non 

significant effect may be related to reduced organic contents of soil, as Mosaddeghi et al. 

(2009) described that reduction in B.D. is parallel to the amount of organic mater added to 

soil in the form of manure rates, i.e 1.30, 1.36 and 1.41 Mg m−3 B.D. for 60, 30 and 0.0 Mg 

ha-1 manure, respectively. Similarly, Khaleel et al. (1981) observed a significant direct 

correlation between decreasing B.D. and soil organic carbon addition, after reviewing 

fourteen research papers. 

4.2.5.2 Infiltration rate at harvest of wheat and maize  

Fig.-4.2.8 (a,b,c,d) depicts the infiltration rate at harvest of wheat and maize crop 

under the influence of manure and irrigation treatments when observed up to 30 minute. 

Manure application to wheat crop significantly increased the infiltration rate by 19.6 and 
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13.3% during yr-1 while 24.0 and 12.6% during yr-2 when measured at 5 and 10 minute 

respectively, however as the time lapsed, manure effect became non significant. Similarly, 

interaction effect at the harvest of wheat crop showed 28.8 and 13.9% increase in infiltration 

rate up to 5 and 10 minutes, during yr-1, while corresponding increase observed during yr-2 

was 23.6 and 14.3%. At yr-1 wheat harvest, 14.4 % increased in average infiltration rate was 

observed in case of “M50I1” compared with “M0I2”, which showed minimum value. However 

during yr-2, maximum increase, i.e. 24.7% was observed with “M50I2” when compared to 

treatment having minimum infiltration rate, i.e. “M0I1”. Fig.-4.2.8 also depicted that 

infiltration rate was very rapid up to 10 minute, however after that it became almost steady.  

Similar to our study, an increased infiltration rate due to application of heavy of manure was 

observed by Weil and Kroontje (1979). 

4.2.5.3 Soil saturated hydraulic conductivity at harvest of wheat and maize  

Effect of different treatment combination on soil saturated hydraulic conductivity (Ks) 

at the harvest of wheat and maize is demonstrated by Fig.- 4.2.9. With the application of 50 

Mg ha-1 manure 27.7 and 25.6% increased Ks of soil was observed at the harvest of wheat 

crop during yr-1 and -2, respectively, while residual manure at maize harvest also showed an 

increased ks up to 16.1 and 11.8 % for the corresponding years. Interactive effect revealed 

that at the harvest of yr-1 wheat crop maximum Ks (46.7 mm hr-1) was observed with“M50I2” 

and minimum (34.68 mm hr-1) with“M0I1”, while during yr-2 its value was maximum (48.52 

mm hr-1) with “M50I1” and minimum (35.05 mm hr-1) with“M0I2”. However, due to greater 

value of standard error, main effect of manure as well as its interactive effect with irrigation 

was statistically non significant.  Our findings are in line with Khan et al. (2007) who also 

observed significantly greater (44%) soil saturated hydraulic conductivity with the 

application of manure @ 20 Mg ha-1. Similarly Hati et al. (2006) observed 76% increase in 

the saturated hydraulic with the application of manure @ 10 Mg ha-1, compared to NPK 

fertilizer alone. The decreased B.D. and increased total porosity and consequently higher 

hydraulic conductivity was also observed by Appavu and Saravanan (1999) with the 

application of manure. Increased hydraulic conductivity with the application of manure might 

be due to deceased bulk density (Khan et al., 2007) and increased soil macro-aggregation 

(Shirani et al., 2002; Min et al., 2003).  
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Fig.-4.2.7 Effect of manure and irrigation levels on soil bulk density at different depth 
at harvest of wheat and maize  

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Year effect was statistically significant (T-test) at harvest of maize-yr1 at 10-20 cm depth; Manure effect 
was significant at 0-5 cm (LSD=0.04 for yr-1 and 0.05 for yr-2) and 5-10 cm (LSD=0.02 for yr-1 and 0.02 for 
yr-2) at wheat harvest.  
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4.2.8 Effect of manure and irrigation levels on infiltration rate at harvest of a) wheat-1, 
b) maize-1, c) wheat-2, d) maize-2, and e) average infiltration rate for all crops 

 

 

 

 

 

 
Note: Year effect on average infiltration rate was statistically significant (T-test) for wheat-2 and maize-2. Manure effect 
was significant at 5 minute for wheat-1 (LSD=8.2), wheat-2 (LSD=5.6) and maize-2 (LSD=6.7); Interaction effect was 
significant at 5 minute for wheat-1 (LSD=for main plot= 10.2 and subplot=10.9) and wheat-2 (LSD= 8.5 for main plot and 
13.7 subplot). Manure effect on average infiltration rate was significant for wheat-1 (LSD=7.6) and wheat-2 (LSD= 4.2); 
Interaction effect was significant for wheat-2 (LSD=for main plot= 15.7 and subplot=11.8). 
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Fig.-4.2.9 Effect of manure and irrigation levels on soil saturated hydraulic 
conductivity at harvest of wheat and maize  
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Note: Year effect was statistically non significant (T-test) at harvest of wheat and maize 
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4.2.6 Effect of manure and irrigation levels on soil organic carbon at harvest of wheat 

and maize  

Manure effect on soil organic carbon content (SOC) depth at wheat harvest was 

statistically significant at 0-20 cm depth, but with variable percentage, however there was no 

considerable effect below 20 cm depth (Fig.-4.2.10). With the application of manure, an 

increase of 60.2, 43.5 and 40.7% was observed at 0-5, 5-10 and 10-20 cm depth, respectively, 

compared to that without manure, at the harvest of yr-1 wheat, while corresponding increase 

observed during yr-2 was 84.7, 61.7 and 42.9%. More increase in SOC observed during yr-2 

as compared with yr-1, may be due to carry over of organic carbon from previous year. This 

observation is well supported by the findings of Eghball (2002) who observed 25 % of 

applied manure carbon (C) remained in soil after 4 years.  Additional irrigation (I2) also 

increased the SOC of 0-5 cm depth by 9.5 and 7.8%, during yr-1 and yr-2, respectively, 

however its effect was statistically non significant at all depths. 

Interactive effect of manure and irrigation was also significant up to 20 cm depth at 

wheat harvest. Treatment combination “M50I2” proved the best treatment and it showed a 

maximum increase of 77.2, 48.6 and 45.5% increase in SOC at the harvest of yr-1 wheat, 

while 101.3, 67 and 44.9% increase at the harvest of yr-2 wheat crop, for 0-5, 5-10 and 10-20 

cm depth, respectively, when compared to“M0I1”, however this treatment was ap par with 

“M50I1”. At the end of each year (at the harvest of maize crop) organic manure showed an 

increase in SOC, i.e. up to 22.0% for 0-5 cm, 16.5% for 5-10 cm and 8.4% for 10-20 cm at 

the end of yr-1, while an increase of 22.5%, 16.4% and 19.8% was observed for 

corresponding depths, at the end of yr-2, however statistically its effect was non significant at 

all depth. Similarly, effect of irrigation and its interaction with manure was also non 

significant. Similar to our results, Manojlovic et al. (2008) illustrated that manure effects on 

soil C and N have been confined to essentially the top 15 cm of soil. Similarly, Hati et al. 

(2006) also observed that organic carbon (OC) content of the surface 0-15 cm soil layer 

increased from 0.44 % to 6.2%, by the application of manure @ 10 Mg ha-1. Like many other 

studies, strong residual effect of manure at harvest of 1st crop (wheat) observed in our study, 

may help to avoid yield declining trend observed with even full recommended dose of NPK 

fertilizers, as indicated in many fertility experiments in low organic carbon containing soils 

(Nambiar and Abrol (1989). 
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Fig.-4.2.10 Effect of manure and irrigation levels on soil organic carbon at harvest of 

wheat and maize  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 
Note: Year effect was statistically significant (T-test) at 0-5 cm for wheat-2 and maize-2. Manure effect was significant at 0-
5 cm (LSD=0.16), 5-10 cm (LSD=0.12) and 10-20 cm (LSD=0.08) during yr-1 wheat; at 0-5 cm (LSD=0.15), 5-10 cm 
(LSD=0.17) and 10-20 cm (LSD=0.07) during yr-2 wheat. Interactive effect of manure and irrigation was significant at 0-5 
cm (LSD=0.17 main-plot, 0.09 subplot), 5-10 cm (LSD=0.14 main-plot, 0.7 subplot) and 10-20 cm (LSD=0.09 main-plot, 
0.5 subplot) for yr-1 wheat. Interactive effect of manure and irrigation was significant at 0-5 cm (LSD=0.20 main-plot, 0.8 
subplot), 5-10 cm (LSD=0.14 main-plot, 0.9 subplot) and 10-20 cm (LSD=0.07 main-plot, 0.4 subplot) for yr-2 wheat. 
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4.2.7 Effect of manure on soil crusting  

  During the second year wheat trial (2008-09), there was 11.7 mm rainfall, after 3 days 

of sowing (before germination). To already cultivated soil, raindrops caused crust formation 

before germination of 2nd wheat trial. In general, higher penetration resistance, i.e. 10.19 kg 

cm-2 (data are average of 6 repeats having 5 readings each) was found (Fig.-4.2.12) in 

treatments receiving no manure while with manure receiving treatments showed an average 

resistance of 4.45 kg cm-2. A lowest penetration resistance, i.e. 2.28 kg cm-2 was observed 

after removing crust. Crust decreased the germination and ultimately grain yield of wheat in 

non manured plots (Table-4.2.5), during the year 2008-09 compared to 2007-08. Similarly a 

decrease in the amount of soil particles detached by raindrop impact and decreased surface 

crusting with increasing organic matter was also observed by many other researchers 

(Epstein et al., 1976; Mazurak et al., 1975). 

4.2.8 Critical limit of readily available water and moisture contents before each 

irrigation 

Fig.-4.2.13 depicts the average available water content observed from 0 to 110 cm depth at 

the time of irrigation under different treatment combinations, and critical limit for readily 

available water (θRAW), during a whole year. Average critical limit for θRAW of soil was 17.5 

and 17.3 m3m-3, during 2007-08 and 2008-09 wheat crop, with continuously increasing trend 

from wheat sowing towards its end period (harvest). However during maize crop critical limit 

of θRAW decreased continuously from the time of sowing to harvesting of maize crop due to 

decrease in evapotranspiration. Average value of critical value of θRAW was higher during 

maize crop (17.8 and 17.6 m3m-3 during 2008 and 2009, respectively) due to high average 

evapotranspiration, compared with wheat crop. However, contradictory to our results, Wu et 

al. (2011) observed a slightly higher value of loam (clay loam and sandy loam) soil. They 

stated that transpiration rate did not decrease until the θRAW was 0.244 cm3 cm−3 for the 

loamy clay, 0.228 for the clay loam, and 0.190 for the sandy loam soil, with respective soil 

water suctions of 129, 99 and 21 kPa, respectively. 

Data about available water content before each irrigation indicate that at the time of 

the first and second irrigation to wheat crop, and first, second and third irrigation to maize 

crop there was no change in irrigation scheduling and water content at the time of irrigation 

were more than or equal to critical limit of readily available water, however after that water 
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Fig.-4.2.11 Effect of manure on soil crusting  
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Fig.-4.2.12 a) Pocket penetrometer while taking reading in a plot, b) soil after removing 
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Fig.-4.2.13 Critical limit of readily available water and moisture content before each 

irrigation 
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content with two irrigation levels significantly differed from each other. According to I2 

irrigation levels, water content at the third and the fourth irrigation to wheat crop were well 

above the critical limit of θRAW while at the fifth and the sixth irrigation water contents were 

≈ critical limit of θRAW, both years. However more water uptake in case of manure application 

caused decreased water contents of the soil compared to non manured treatments. Water 

contents of the soil before the third and the fourth irrigation according to I1 irrigation 

scheduling were well below the critical limit of θRAW, indicating the stress with that irrigation 

level. 

Similarly, heavy irrigation application (I2) to maize crop (after third irrigation) caused 

water contents at the time of irrigation to be well above the critical limit of θRAW, 

consequently, more chances of drainage were observed (Table-4.2.8 and Table-4.29). 

However with the effect of residual manure, decrease in water content was observed before 

each irrigation that might be due to more root water uptake (Table-4.2.7). Observed water 

content before each irrigation showed that there is a need for adjustment in irrigation 

scheduling for both wheat and maize crop because I1 irrigation level caused the stress at 

different stages of wheat and maize growth while more drainage was observed with I2 

irrigation level (Table-4.2.8, Table-4.2.9). Similar to our results, Nazeer (2009) estimated the 

yield reduction of maize caused by water stress using CROPWAT model and concluded that 

it is most economical to irrigate at θRAW (when the ratio of actual crop evapotranspiration to 

the maximum crop evapotranspiration is 100%). He also concluded that the largest yield 

reduction due to increasing of soil moisture deficit below the readily available moisture 

occurs in the developmental stage. Similarly Ouda et al. (2010) also observed that there is 

30% potentiality for irrigation water saving using proper irrigation scheduling, with only 5% 

yield losses. 

4.2.9 Effect of manure and irrigation on evapotranspiration/evaporation during wheat-

fallow-maize rotation 

Effect of manure and different irrigation levels as well as their interaction was 

statistically significant on crop evapotranspiration (ETc) of wheat and maize crop except yr-1 

maize crop where irrigation had statistically non significant effect in increasing the ETc 

(Table-4.2.7). Manure application increased the ETc by 16.5 and 8.2% during yr-1 wheat and 

maize crop, respectively, while the corresponding increase observed during yr-2 was 8.5 and  
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Table- 4.2.7 Effect of manure and irrigation levels on evapotranspiration/ evaporation 

(cm) during wheat-fallow-maize crop rotation  

 
 
 

 

 

 

 

 

 

Treatments Year-1  Year-2 

 Wheat Fallow¶ Maize Wheat Fallow Maize 

Manure (M)           

              M0* 
42.1 24.3 42.9 42.0 14.4 38.4 

              M50 49.1 25.7 46.4 45.5 14.7 42.2 
Irrigation (I)         
                 I1** 

43.3 24.4 42.9 41.4 14.5 38.2 
                 I2 47.9 25.6 46.4 46.1 14.6 42.4 
Interaction (MxI)  

         M0I1  38.9 c° 23.1 41.5 b 39.4 b 14.6 36.6 c 

         M0I2       45.3 b 25.4 44.3 ab 44.5 a 14.2 40.2 b 

          M50I1      47.6 ab 25.6 44.3 ab 43.4 ab  14.5 39.8 b 

          M50I2      50.5 a 25.7 48.5 a 47.6 a 14.9 44.5 a 

LSD (p≤ 0.05) M 1.96 NS 1.32 1.87 NS 0.86 
                        I 2.33 NS NS 3.57 NS 1.70 

                        M x I 3.30, 3.04 NS 6.43, 4.73 5.05, 4.02 NS 2.41, 1.90 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1. 
**I1 and I2 corresponds to irrigation @ 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, 
respectively; It also include 7.54, 8.03, 4.05 and 11.38 cm precipitation during, wheat yr1, wheat yr-2, maize 
yr-1 and maize yr-2 crop, respectively   
¶Water input was 46.66 cm and 32.82 cm, during 2008 and 2009 fallow period, respectively 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance 
Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for fallow period-1 at all depths, and for maize-1 at 
110 cm depth 
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9.8%. Similarly, increased irrigation (I2) level enhanced the ETc of wheat crop by 10.8 and 

11.2%, while ETc of maize crop was increased by 8.2 and 10.9%, during yr-1 and yr-2, 

respectively. 

Effect of manure as well as irrigation was non significant during both years of fallow 

period, however manure application increased the evaporation from soil surface by 5.8 and 

2.1% that might be due to increased available water capacity of soil (Table-4.2.1) leading to 

increased evaporation. Similarly, Gupta et al. (1977) observed the increased specific surface 

area by the addition of organic matter resulting in increased water holding capacity at higher 

tensions. As far as interaction of manure and irrigation are concerned, “M50I2” proved the 

best treatment combination that showed 29.8, 16.9, 20.8 and 21.6% increase over “M0I1” 

during yr-1 wheat, yr-1 maize, yr-2 wheat and yr-2 maize, respectively. It was followed in 

descending order by “M50I1” and “M0I2”, the two treatments which showed statistically 

similar ETc. Increased ETc with the application of manure could be justified by increased 

RWD and RLD (Figure-4.2.6) which consequently lead to an increased root water uptake. 

Low ETc observed with I1 irrigation level, where depletion before some irrigations exceeded 

the critical limit of readily available water, could be justified by the findings of Allen et al. 

(1998) who stated that after the root zone depletion exceeds RAW (the water content drops 

below the critical value), the depletion is high enough to limit evapotranspiration to less than 

potential values, and consequently the crop evapotranspiration (ETc) begins to decrease. 

Similar to our ETc values for maize crop observed under different treatment combinations, a 

similar water requirement of maize, i.e 43-49 cm for maximum production was reported by 

Doorknobs and Pruitt (1983). Similarly, Doorknobs and Pruitt (1983) described a range of 

water requirement of maize for maximum production varied between 430-490 mm. Our 

wheat evapotranspiration ranged from 39.4 to 50.5 cm, while Laghari et al. (2008), observed 

35-39 cm of irrigation water needed for seasonal ET and deep percolation requirements of 

wheat crop.  

 

4.2.10 Hydrus-1D predicted/measured drainage at different depths during wheat-

fallow-maize rotation under the effect of manure and irrigation  

 Table-4.2.8 presents the Hydrus-1D predicted drainage at 35 and 70 cm depth, in a 

wheat-fallow-maize crop rotation, while measured as well model simulated drainage at 115 
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cm depth along with model efficiency (EM) are presented in Table-4.2.9. Increasing 

irrigation quantity significantly increased the drainage at all depths, during wheat and maize 

crop, however manure application decreased the drainage due to increased root water uptake 

(Table-4.2.7) and it also might be due to more water holding capacity of soil at high matric 

potential with the addition of organic carbon (Table-4.2.1). Similar to our findings, Ouda et 

al. (2010) simulated the effect of irrigation water saving with application of 90, 85, 80 and 

70% of full irrigation on wheat yield and found very high potentiality for reducing drainage 

and ultimately irrigation water saving (30%) with only 5 % yield losses.  A decreased amount 

of drainage water was observed for lower depths that indicate the root water uptake from 

lower than 35 and 70 cm depths, however rapid reduction in drainage at 70 cm depth 

compared to that observed at 110 cm depth indicates more root water uptake from 35-70 cm 

depth compared with 70-110 cm depth.  Similarly, Incerti and O'Leary (1990) observed that 

wheat roots can penetrate to a maximum depth of 104 cm, sown at the optimum time, while 

73-83 cm with delayed sowing. Like wise, Fehrenbacher et al. (1982) observed maize rooting 

depth ranging from 74 cm to 163 cm.  Regarding interactive effect of irrigation and manure, 

drainage was observed in the following descending order: “M0I2”> “M50I2”> “M0I1”> 

“M50I1” at all three depths. At 110 cm depth, maximum drainage was observed with 

treatment combination “M0I2” which showed 230.2 and 139.1% increase in drainage over 

“M50I1” (treatment combination with minimum drainage) in case of wheat and maize crop of 

yr-1, respectively, while corresponding increase observed during yr-2 was 133.3 and 156.7%. 

It is obvious from the data that 25.7, 22.3, 21.2 and 10.7% of water input (irrigation + 

precipitation) during wheat yr-1 crop was drained down below 110 cm depth with treatment 

combinations “M0I2”, “M50I2”, “M0I1” and “M50I1” respectively, while drainage observed 

with corresponding treatment combinations during yr-2 wheat was 29.7, 28.1, 23.2 and 

21.5%. Similarly, during maize crop 17.2, 15.1, 13.5 and 9.4% of water input during yr-1 and 

21.6, 16.0, 13.3 and 10.6% during yr-2 was leached below 110 cm depth with treatment 

combinations “M0I2”, “M50I2”, “M0I1” and “M50I1” respectively. The results of the trial 

conducted under conventional irrigation method, and increased drainage with heavy 

irrigation (I2) correlate with the findings of Hu et al. (2008) who indicated that improved 

water use efficiency under the modern treatment may lead to less drainage. Drainage 

simulated using Hydrus-1D for second year wheat and maize crop indicate that observed data 
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fitted well to the model (which was calibrated using data from yr-1 wheat and maize trial) 

predicted values. Highest EM value (0.35) was observed with M0I2 during maize growing 

season, followed by 0.06 observed in case of M0I1 for maize crop. These two treatments 

showed that model predicted values were better than observed values. For the rest of 

treatments EM value ranged from -0.10 to -4.51 indicating that field observations for 

drainage were better representative than model simulated values. Similar to our study, many 

scientists are using Hydrus-1D model extensively for simulating the movement of water and 

root water uptake in variably-saturated porous media (Simunek et al., 1998). Simunek and 

Hopmans (2009) used Hydrus-1D for simulating root water uptake under water limited 

conditions by presenting a new compensated root water model, implemented in Hydrus, 

called root adaptability factor. Similar to our simulation by dual porosity model, Kodesova et 

al. (2006a) used dual permeability models in Hydrus-1D to simulate transient water flow in 

clay soil with and without macro-pores.  

4.2.11 Effect of manure and irrigation levels on NO3-N concentration in leachates at 

different depths 

Table-4.2.10 presents the effect of manure, irrigation and their interaction on NO3-N 

concentration during yr-1, while data regarding yr-2 are provided in Table-4.2.11. Manure 

significantly (p≥ 0.05) increased the NO3-N concentration in the leachate with significant 

interaction with irrigation, during wheat crop, fallow period and even during maize growth 

period, both years, however irrigation alone showed no significant effect. Leachates collected 

at 35 cm depth in the case of M50 treatment showed 81.2 and 62.0% increase in NO3-N 

concentration during wheat crop; 62 and 39.8% increase during fallow period; 37.4 and 

19.9% increase during maize crop, when observed for yr-1 and yr-2, respectively.  At 70  cm 

depth, manure increased the average NO3-N concentration during wheat season, fallow 

period and maize season by 56.4, 61.0 and 17.2% during yr-1, while 45.4, 58.0 and 22.9% 

during yr-2, respectively. At 110 cm depth, manure increased the average NO3-N 

concentration during wheat season, fallow period and maize season by 96.7, 79.7 and 4.5% 

during yr-1, while 52.1, 60.8 and 18.5% during yr-2, respectively.  

Data also revealed that with manure application (M50), NO3-N concentration crossed the EPA 

critical limit (11.3 ppm NO3-N) at all three depths (35, 70 and 110 cm) in the case of wheat 

and fallow period during yr-1, while at two upper depths (35 and 70 cm) during yr-2. 
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Table-4.2.8 Effect of manure and irrigation levels on drainage (cm) at 35 and 70 cm depth during wheat-fallow-maize rotation  

Treatments Wheat Fallow¶ Maize 

 35 cm 
(Y-1) 

70 cm 
(Y-1) 

35 cm  
(Y-2) 

70 cm  
(Y-2) 

35 cm 
(Y-1) 

70 cm  
(Y-1) 

35 cm  
(Y-2) 

70 cm  
(Y-2) 

35 cm  
(Y-1) 

70 cm  
(Y-1) 

35 cm  
(Y-2) 

70 cm  
(Y-2) 

Manure (M)           

              M0* 18.9 13.7 18.3 15.5 18.1 11.9 14.0 10.2 17.0 12.5 18.3 14.6 
              M50 14.9 11.7 15.4 13.2 17.1 10.8 14.8 10.5 15.3 10.0 15.8 12.6 
Irrigation (I)         
                 I1** 12.0 8.8 12.4 10.5 17.1 11.3 14.0 10.3 11.8 8.7 11.8 8.8 
                 I2 21.8 16.5 21.3 18.2 18.1 11.3 14.8 10.4 20.5 13.8 22.3 18.4 
Interaction (MxI)  

         M0I1  14.3 c° 9.7 c 13.4 c 11.2 c 17.6 11.4 13.4 10.5 12.3 c 9.8 c 12.3 8.9 
         M0I2       23.4 a 17.6 a 23.2 a 19.8 a 18.6 12.3 14.5 9.8 21.6 a 15.2 a 24.3 20.3 
          M50I1      9.7 d 7.9 d 11.3 c 9.8 c 16.5 11.2 14.5 10 11.2 c 7.6 d 11.3 8.7 
          M50I2      20.1 b 15.4 b 19.4 b 16.5 b 17.6 10.3 15 11 19.4 b 12.3 b 20.3 16.5 
LSD (p≤ 0.05)   

                       M 2.36 1.07 2.59 1.73 0.68 NS NS NS 1.61 1.56 0.86 1.89 

                        I 1.54 1.10 1.48 0.90 NS NS NS NS 0.62 1.44 1.09 1.39 

                      M x I 2.17, 2.81 1.56,1.54 2.09, 2.97 1.27,1.95 NS NS NS NS 0.88,1.73 2.04,2.11 1.55,1.39 1.97,2.34 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1. 
**I1 and I2 corresponds to irrigation @ 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; It also include 7.54, 8.03, 4.05 and 
11.38 cm precipitation during, wheat yr1, wheat yr-2, maize yr-1 and maize yr-2 crop, respectively   
¶Water input was 46.66 cm and 32.82 cm, during 2008 and 2009 fallow period, respectively 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for wheat-2 at 70 cm depth fallow period-1 at both depths, and for maize-2 at  both depths
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Table-4.2.9 Effect of manure and irrigation levels on drainage (cm) at 115 cm depth during wheat-fallow-maize rotation 
 
  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Year-1 Year-2 

Treatments 
Wheat  

(M¶) 

ψFallow 

 (P) 
Maiz 
e (M) 

Wheat 

 (M) 

Wheat  

(S) 
EM 

Fallow 

 (P) 

Maize 

 (M) 

Maize  

(S) 
EM 

Manure (M)           

              M0* 11.4 7.2 8.8 13.0 11.3 -3.86 5.5 11.5 11.1 -0.97 
              M50 8.3 8.7 7.2 12.2 10.6 -1.88 5.3 8.7 7.9 -0.84 
Irrigation (I)         
                 I1** 6.4 8.2 5.6 9.1 8.5 -0.63 5.5 6.8 5.5 -5.26 
                 I2 13.3 7.7 10.4 16.1 14.1 -2.04 5.4 13.4 13.1 -0.24 
Interaction (MxI)  

         M0I1  8.4 c° 7.6 ab 6.6 b 9.4 b 8.8 0.06 5.6 7.5 c 7.5 -4.51 
         M0I2       14.2 a 6.7 b 11 a 16.5 a 15.1 -0.70 5.4 15.4 a 14.5 0.35 
          M50I1      4.3 d 8.7 a 4.6 c 8.7 b 7.8 -1.76 5.3 6 c 4.3 -1.92 
          M50I2      12.3 b 8.7 a 9.7 a 15.6 a 13.0 -3.99 5.3 11.4 b 10.9 -0.10 
LSD (p≤ 0.05)   

LSD (p≤ 0.05) M 1.40 0.99 1.10 0.75 - - NS 1.61 - - 

                        I 1.22 0.94 0.76 1.27 - - NS 1.49 - - 

                       M x I 1.7, 1.8 1.3, 1.4 1.1, 1.3 1.8, 1.5   NS 2.1, 2.2   

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1. 
**I1 and I2 corresponds to irrigation @ 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; It also 
include 7.54, 8.03, 4.05 and 11.38 cm precipitation during, wheat yr1, wheat yr-2, maize yr-1 and maize yr-2 crop, respectively   
ψWater input was 46.66 cm and 32.82 cm, during 2008 and 2009 fallow period, respectively  
¶ M, P and S represents measured, predicted and simulated values 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for wheat-2, fallow period-1, and for maize-2 
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Table-4.2.10 Effect of manure and irrigation levels on NO3-N concentration (ppm) in leachates at different depths (Year-1) 
 

 

Treatments 35 cm 70 cm 110 cm 

 Wheat Fallow¶ Maize Wheat Fallow Maize Wheat Fallow Maize 

Manure (M)           

              M0* 
8.3 7.5 10.2 8.2 7.3 9.3 6.0 6.4 7.7 

              M50 15.0 12.2 14.0 12.8 11.8 10.9 11.8 11.5 8.1 
Irrigation (I)         
                 I1** 

12.1 10.1 12.3 11.0 9.6 10.0 9.4 9.1 7.9 
                 I2 11.2 9.6 11.8 10.0 9.5 10.1 8.5 8.9 7.9 
Interaction (MxI)  

         M0I1  8.7 b° 7.5 b 10.3 8.7 b 7.3 b 9.8 ab 6.5 b 6.4 b 7.8 
         M0I2       7.8 b 7.5 b 10.0 7.6 b 7.3 b 8.7 b 5.5 b 6.4 b 7.6 
          M50I1      15.4 a 12.6 a 14.3 13.2 a 11.8 a 10.2 ab 12.2 a 11.7 a 7.9 
          M50I2      14.5 a 11.7 a 13.6 12.3 a 11.7 a 11.5 a 11.4 a 11.3 a 8.2 
LSD (p≤ 0.05)    M 2.24 1.52 0.39 2.14 1.39 1.16 1.36 1.00 NS 

                            I NS NS NS NS NS NS NS NS NS 

M x I 2.15, 2.70 1.73, 1.95 1.77, 1.31 2.36, 2.72 0.97, 1.55 2.05, 1.86 1.68, 1.81 1.62, 1.52 NS 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to irrigation @ 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; It also include 7.54 and 4.05 
cm precipitation during, wheat yr1and maize yr-, respectively   
¶Water input was 46.66 cm during 2008 fallow period 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
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4.2.11 Effect of manure and irrigation levels on NO3-N concentration (ppm) in leachates at different depths (Year-2) 
 

Treatments 35 cm 70 cm 110 cm 

 Wheat Fallow¶ Maize Wheat Fallow Maize Wheat Fallow Maize 

Manure (M)           

              M0* 
8.2 8.1 9.4 8.2 7.2 8.7 7.1 6.5 8.7 

              M50 13.2 11.3 10.7 11.9 11.3 10.7 10.8 10.5 10.3 
Irrigation (I)         
                 I1** 

11.0 10.2 10.1 10.1 9.4 9.8 8.5 8.5 9.4 
                 I2 10.4 9.2 10.0 10.0 9.1 9.6 9.5 8.5 9.7 
Interaction (MxI)  

         M0I1  8.7 b 8.5 b° 9.8 ab 8.7 b 6.9 9.0 b 6.7 b 6.3 b 8.2 b 
         M0I2       7.6 b 7.6 b 9.1 b 7.6 c 7.4 8.4 b 7.5 b 6.7 b 9.2 ab 
          M50I1      13.2 a 11.8 a 10.4 ab 11.4 a 11.8 10.7 a 10.2 a 10.7 a 10.5 a 
          M50I2      13.2 a 10.7 a 10.9 a 12.3 a 10.8 10.8 a 11.4 a 10.2 a 10.1 ab 
LSD (p≤ 0.05) M 1.31 1.13 NS 0.86 1.12 0.88 1.61 1.54 NS 

                        I NS NS NS NS NS NS 0.96 NS NS 

                   M x I 1.46, 1.66 1.69, 1.64 1.32, 1.58 1.07, 1.15 1.69, 1.63 1.56, 1.41 1.36, 1.87 1.06, 1.71 1.23, 2.01 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to irrigation @ 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; It also include 7.54 and 4.05 cm 
precipitation during, wheat yr1and maize yr-, respectively   
¶Water input was 46.66 cm during 2008 fallow period 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for  maize-2 at 110 cm depth 



 141

During maize crop average NO3-N concentration was well above the critical limit at 35 cm 

during yr-1, for the other two depths and during yr-2 its concentration was nearly touching or 

slight below the critical limit. 

During yr-1, interaction of manure and irrigation showed that two statistically similar 

treatment combinations “M50I2” and “M50I1” showed NO3-N concentrations which were 

higher than the critical limit at all three depths except for maize crop at 110 cm. In a wheat- 

maize-fallow rotation, during yr-2, NO3-N concentration was very close to permissible limit 

with 10.1 ppm and 13.2 ppm as mean minimum and maximum value. Similar to findings, 

Hadas et al. (1999) also described a long-term risk of NO3
- pollution by excess N fertilizers, 

applied for increasing yield by agricultural intensification through the application of 

irrigation and N fertilizer/manure. Our findings are also in line with Gheysari et al. (2009) 

who observed 10.4 and 31.2 mg L-1 NO3-N as lowest and highest seasonal average NO3 

concentration, respectively, in leachate at 30 and 60 cm depth, with four irrigation levels 

(0.7, 0.85, 1.0 and 1.13 of soil moisture depletion) and N rates (0, 142 and 189 kg N ha-1).  

Our results are very close to Tahir and Rasheed (2008) who found the increased NO3
- 

concentration in the areas receiving high N fertilizer rates and observed about 19% of sample 

out of 747, throughout the Pakistan beyond the permissible safe limit of 11.3 mg L-1. We 

observed that manure application to wheat crop followed by heavy rainy season with no 

cover crop has high risk of nitrate leaching. Similarly, Bergstrom and Jokela (2001) also 

observed decreased amounts of NO3
- in leachates in presence of the cover crop because they 

help in harvesting the soil NO3-N. Similar to our results during maize crop, Jokela (1992) 

also observed the NO3-N near or above 10 mg L-1 in most samples receiving manure at 9 Mg 

ha-1. 

 

4.2.12 Effect of manure and irrigation levels on total NO3-N leached at different depths 

during wheat-fallow maize rotation  

Data regarding irrigation and manure as well as their interactive effect on NO3-N 

leaching to different depths during yr-1 and yr-2 is presented in Table-4.2.12 and Table-

4.2.13, respectively. Manure application significantly increased the NO3-N leaching at all 

three depths during wheat, fallow and maize seasons, however with some exceptions, i.e. 

manure effect was non significant during yr-1 wheat at 110 cm, yr-2 maize at 70 and 110 cm. 
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Heavy irrigation (I2) also statistically increased the NO3-N leaching at all depths during 

wheat and maize growing seasons, however its effect was statistically non-significant during 

fallow period.  

Interactive effect of manure and irrigation on NO3-N leaching was significant (p 

≥0.05) at all three depths. Data of two years indicated that during wheat crop highest NO3-N 

leaching was observed with treatment combination “M50I2” at all three depths, i.e. 21.9, 15.1 

and 10.5 kg NO3-N ha-1 leached below 35, 70 and 115 cm depth during year-1, while 

corresponding values observed during yr-2 were 21.8, 17.8 and 15.3 kg NO3-N ha-1. This 

treatment was followed in descending order by “M0I2” and “M50I1” while minimum NO3-N 

leaching was observed in case of “M0I1”. During fallow period NO3-N leaching at all three 

depths was in order of “M50I2” ≈ “M50I1” > “M0I2” ≈ “M0I1”. During maize crop, treatment 

combination “M50I2” showed maximum NO3-N leaching at 35, 70 and 110 cm depth, i.e. 

26.5, 16.6 and 7.8 kg NO3-N ha-1 leached below 35, 70 and 115 cm depth during year-1, 

while corresponding values observed during yr-2 were 17.0, 12.2 and 8.9 kg NO3-N ha-1. 

Treatment combinations “M0I2” and “M50I1” showed decreasing trend in NO3
-N leaching at 

all three depths. Treatment combination “M0I1” proved the best with minimum NO3-N 

leaching observed at all three depths. Data also showed that drainage and leachate 

concentration decreased with increasing depth which significantly reduced the NO3-N 

leaching at lower depths.  Similar to our findings, Chang and Entz (1996) also observed the 

increasing trend in nitrate leaching losses ranged from 93 to 341 kg ha-1 by increasing the 

application of manure to barley crop at 0, 1, 2 and 3 times the maximum recommended 

annual application rate). Our results are in line with Jaynes et al. (2004) who observed the 

ratio of 1.3 for reduction of NO3-N to N reduced application. Movement of NO3-N below 35, 

70 and 115 cm, during wheat and maize crop with the application of heavy irrigation (I2) 

correlate to the previous findings that high NO3-N leaching occurs due to over irrigation 

(Cameira et al., 2003; Vazquez et al., 2006), i.e. 8.43 kg NO3-N ha-1 leaching at 0.60 m depth 

was observed by applying 142 kg N ha-1 with over irrigation to maize crop comprising of 

13% leaching fraction (Gheysari et al. (2009). Similar to our findings, Riley et al. (2001) also 

observed leaching of 2 and 5% of the applied N below the root zone with conventional 

agricultural practices. Similarly, Zhu et al. (2005) observed up to 28.6 kg N ha-1 (5.9 % of 

total nitrogen supply) leaching through 24.7 % drainage of total surface water supply.  
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Table-4.2.12 Effect of manure and irrigation levels on NO3-N (kg ha-1) leached at different depths (Year-1) 
 

Treatments 35 cm 70 cm 110 cm 

 Wheat Fallow¶ Maize Wheat Fallow Maize Wheat Fallow Maize 

Manure (M)                   

              M0* 
11.9 8.2 17.5 8.8 5.5 9.6 6.4 2.6 4.9 

              M50 16.6 17.5 21.0 12.1 11.2 12.6 7.3 6.1 6.8 
Irrigation (I)         

                 I1** 
10.5 12.9 14.8 8.2 8.1 8.4 4.4 4.3 5.0 

                 I2 18.1 12.8 23.8 12.7 8.6 13.8 9.3 4.4 6.7 
Interaction (MxI)  

         M0I1  9.6 c° 7.9 b 13.9 c 7.3 c 5.3 b 8.2 c 4.8 c 2.6 4.2 c 
         M0I2       14.2 b 8.4 b 21.2 b 10.3 b 5.7 b 10.9b  8.1 b 2.5 5.6 b 
          M50I1      11.4 c 17.9 a 15.6 c 9.1 bc 10.9 a 8.5 c 4.0 c 5.9 5.8 b 
          M50I2      21.9 a 17.1 a 26.5 a 15.1 a 11.5 a 16.6 a 10.5 a 6.3 7.8 a 
LSD (p≤ 0.05) M 2.20 0.99 2.55 1.09 1.81 2.13 1.55 0.43 0.95 

                        I 1.36 1.57 1.81 1.48 0.80 0.95 1.04 0.41 0.44 

                        M x I 1.92, 2.58 2.22, 1.85 2.56, 3.11 2.10, 1.84 1.14, 1.98 1.35, 2.33 1.47, 1.86 0.58, 0.59 0.62, 1.04 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1(50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, 
respectively) 
**I1 and I2 corresponds to irrigation @ 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; It also include 
7.54 and 4.05 cm precipitation during, wheat yr1and maize yr-, respectively   
¶Water input was 46.66 cm during 2008 fallow period 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
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Table-4.2.13 Effect of manure and irrigation levels on NO3-N (kg ha-1) leached at different depths (Year-2) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Treatments 35 cm 70 cm 110 cm 

 Wheat Fallow¶ Maize Wheat Fallow Maize Wheat Fallow Maize 

Manure (M)           

              M0* 
13.0 6.5 11.8 9.4 4.8 8.6 7.7 3.2 6.8 

              M50 16.8 11.2 12.8 13.5 9.6 9.4 11.8 6.1 6.5 
Irrigation (I)         

                 I1** 
11.1 9.3 8.9 8.6 7.1 6.5 7.1 4.9 4.0 

                 I2 18.7 8.4 15.6 14.3 7.3 11.5 12.5 4.3 9.4 
Interaction (MxI)  

         M0I1  10.4 c° 7.1 b 9.2 c 7.9 d 4.4 b 6.4 b 5.8 c 3.3 c 3.8 c 
         M0I2       15.5 b 5.9 b 14.3 b 10.8 b 5.2 b 10.8 a 9.7 b 3.1 c 9.9 a 
          M50I1      11.9 c 11.5 a 8.6 c 9.3 c 9.8 a 6.5 b 8.4 b 6.6 a 4.2 c 
          M50I2      21.8 a 10.8 a 17.0 a 17.8 a 9.3 a 12.2 a 15.3 a 5.5 b 8.9 b 
LSD (p≤ 0.05) M 1.84 1.53 0.96 0.67 0.64 1.64 1.28 0.77 0.71 

                        I 1.54 1.19 0.75 1.15 1.32 1.31 1.10 0.42 0.70 

                        M x I 2.18, 2.40 1.68, 1.93 1.06, 1.22 1.63, 1.33 1.87, 1.46 1.85, 2.09 1.56, 1.68 0.59, 0.88 0.99, 0.10 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1(50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, 
respectively) 
**I1 and I2 corresponds to irrigation @ 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; It also include 
7.54 and 4.05 cm precipitation during, wheat yr1and maize yr-, respectively   
¶Water input was 46.66 cm during 2008 fallow period 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for fallow period at 35 cm, 70 cm and 110 cm depth  
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4.2.13 Effect of manure and irrigation levels on soil NO3-N built-up at different time of 

crop growth 

Data regarding soil NO3-N built-up from 0-110 cm depth as affected by manure, 

irrigation as well as their interaction are provided in Table-4.2.14, while for 35-110 cm and 

75-110 cm depth are presented in Table-4.2.15 and 4.2.16, respectively. Manure application 

at 50 Mgha-1 showed statistically higher NO3-N built-up at all sampling time, compared with 

treatment receiving no manure, when observed for a specific soil layer. After 30 days of 

sowing (DAS) NO3-N built-up was 47.6 and 43.8 kg for 0-110 cm; 21.4 and 18.3 kg for 35-

110 cm; 8.2 and 6.6 kg for 70-110 cm depth during yr-1 and yr-2, respectively, while 

corresponding increase over non manured plots (M0) was 79.6 and 91.7%; 45.6 and 40.9%; 

109.0 and 120%. This NO3-N built-up decreased continuously for 0-110 cm depth and 35-

110 cm depth due to wheat uptake and due to leaching below 0-110 cm depth during maize 

crop, however more NO3-N built-up (18.3 and 14.3 kg) with “M50” at the end of wheat 

season and fallow period may be due to continuous release of NO3-N from manure, while in 

the case of “M0”  -8.2 and -4.4 kg depletion was observed at the end of fallow period due to 

leaching losses (Table-4.2.12, Table-4.2.13) due to heavy rain. 

During maize crop growth, high NO3-N built-up was observed for 0-110 cm depth at 

the 1st sampling time (30 DAS), however it showed continuous decrease from the first to the  

third sampling date (harvest of maize), that might be due to uptake of  NO3-N by maize crop 

or leaching losses during this period. Due to residual effect of manure, high NO3-N was 

observed at first, second and third sampling for 0-110, 35-110 and 70-110 cm depth. Heavy 

irrigation (I2) also increased the NO3-N when observed for 35-110 and 70-110 cm depth, 

compared to I1.  

Interactive effect of manure and irrigation on NO3-N built-up was also significant for 

0-110, 35-110 and 70-110 cm depth, when calculated three times during wheat season (60, 

90 DAS and at harvest), at the end of fallow period and three time during maize gwowing 

season (30, 60 DAS and at harvest). Maximum NO3-N built-up was observed with treatment 

combination “M50I2” at all sampling times, followed by “M50I1” that showed ≤ NO3-N built-

up compared to former treatment combination. Minimum NO3-N built-up was observed with 

“M0I1”, however this treatment was statistically at par with “M0I2”. At the end of second year 

(harvest of maize crop) treatment combinations “M50I2” and “M50I1” showed 8.7 and 6.5 kg  
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Table-4.2.14 Effect of manure and irrigation levels on NO3-N built-up (kg ha-1) during wheat at 0-110 cm depths 

Treatments Year-1 Year-2 

 W(S1)¶ W(S2) W(S3) F M(S1) M(S2) M(S3) W(S1) W(S2) W(S3) F M(S1) M(S2) M(S3) 

Manure (M)  
              M0* 

26.5 13.9 -2.3 -8.2 64.5 22.9 0.8 22.9 11.1 -2.1 -4.4 58.5 20.9 -0.1
              M50 47.6 36.4 22.6 18.3 76.9 31.8 8.7 43.8 27.9 16.6 14.3 70.9 35.0 7.6
Irrigation (I)  

              I1** 
36.0 22.9 7.1 5.6 71.1 27.8 5.0 32.8 17.9 6.0 4.0 63.6 26.9 3.5

              I2 38.2 27.4 13.2 4.6 70.3 27.0 4.6 33.9 21.1 8.6 5.9 65.9 28.9 4.1

Interaction   

         M0I1  
25.4 b° 12.4 d -2.3 c -7.6 b 65.6 b 24.3 b 1.2 b 22.3 b 10.3 c -2.6 c -5.4 b 56.6 b 20.4 b 0.5 c

         M0I2       
27.6 b 15.4 c -2.3 c -8.7 b 63.4 b 21.5 b 0.4 b 23.4 b 11.9 c -1.6 c -3.4 b 60.4 b 21.3 b -0.6 c

          M50I1      
46.5 a 33.4 b 16.5 b 18.7 a 76.6 a 31.2 a 8.7 a 43.3 a 25.4 b 14.5 b 13.4 a 70.5 a 33.4 a 6.5 b

          M50I2      
48.7 a 39.4 a 28.7 a 17.8 a 77.1 a 32.4 a 8.7 a 44.3 a 30.3 a 18.7 a 15.2 a 71.3 a 36.5 a 8.7 a

LSD  M 1.85 1.21 6.28 2.74 5.89 2.34 1.20 1.20 2.75 3.32 2.38 2.10 1.85 1.10 
           I NS 1.61 0.75 NS 4.64 NS NS NS 3.17 1.76 1.62 NS NS 0.75 

           M x I 
3.5,  
3.09 

2.28, 
2.01 

1.06, 
6.33 

1.42, 
2.91 

6.56, 
7.40 

3.15, 
3.22 

1.14, 
1.45 

2.37, 
2.06 

4.48, 
4.19 

2.49, 
3.75 

2.29, 
2.88 

7.92, 
5.98 

5.25, 
4.14 

1.07, 
1.33 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively 
¶ W, F and M represents wheat, fallow and maize period, respectively, while S1, S2 and S3 represents the sampling after 60 and 90 days and at harvest, 
for wheat crop, and  after 30 and 60 days and at harvest for maize crop. 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for W(S1) yr-1, W(S2) yr-1, fallow yr-1, M(S1) yr-1 and M(S3) yr-2
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Table-4.2.15 Effect of manure and irrigation levels on NO3-N built-up (kg ha-1) during wheat at 35-110 cm depth 

 

Treatments Year-1 Year-2 

 W(S1)¶ W(S2) W(S3) F M(S1) M(S2) M(S3) W(S1) W(S2) W(S3) F M(S1) M(S2) M(S3) 

Manure (M)  
              M0* 

14.7 6.9 -2.9 -5.4 23.0 8.1 1.8 13.0 6.5 -1.2 -2.8 20.7 7.2 2.3
              M50 21.4 17.4 10.2 8.9 29.2 15.5 7.1 18.3 14.5 10.0 6.1 26.5 17.6 7.2
Irrigation (I)  

              I1** 
17.5 10.8 3.1 1.1 25.1 11.6 4.4 15.7 10.0 3.7 0.6 23.4 11.1 3.9

              I2 18.7 13.5 4.2 2.4 27.1 12.0 4.4 15.6 11.0 5.1 2.8 23.9 13.7 5.6

Interaction   

         M0I1  
14.5 c° 7.1 c -2.3 d -5.4 c 21.4 c 7.6 b 2.3 d 12.6 b 6.5 c -1.3 c -3.4 d 20.2 b 5.6 c 1.2 d

         M0I2       
14.9 c 6.7 c -3.4 c -5.4 c 24.5bc 8.6 b 1.2 c 13.3 b 6.5 c -1.1 c -2.1 c 21.2ab 8.7 b 3.4 c

          M50I1      
20.4 b 14.5 b 8.5 b 7.6 b 28.7ab 15.6 a 6.5 b 18.7 a 13.5 b 8.7 b 4.6 b 26.5 a 16.5 a 6.5 b

          M50I2      
22.4 a 20.3 a 11.8 a 10.2 a 29.7 a 15.4 a 7.6 a 17.8 a 15.4 a 11.2 a 7.6 a 26.5 a 18.7 a 7.8 a

LSD  M 1.18 2.56 2.51 2.69 1.83 3.22 0.69 1.50 2.28 1.75 1.19 4.97 1.58 0.54 
           I 1.14 2.38 0.69 1.02 NS 2.55 0.63 NS 1.27 1.02 0.79 NS 1.92 0.47 

           M x I 
1.61, 
1.64 

3.36, 
3.48 

0.98, 
2.60 

1.44, 
2.87 

5.65, 
4.39 

3.60, 
4.09 

0.89, 
0.93 

1.80, 
1.96 

1.80, 
2.60 

1.45, 
2.02 

1.12, 
1.42 

4.34, 
5.83  

2.71, 
2.48 

0.67, 
0.71 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively 
¶ W, F and M represents wheat, fallow and maize period, respectively, while S1, S2 and S3 represents the sampling after 60 and 90 days and at harvest, 
for wheat crop, and  after 30 and 60 days and at harvest for maize crop 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for W(S1) yr-1, W(S2) yr-1, M(S1) yr-1 and M(S3) yr-2
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Table-4.2.16 Effect of manure and irrigation levels on NO3-N built-up (kg ha-1) during wheat at 70-110 cm depths 

Treatments Year-1 Year-2 

 W(S1)¶ W(S2) W(S3) F M(S1) M(S2) M(S3) W(S1) W(S2) W(S3) F M(S1) M(S2) M(S3) 

Manure (M)  
              M0* 3.9 4.4 1.7 0.8 8.2 5.6 2.2 3.0 3.3 1.2 -0.2 7.1 4.7 2.9
              M50 8.2 7.7 7.7 7.1 12.3 7.7 6.5 6.6 7.6 7.7 4.1 10.1 8.9 6.1
Irrigation (I)  
              I1** 

5.5 5.5 3.9 3.4 9.4 6.2 3.3 5.0 4.4 3.4 1.8 7.6 5.7 3.9
                 I2 6.6 6.6 5.6 4.5 11.0 7.1 5.4 4.6 6.5 5.5 2.1 9.6 7.8 5.1

Interaction   

         M0I1  
3.4 b° 4.3 c 1.2 d 0.3 d 7.6 c 5.6 b 1.2 d 3.5 b 2.3 d 1.2 c 0.2 c 6.5 c 3.6 d 2.7 c

         M0I2       
4.4 b 4.5 c 2.2 c 1.2 c 8.7 c 5.5 b 3.2 c 2.5 c 4.3 c 1.1 c -0.6 c 7.6 b 5.7 c 3.4 c

          M50I1      
7.6 a 6.7 b 6.5 b 6.5 b 11.2 b 6.7 b 5.4 b 6.5 a 6.5 b 5.6 b 3.4 b 8.7 b 7.8 b 5.4 b

          M50I2      
8.7 a 8.7 a 8.9 a 7.7 a 13.3 a 8.7 a 7.6 a 6.7 a 8.7 a 9.8 a 4.8 a 11.5 a 9.9 a 6.7 a

LSD  M 1.45 0.41 1.64 0.89 1.97 1.77 0.98 0.72 0.62 1.29 0.41 1.49 1.09 0.60 
           I 1.02 0.28 0.37 0.35 0.92 0.51 0.99 NS 0.42 1.08 NS 0.59 1.02 0.52 

           M x I 
1.44, 
1.77 

0.39, 
0.49 

0.53, 
1.68 

0.50, 
0.96 

1.30, 
2.17 

0.72, 
1.84 

1.41, 
1.40 

0.75, 
0.89  

0.60, 
0.74 

1.53, 
1.70 

0.92, 
0.77 

0.84, 
1.59 

1.44, 
1.49 

0.74, 
0.79 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N during yr-1 and yr-2, respectively) 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively 
¶ W, F and M represents wheat, fallow and maize period, respectively, while S1, S2 and S3 represents the sampling after 60 and 90 days and at harvest, 
for wheat crop, and  after 30 and 60 days and at harvest for maize crop 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for W(S1) yr-1, fallow yr-1, M(S1) yr-1 and M(S3) yr-2
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at 0-110 cm; 7.8 and 6.5 kg at 35-110 cm; and 6.7 and 5.4 kg NO3-N built-up. Similar to our 

study, many scientists observed the effect of increasing manure application rates and 

irrigation level on soil NO3-N built up and leaching below root zone. Zhu et al. (2005) 

observed that 5.9 % and 15.7 % of total applied N, respectively was lost by NO3
- leaching out 

of the root zone through 24.7 % drainage of total water input. Similar to our results, Gheysari 

et al. (2009) observed 8.43 kg N ha-1 NO3-N leaching at 60-cm with the application of 142 

kg N ha-1 along with 1.13 SMD irrigation level. We observed a higher NO3-N built-up with 

the application of manure which correlates with the observations of Eghball (2002) who 

found higher residual soil NO3
- and organic carbon effect observed to a depth of 1.2 m in soil 

upto 4 years with the application of manure. Like wise Chang and Entz (1996) also studied 

the NO3-N built-up by the annual application of manure at 0, 1, 2 and 3 times the maximum 

recommended annual application rate and observed that higher manure application rates 

resulted in a NO3-N built-up within the root zone but traces leached below 1.5 m. Our 

residual effect of manure during manure crop was confirmed by the finding of Yadav et al. 

(1997) who studied the residual effect of manure and found that15 % applied N, 68 % 

residual NO3-N in the non-root zone and 20 % residual manure from root zone layers NO3-N 

was involved in ground water contamination. We observed NO3-N depletion of 0-115 cm soil 

profile during long rainy fallow period as a result of drainage of water which was explained 

by Martinez and Guiraud (2006) who stated the importance of cover crop in harvesting the 

applied NO3-N, i.e. nitrate concentration from the bare fallow lysimeters averaged 40 mg N 

L−1 compared with the maize catch crop, where it declined from 41 mg N L−1 to 0.25 mg N 

L−1, at the end of ryegrass growth. We observed depletion of soil NO3-N in the rooting zone 

with no manure receiving treatment at the end of the fallow period. This may lead to yield 

declining trend with even full recommended dose of NPK fertilizers, in many fertility 

experiments in low organic carbon containing soils, observed in India (Nambiar and Abrol, 

1989). 

4.1.14 Effect of manure and irrigation levels on Br- recovery at different soil depths in a 

wheat-fallow-maize rotation 

In this experiment, bromide (Br-) was used as a tracer for assessment of the solute 

movement in soil with depth, during 2008-09. Data (Table-4.2.17) revealed different 

concentrations of Br- recovery under different treatments below the active rooting zone (0-35 
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cm). It can be depicted that lower Br- recovery at wheat harvest (14.2%) was observed with 

manure treatment at 35-70 cm depth, while at lower depth (70-110 cm) its effect was non 

significant. Whereas, at the harvest of maize crop, 13.7 and 11.1% recovery of Br- at 35-70 

and 70-110 cm depth was observed in manure treated plots, which was statistically different 

from non-manured plots. Similarly, at the end fallow period significantly lower Br- recovery 

(24.2 and 9.9%) was observed in manure treated plots at 35-70 and 70-110 cm depths. Low 

recovery in manure treated plots might be due to more uptake of Br- as a result of more root 

water uptake by wheat and maize crop (Table-4.2.7). 

Heavy irrigation showed a significantly increased movement of Br- to lower depths, 

i.e. 23.1 and 67.4% increase in Br- recovery at 35-70 and 70-110 cm depth was observed at 

the end of wheat growing season, while irrigation effect was non significant for 35-70 cm 

depth both at the end of fallow period and maize crop. At the end of maize growing season 

more Br- recovery was observed with I1 compared to I2, at 70-110 cm depth. However, it was 

observed that Br- recovery significantly increased at 70-115 cm depth at the end of fallow 

period compared to that observed at wheat harvest, which indicate significant losses of Br-

 from upper 0-35 cm which deposited to these lower depths. 

 Interaction effect of irrigation with manure was significant for both 35-70 and 70-

115 cm depths at the end of wheat harvest, fallow period and at the end of a year. Maximum 

Br- recovery for 35-70 at the wheat harvest, fallow period and at the maize harvest was 

observed with “M0I2”, “M0I1” and “M0I1”, respectively, however at 70-115 cm depth 

maximum Br- was obtained with “M0I2”, at all three time intervals.  

Similar to our study, many scientists compared the bromide and nitrate leaching, i.e. 

Clay et al. (2004) compared through undisturbed soil columns, by flushing 2 pore volume 

0.01 M CaCl2 after surface application of Br- and NO3. They described that Br- moved faster 

than NO3
-, and concluded that when Br- is used to estimate NO3-N losses, it may 

overestimate by 25 % NO3-N leaching. However, Tilahun et al. (2004) compared the 

bromide and nitrate transport and stated that under the assumption of no biochemical 

processes, Br- can be used as a tracer for NO3-N studies. Similarly, Walvoord et al. (2003) 

described that NO3-N in arid-to-semiarid sites follow the conservative solute (Cl-/Br-) 

accumulation profiles rather than the expected reduction because such kind of soils promote 

NO3 constancy and reduce denitrification (Hartsough et al., 2001). 
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4.2.15 Effect of manure and irrigation levels on NPK recovery by wheat and maize  

Data (Table-4.2.18, Table-4.2.19 and Table-4.2.20) reveal the effect of different 

treatments on % recovery of NPK by maize and wheat crop. Results showed that application 

of additional manure significantly decreased the % recovery of applied NPK (inorganic + 

manure) to wheat crop, however due to its residual effect on succeeding maize crop, a higher 

% recovery was observed by maize crop. Wheat crop recovered 72.09 and 79.38 % N; 28.45 

and 27.34 % P; 153.77 and 149.17 % K with M0 treatment compared to 31.25 and 33.90 % 

N; 22.09 and 23.55 % P; 50.05 and 52.58 % K with M50 treatment, during the years 2007-08 

and 2008-09, respectively.  Succeeding maize crop recovered 60.55 and 64.67 % N; 34.08 

and 38.06 % P; 116.17 and 135.68 % K with M0 treatment compared to 92.73 and 91.39% N; 

51.05 and 48.14 % P; 184.91 and 180.09 % K with M50 treatment, during the years 2007-08 

and 2008-09, respectively. These results showed that there was a significant increase in % 

recovery by residual effect of manure. With additional application of manure, % N recovery 

by wheat plus maize for a particular year was statistically low during the years 2007-08 and 

2008-09 but there was only 8-10 % decrease in recovery. Therefore, with the additional 

manure, we found good recovery of N. Overall P recovery by wheat plus maize crop was 

statistically significant during year 2007-8 while non significant during year 2008-09. These 

results show that additional P application in the form of manure showed a good response in P 

deficit soil and there was no decrease in P recovery by its addition by manure. Our results 

support the findings of Eghball, et al. (2002) who stated that P availability from animal 

manure is more than 70% and most of manure P is inorganic and becomes available after 

application. At the end of a year, K recovery was significantly decreased (p≤ 0.01) both years 

by application of manure. This may be due to the sufficient K present in soil. Additional 

irrigation increased the NPK uptake during both years. Interactive effect showed that 

different treatment combinations increased the over all N and K % recovery by wheat plus 

maize crop in the following order both the years; M0I2 > M0I1 >> M50I2 > M50 I1, while P 

recovery was increased by the following sequence: M50I2> M0I2 > M50 x I1 > M50I1. Our 

results correlate with Rasmussen and Parton (1994) findings who, in 54 year trials found 

higher recovery of N with manure compared to equal amount of N fertilizer. We found 

increased recovery of N by maize crop under residual manure. Our results are supported by  
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Table-4.2.17 Effect of manure and irrigation levels on Br- recovery (%) at different depths 

 

 

 

 

 

 

 

 

 

 

 

Table-4.2.18 Effect of manure and irrigation levels on N recovery (%) by wheat and maize 

 

 

 

 

 

 

 

 

 

 

 

Treatments 35-70 cm 70-110 cm 
 Wheat-2 Fallow Maize-2 Wheat-2 Fallow Maize-2 

Manure (M)           
              M0* 16.6 27.3 18.9 5.8 11.6 14.7 
              M50 14.2 24.2 13.7 5.4 9.9 11.1 
Irrigation (I)         
                 I1** 13.8 26.9 18.4 4.2 9.5 11.6 
                 I2 17.0 24.6 14.2 7.0 12.0 14.1 
Interaction(MxI)  
         M0I1  14.6 bc° 28.3 a 21.2 a 4.4 b 10.3 b 13.1 b 
         M0I2       18.6 a 26.4 a 16.6 b 7.2 a 12.9 a 16.2 a 
          M50I1      13.0 c 25.6 a 15.7 b 3.9 b 8.8 c 10.2 c 
          M50I2      15.3 b 22.9 b 11.7 c 6.8 a 11.1 b 12.0 b 
    LSD (p≤ 0.05) M 1.83 2.4 1.9 NS 1.3 2.3 
                            I 1.4 1.7 1.5 0.4 0.8 0.8 
                            M x I 2.0, 2.3 2.3,2.9 2.1, 2.4 0.6,1.2 1.1,1.5 1.1,2.5 
* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1; **I1 and I2 corresponds to 32.5 cm 
and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively; ¶ 1st LSD value is for 
same levels of Manure, while 2nd for different levels of Manure; °Means sharing the same letter 
(s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 

Treatments 2007-08 2008-09 
 Wheat Maize Total Wheat Maize Total 

Manure (M)           
              M0* 72.1 60.6 64.6 69.4 64.9 66.5 
              M50 31.3 92.7 52.1 33.9 91.4 55.2 
Irrigation (I)         
                 I1** 49.8 72.2 54.9 47.9 73.8 57.2 
                 I2 53.5 81.1 61.4 55.3 82.4 64.4 
Interaction(MxI)  
         M0I1  69.4 a° 56.0 b 61.0 b 63.0 b 60.7 b 61.5 b 
         M0I2       74.8 a 65.1 b 68.5 a 75.8 a 69.1 b 71.4 a 
          M50I1      30.2 b 88.3 a 49.9 c 32.9 c 86.9 a 52.9 b 
          M50I2      32.3 b 97.2 a 54.3 bc 34.9 c 95.8 a 57.4 b 
LSD (p≤ 0.05)  M 4.16 7.64 5.53 6.36 13.87 9.01 
                         I 5.24 8.60 4.59 2.85 10.13 4.33 
                         M x I 10.2, 9.3¶ 12.2, 11.5 6.5, 7.2 5.5 ,9.9 14.3, 17.1 6.1, 10.0 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 
and 227 kg N during yr-1 and yr-2, respectively); **I1 and I2 corresponds to 32.5 cm and 47.5 cm 
for wheat, and 45 and 60 cm for maize crop, respectively; °Means sharing the same letter (s) do 
not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically non-significant 
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Table-4.2.19 Effect of manure and irrigation levels on P recovery (%) by wheat and 
maize 

 
Table-4.2.20 Effect of manure and irrigation levels on K recovery (%) by wheat and maize  

Treatments 2007-08 2008-09 
 Wheat Maize Total Wheat Maize Total 

Manure (M)           
              M0* 28.5 34.1 32.0 27.3 38.0 34.0 
              M50 22.1 51.1 34.8 23.5 48.1 34.8 
Irrigation (I)         
                 I1** 23.6 39.7 31.0 23.3 40.6 32.2 
                 I2 27.0 45.5 35.7 27.6 45.5 36.6 
Interaction(MxI)  
         M0I1  25.9 ab° 30.4 c 28.7 b 24.4 b 35.9 c 31.6 
         M0I2       31.0 a 37.8 b 35.2 a 30.3 a 40.2 bc 36.4 
          M50I1      21.2 b 49.0 a 33.4 a 22.3 b 45.4 ab 32.9 
          M50I2      22.9 b 53.2 a 36.2 a 24.8 b 50.9 a 36.8 
LSD (p≤ 0.05)  M 1.94 5.31 0.89 2.70 6.64 5.03 
                         I 2.85 4.85 2.59 1.67 6.01 2.75 
                         M x I 5.5, 4.8¶ 6.9, 7.2 3.7, 3.9 3.2, 4.5 8.5, 8.9 3.9 ,5.7 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N 
during yr-1 and yr-2, respectively); **I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 
cm for maize crop, respectively;°Means sharing the same letter (s) do not differ significantly at P < 0.05 
according to Least Significance Difference Test; Year effect (T-test-p≤ 0.05) was statistically non-significant  

Treatments 2007-08 2008-09 
 Wheat Maize Total Wheat Maize Total 

Manure (M)           
              M0* 153.8 116.2 130.1 149.2 135.7 140.7 
              M50 50.1 184.9 84.8 52.6 180.1 88.3 
Irrigation (I)         
                 I1** 95.1 139.5 100.0 93.3 151.5 108.9 
                 I2 108.7 161.6 115.0 108.5 164.3 120.1 
Interaction(MxI)  
         M0I1  142.1 b° 106.8 b 119.9 b 135.8 b 132.0 c 133.4 b 
         M0I2       165.4 a 125.5 b 140.3 a 162.6 a 139.3 bc 147.9 a 
          M50I1      48.1 c 172.2 a 80.1 c 50.7 c 170.9 ab 84.4 c 
          M50I2      52.0 c 197.6 a 89.6 c 54.4 c 189.3 a 92.2 c 
LSD (p≤ 0.05)  M 11.45 12.20 3.11 8.10 21.31 10.62 
                         I 10.55 19.51 8.63 8.53 24.89 8.09 
                         M x I 20.5,21.8¶ 27.6,22.9 12.2,9.2 16.6,16.4 35.2,32.7 11.4 ,13.3 

M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1 (50 Mg ha-1 manure contained 276 and 227 kg N 
during yr-1 and yr-2, respectively); **I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 
cm for maize crop, respectively; °Means sharing the same letter (s) do not differ significantly at P < 0.05 
according to Least Significance Difference Test° 
Year effect (T-test-p≤ 0.05) was statistically significant for maize-2
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Eghball (2000) who in N decay series experiments showed that 35, 10 and 5 % N was 

available for first, second and third year corn.  

4.2.16 Effect of manure and irrigation levels on economic and marginal analysis 

Economic analysis (Table-4.2.21) showed that for wheat crop maximum value cost ratio 

(VCR) was observed with treatment combination “M0I2” followed by “M0I1”, “M50I1” while 

it reached minimum in the case of “M50I2”.  Results showed that application of high dose of 

manure was not economical for a single wheat crop, however, its residual effect increased the 

value cost ratio of succeeding maize crop. At maize harvest maximum VCR (2.20) was 

observed with treatment combination “M50I1”, followed by 2.08 for “M50I2”. Marginal 

analysis also showed that maximum marginal rate of return (239.26 %) was observed with 

treatment combination “M50I2”, followed by “M50I1” (205.06 %) and “M0I2” (159.45 %), 

considering “M0I1” as check treatment. Similarly, Yaduvanshi (2003) obtained higher profit 

when inorganic fertilizer was combined with organic manures. 
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Table-4.2.21 Economical analysis of wheat and maize under different treatment 

combinations of manure and irrigation  

 

 

 

 

 

 

 

¶Data are average of two years 

 *Value/cost (VCR) ratio = Net return/ expenditure due to treatment 

'Expenditures on NPK sources were as follows: N, 0.42 and 0.40 US$ kg-1; P2O5, 1.05 and 

1.26 US$ kg-1; K2O, 1.00 and 1.10 US$ kg-1 (Economic survey of Pak., 2008-9); Manure 

expenses 5.77 US$ Mg-1; Additional tube-well irrigation expenses for wheat-1, maize-1, 

wheat-2, and maize-2 were 20.37, 24.63, 25.88 and 27.80 US$ ha-1 each; 1US$ price was 

60.7 and 81 Pakistani Rupees during November 2007 and 2008, respectively.  

†Price of the wheat produce was as follows: wheat grain, 197.41 and 279.42 US$ Mg-1; 

wheat straw, 25.25 and 29 .41 US$ Mg-1; maize grain, 189.51 and 211.76 US$ Mg-1; maize 

shoots, 12.63 and 14.11US$ Mg-1; 1 US$ was equal to 67.0 and 81.0 (June) 79.15 and 85.00 

(Dec.) Pakistani Rupees, during 2008 and 2009, respectively.  

 

 

 

 

 

aTreatments 

*VCR 
 

'Marginal
cost that 

vary 
 

†Marginal 
net 

benefit 
 

Marginal 
rate of 
return 
(%) Wheat  Maize 

Av. of 
two year

M0xI1 1.11¶ 1.52 1.34 - - - 

M0xI2 1.22 1.57 1.42 90.59 250.03 159.45 

M50xI1 0.80 2.20 1.41 264.71 469.77 205.06 

M50xI2 0.79 2.08 1.36 355.29 594.56 239.26 
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4.3 Study-2: Pesticide sorption and leaching study 

 

Two pesticides, i.e. Isoproturon and Atrazine were studied for their sorption and leaching 

potential of different soil layers containing different proportion of sand, silt, clay and organic 

matter (Table- 4.1.1 & -4.2.1) under lysimeter and field conditions. The results of 

Isoproturon and Atrazine sorption and residues are presented as follows: 

4.3.1 Sorption study: 

            4.3.1.1 Isoproturon sorption 

Linear adsorption isotherms were described by the Freundlich linear equation (Fig.- 4.3.1) 

while resulting Kd and Koc values are presented in Fig.-4.3.2.  Fig.-4.3.1 shows that deep soil 

layer (D3) having very low organic carbon (0.22%) caused minimum slope while maximum  

was observed in the case of organic amended soil (D1M50) indicating that limited availability 

of sorption sites in low organic carbon containing soil limited the sorption with increasing 

solution concentration. Pearson correlation (Table- 4.3.1) between soil organic carbon (SOC) 

and sorption coefficient observed for different spiking solution indicates that Kd was 

significantly correlated to the fraction of soil organic carbon with r2 value ranging from 0.80 

to 0.94. Similarly, Boivin et al. (2005) observed a significant correlation (r2= 0.82) between 

soil organic matter and Isoproturon adsorption. Higher value of intercept in regression 

equation between Kd and SOC for 0.03 ppm compared with higher spiking solution which 

indicate that regardless of organic matter content higher sorption was observed at lower 

spiking concentration, confirming the concentration dependent sorption of Isoproturon. It is 

obvious from Fig.-4.3.2 that adsorption coefficient (Kd) of Isoproturon decreased with 

increasing depth, i.e. 0.90 kg L-1 for the top 35 cm soil to 0.52 kg L-1 for the 70-110 cm soil, 

similarly an increased Kd (1.70 L-1 kg) was observed for top 35 soil amended with organic 

manure, having higher SOC.  The average Kd was also influenced by spiking solution 

concentration. The average Kd values of 1.1, 1.05, 0.87 and 0.8 L-1 kg were observed for 

spiking solutions of 0.03, 0.1, 0.3 and 1 ppm solution of 1:1 soil water ratio, respectively. 

 The average Koc value for different soil layers was statistically similar, however it 

was influenced with changing spiking solution concentration. Average Koc value of 

Isoproturon observed was 246.1 L kg-1, which is higher than the literature value, however 
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average low Koc was observed with increasing concentration of spiking solution (Fig.-4.3.2).  

Values of Koc observed for 0.03, 0.1, 0.3 and 1 ppm solution were 299.8, 266.1, 219.9 and 

198.3 L kg-1. Similarly, Benoit et al. (1999) observed the 225 L kg-1 Koc of Isoproturon for 

cultivated plot while for three treatments of grassed strip its value ranged from 210 to 160 L 

kg-1. Similar to our results, Nemeth-Konda (2002) also observed the mean value of 174.4 for 

Koc of Isoproturon. However, a low value (90 L kg-1) was observed for Isoproturon Koc on 

clay soil having 4.74% organic carbon fraction (Beck and Jones, 1996). 

4.3.1.2 Atrazine sorption 

Fig.-4.3.3 indicates the linear adsorption isotherms described by the Freundlich linear 

equation, while resulting Kd and Koc values are presented in Fig.- 4.3.4.  It is clear from Fig. 

4.3.3 that by increasing the equilibrium solution concentration (Ce) sorbed concentration of 

Atrazine increased linearly, however slope of regression equation decreased for the soil 

having low soil organic contents. Pearson correlation between soil organic carbon (SOC) and 

sorption coefficient observed for different spiking solution (Table-4.3.1) indicates that Kd 

was highly correlated to the fraction of soil organic carbon with r2 value ranging from 0.90 to 

0.93. Linear regression equations showing values of Kd as function of organic carbon (Table-

4.3.1) indicate that observed data fitted well to Freundlich equation with r2 ranging from 0.82 

to 0.87. 

 Figure-4.3.4 show that adsorption coefficient (Kd) of Atrazine decreased with 

increasing depth (0.71 kg L-1 for the top 35 cm soil to 0.40 kg L-1 for the 70-110 cm soil). 

Similarly an increased Kd (1.22 L-1 kg) was observed for top 35 cm soil amended with 

organic manure, having higher SOC. Fig.-4.3.4 also depict that average Kd was also 

decreased by increasing spiking solution concentration. The average values of 0.80, 70 and 

0.65 L-1 kg were observed for spiking solutions of 0.2, 0.5 and 1 ppm solution of 1:1 soil 

water ratio, respectively. Similar to our results, many scientists observed a linear relationship 

between SOC and Kd of Atrazine (Sonon and Schwab, 1995; Coquet, 2003; Seybold and 

Mersie, 1996). Fig.-4.3.4 indicates that average Koc value for different SOC values 

representing different soil layers was statistically similar, however, at very low spiking 

concentration (0.2 ppm) higher Koc (233.5 L kg-1) was observed as compared with higher 

concentrations of spiking solution. 
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Fig. 4.3.1 Regression equations showing relationship of Cs and Ce of Isoproturon at: a)  

0.22, b) 0.28, c) 0.35 and d) 0.73 % SOC 
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Fig. 4.3.2 Effect of spiking solution and SOC on Kd and Koc of Isoproturon  
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Fig. 4.3.3 Regression equations showing relationship of Cs and Ce of Atrazine at: a)  

0.22, b) 0.28, c) 0.35 and d) 0.73 % SOC 
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Fig. 4.3.4 Effect of spiking solution and SOC on Kd and Koc of Atrazine 
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Table-4.3.1 Pearson’s correlation coefficients between SOC and sorption coefficients 

(Kd, Koc), at different spiking concentrations of Isoproturon and Atrazine, and 

regression between Kd and SOC 

 

Spiking 

concentration 

Pearson correlation 

coefficients (SOC x Kd) 

Regression Kd f OC r2 

Isoproturon  

0.03 0.94** Kd = 0.1636+ 2.495 SOC 0.88 

0.1 0.93** Kd = 0.0504+ 2.522 SOC 0.86 

0.3 0.96* Kd = 0.0489+ 2.067 SOC 0.92 

1.0 0.97** Kd = 0.0317+ 1.895 SOC 0.94 

Average 0.89* Kd = 0.0736+ 2.245  SOC 0.80 

Atrazine  

0.2 0.91** Kd = 0.2452+ 1.407 SOC 0.83 

0.5 0.92** Kd = 0.0266+ 1.692 SOC 0.85 

1.0 0.93** Kd = 0.0236+ 1.578 SOC 0.87 

Average 0.90**  Kd = 0.0985+ 1.559 SOC 0.82 
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Similar to our study, Novak (1997) observed the Atrazine koc ranging from 152 to 223 L kg-1 

for different soil series having loam texture. However, contradictory to our results, Nemeth-

Konda (2002) observed a low mean value of Koc (133. 4 L kg-1) for Atrazine. Similarly, 

Krutz et al. (2003) also observed low values of Koc of Atrazine, i.e. 88 and 92 L kg-1 for 

vegetated filter strip soil and cultivated Hoston soil, respectively. A similar value (84±10) 

was observed for Atrazine Koc on clay soil having 12.3 % sand, 31.4% silt, 56.3 % clay and 

4.74 % organic carbon (Beck and Jones, 1996). High value of Atrazine Koc may be attributed 

to very low organic carbon in soil because Celis et al. (1998) observed the decreasing trend 

in Koc of Atrazine with application of liquid sewage sludge which contained insoluble 

organic material and large amount of dissolved organic matter. 

 

4.3.2 Effect of manure and irrigation levels on pesticide movement under 

lysimeter and field conditions  

4.3.2.1 Treatment effect on Isoproturon residues and risk assessment  

Table- 4.3.2 depicts the Isoproturon residues observed in different soil layers under 

the influence of different treatments applied in lysimeters conditions. Ddata show that for D1 

(0-35 cm) soil depth 35.6% lower Isoproturon residues were observed with the application of 

50 Mg ha-1 manure (M50), compared to plots receiving no manure (M0). Effect of irrigation 

on Isoproturon residue was statistically non significant for all depths. As far as interactive 

effect of manure (M) and irrigation (I) is concerned, lowest residues (2.15 μg kg-1) at D1 

depth were observed with M50I2. It was followed in ascending order by M50I1 and M0I2, 

showing 7.8% and 46.6% higher residues compared to M50I2, however these three treatment 

combinations were statistically at par compared to each other. At D2 (35-70 cm) soil depth, 

main as well as interactive effect of different treatments were statistically non-significant. At 

D3 soil depth (70-115 cm) Isoproturon residues were affected by different treatments with 

significant interaction. Treatment combinations “M0I2”, “M50I1” and “M50I2” showed 18.8, 

38.0 and 40.8% reduced Isoproturon residues compared with “M0I1”. At D4 (115-160 cm) 

soil depth no residues of Isoproturon were observed. After 280 of Isoproturon application, 

overall residues observed from 0-160 cm depth were maximum (35.86 g ha-1) in the case of 
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“M0I1” that accounted for 3.59 % of applied Isoproturon. It was followed in descending order 

by“M0I2” “M50I1” and “M50I2” showing 3.14, 2.46 and 2.10 % residues, respectively.  

  Under field conditions, Isoproturon residues observed 280 days after application were 

influenced by different treatments at all three depths studied, with significant interaction 

(Table-4.3.4). Highest Isoproturon residues, i.e. 3.68, 1.80 and 0.34 μg kg-1 soil were 

observed with treatment combination “M0I1” for D1 (0-35 cm), D2 (35-70 cm) and D3 (70-

110) soil depth, respectively. Treatment combinations “M0I2”, “M50I1” and “M50I2” showed 

11.1, 10.6 and 42.5% decrease for D1; 16.9, 46.3; and 61.8% decrease for D2, and 21.8, 78.6 

and 73.5 % decrease for D3, respectively. Overall residues observed from 0-110 cm depth 

were also highest (31.3 g ha-1) for “M0I1” treatment which accounted 3.13 % of applied 

Isoproturon. It was followed in descending order by “M0I2” “M50I1” and “M50I2” showing 

2.96, 2.30 and 1.54 % residues, respectively. Less/no amount of residues observed at lower 

depths indicate that due to sorption of Isoproturon it moved more slowly and in decreased 

amount to lower depths. Similarly, Worrall et al., (2001) suggested the use of organic 

amendments such as manure as a method of controlling pesticide leaching through soils. 

As no/trace residues were observed for lowest depth (D4 and D3 for lysimeter and 

field trial, respectively), assuming that no residues were leached below that depth, dissipation 

rate constant (μ), half life (t1/2) and the ground water ubiquity score (GUS) was estimated 

(Table-4.3.6) which indicate that highest dissipation rate constant (0.0138 and 0.0149 day-1 

for lysimeter and field trial, respectively) was found with treatment combination “M50I2” 

which decreased the half life and ultimately the value of GUS. A decreasing trend for 

dissipation rate was observed for “M50I1” “M0I2” and “M0I1”, respectively. Maximum half 

life, i.e. 58±2.6 (mean ± standard error) and 55±3.4 was estimated with “M0I1” under 

lysimeter and field conditions, respectively. The value of GUS shows that Isoproturon comes 

under category of leacher pesticides in case of “M0I1” and “M0I2” treatment combinations of 

lysimeters and “M0I1” of field conditions (pesticides with GUS< 1.8 are non leachers). 

Similar to our results, Perrin-Ganier et al. (1996) by monitoring the14C-labeled Isoproturon 

observed its half life averaged of 48 days under field conditions However Walker et al. 

(2001) stated a lower half life of Isoproturon varying from 6.5- 30 days under standard field 

conditions (15°C; field capacity).  Similarly, Beck et al. (1996) observed a higher median 

value of half life at the field scale in the cultivated zone (90 days) which ranged from 31 to 
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483 days in 25 plots. Similarly, higher half life of Isoproturon up to 72 days was observed by 

Benoit et al. (1999). 

4.3.2.2 Treatment effect on Atrazine residues and risk assessment 

Effect of different treatments on Atrazine residues for different soil layers under 

lysimeters condition is shown in Table 4.3.5. Data indicate that higher value of Atrazine 

residues were observed for M50 treatment compared to M0, when observed for 0-70 cm depth. 

Similarly I2 which caused more drainage (Table-4.3.2) resulted in a decreased amount of 

residues when compared with I1, for surface 0-70 cm layer. As for as interactive effect is 

concerned residues were in the order of “M0I1”> “M0I2” >“M50I1” and >“M50I2”, however, 

statistical significance was known as treatments had no repeats (repeats were mixed to bring 

residues within detection limit).  No residues were observed for 70-160 soil depth, under 

lysimeter conditions. Residues observed under all treatment combinations were <1% of the 

applied amount.  

Under field condition, however, higher Atrazine residues were observed compared to 

lysimeter trial (Table-4.3.5). It is obvious from data that effect of different treatment 

combinations on Atrazine residue was statistically significant for both depths. At 0-35 cm 

depth, treatment combinations “M0I2”, “M50I1” and “M50I2” showed 27.2, 37.2 and 58.9% 

decrease over “M0I1”, respectively. At 35-110 cm depth, with treatment combinations 

“M0I1”and “M0I2” 0.45 and 0.32 μg kg-1 Atrazine residues were observed, respectively, while 

with other treatment combinations, Atrazine residues were below the detection limit. Overall 

residues of Atrazine from 0-110 cm depth were significantly affected by manure as well as 

interactive effect of “I x M”. After 65 days of application, treatment combinations “M0I1”, 

“M0I2”, “M50I1” and “M50I2” showed 2.82, 2.04, 1.35 and 0.88% residues of 2nd year 

application, respectively. 

Degradation rate constant, half life and GUS of Atrazine under lysimeter and field 

conditions are given in Table-4.3.6. Under lysimeter conditions, μ increased from 0.075 for 

“M0I1” to 0.078 for “M50I2”, consequently t1/2 decreased from 10 days to 9 days, however 

GUS values remain the same, but its value was well below the critical limit.  Results of field 

trial indicate that with treatment combinations “M0I1” “M0I2” “M50I1” and “M50I2”, simulated 

values of μ were 0.549, 0.599, 0.0663 and 0.0727, respectively, and respective “t1/2” values 

were 13, 12, 11.5 and 10.5 days, respectively. Values of GUS ranged from 1.8 to 1.9, which 
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were well below 2.8, the minimum value for the pesticides to be considered as leaacher. 

Contradictory to our findings, Oliveria et al. (2000) rated the Atrazine as leachers in the 

Brazalian soils on the basis of his sorption study and half life of Atrazine (55 days) on two 

types of soils from Sao Paulo. Similarly, Mbuya (2001) observed that Atrazine residues 

decreased from 0.44 kg a.i. ha-1 to 0.1 kg a.i. ha-1 to 26 days after application with estimated 

half life of 32 days for the top soil and they observed a trace amount of Atrazine moved 

below 60 cm 64 days after application. Mbuya et al. (2001) also observed the half-life for 

Atrazine ranging from 32 days in the upper layer to 83 days in subsoil. However, a higher 

half life of Atrazine varying from 50 to 64 days was observed by Kulluru et al. (2010). 

However, very low residues of Atrazine in our lysimeter and field experiment might be due 

to interception of Atrazine by Itsit (Trianthema portulacastrum) which was covering the soil 

surface at the time of application (Fig.-4.3.5). 

 

Fig.-4.3.5 Picture showing Itsit (Trianthema portulacastrum) cover after Atrazine 

application 
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Table-4.3.2 Drainage up to certain depths from pesticides application to soil sampling  

 

Treatment Isoproturon Atrazine 

 Lysimeter Field Lysimeter Field 

 cm P.V.(-)¶ cm P.V.(-) cm P.V.(-)  cm P.V.(-) 

M0I1 D1 33.2 2.09 33.4 2.2 11.3 0.74 10.3 0.6 

M0I2     53.4 3.37 52.3 3.4 18.9 1.24 20.4 1.3 

M50I1  30.7 1.95 28.4 1.9 8.6 0.57 8.9 0.6 

M50I2   47.6 3.03 46.8 3.1 17.8 1.17 16.5 1.0 

M0I1 D2 25.4 0.81 24.6 0.8 7.6 0.25 6.5 0.2 

M0I2     43.6 1.39 39.8 1.3 14.7 0.49 16.6 0.5 

M50I1  23.1 0.74 21.8 0.7 6.5 0.22 5.8 0.2 

M50I2   37.6 1.20 34.8 1.2 11.9 0.40 12.3 0.4 

M0I1 D3 16.5 0.32 19.6 0.4 4.2 0.09 4.2 0.1 

M0I2     29.8 0.58 31.3 0.7 10.2 0.22 11.7 0.2 

M50I1  16.7 0.33 17.5 0.4 2.1 0.04 2.6 0.1 

M50I2   25.5 0.50 29.7 0.6 7.8 0.17 8.7 0.2 

¶, pore volume drainage 
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Table-4.3.3 Resident concentration of Isoproturon (μg kg-1) after 280 days of 

application under lysimeters conditions 

Table-4.3.4 Resident concentration of Isoproturon (μg kg-1) after 280 days of 

application under field conditions 

Treatments μg kg-1 soil g ha-1 % residues 

 
0-35 
cm 

35-70 
cm 

70-115 
cm 

115-160 
cm 

0-160 
cm 

0-160 cm 

Manure (M)                
              M0* 3.46 1.88 0.95 0.00 33.63 3.36 
              M50 2.23 1.41 0.63 0.00 22.80 2.28 
Irrigation (I)              
                 I1** 3.05 1.76 0.85 0.00 30.23 3.02 
                 I2 2.65 1.62 0.74 0.00 26.20 2.62 
Interaction (MxI)       
         M0I1  3.78 a 1.87 1.05a 0.00 35.86 a 3.59 
         M0I2       3.15 ab 1.89 0.85 ab  0.00 31.40 ab 3.14 
          M50I1      2.31 b 1.66 0.65 b 0.00 24.59 bc 2.46 
          M50I2      2.15 b 1.17 0.62 b 0.00 21.01 c 2.10 
LSD (p≤ 0.05) M 0.85 NS 0.22  6.0  
                        I NS NS NS  NS  
                        M x I 1.20 NS 0.31  8.5  

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1. 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively 
 

Treatments μg kg-1 soil g ha-1 % residues 
 0-35 cm 35-70 cm 70-110 cm 0-110 cm 0-110 cm 

Manure (M)               
              M0* 3.48 1.23 0.24 30.46 3.05 
              M50 2.70 0.69 0.09 19.18 1.92 
Irrigation (I)             
                 I1** 3.48 1.09 0.25 27.13 2.71 
                 I2 2.69 0.99 0.07 24.36 2.25 
Interaction (MxI)      
         M0I1  3.68 a 1.80 a 0.34 a 31.30 a 3.13 
         M0I2       3.29 a 1.49 ab 0.42 ab 29.62 ab 2.96 
          M50I1      3.27 ab 0.96 bc 0.07 b 22.96 b 2.30 
          M50I2      2.12 b 0.69 c 0.09 b 15.39 c 1.54 
LSD (p≤ 0.05) M NS 0.41 0.16 5.80  
                        I 0.74 NS NS 3.79  
                        M x I 1.04, 1.49 0.54, 0.56 0.38, 0.31 536, 6.91  

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1. 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, 
respectively 
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Table-4.3.5 Resident concentration of Atrazine (μg kg-1) after 65 days after application 

under lysimeters and field conditions 

 

Table-4.3.6 Risk Assessment of Isoproturon and Atrazine under lysimeter and field 

conditions 

Μ, degradation rate constant; t1/2, half life; GUS, ground water ubiquity score 

 

Treatments Lysimeter Trial Field Trial 
 μg kg-1 soil g ha-1 % residues μg kg-1 soil g ha-1 % residues 

 0-70 cm 70-160 cm 0-160 0-160 0-35 cm 35-110 cm 0-110 cm 0-110 cm  

Manure (M)                 
              M0* 0.58 0.00 5.93 0.77 2.73 0.38 18.80 2.30 
              M50 0.49 0.00 4.97 0.64 1.64 0.00 8.62 0.28 
Irrigation (I)                
                 I1** 0.55 0.00 5.60 0.72 2.57 0.22 16.12 1.38 
                 I2 0.52 0.00 5.30 0.68 1.80 0.18 11.30 1.20 
Interaction          
         M0I1  0.59 0.00 6.03 0.78 3.16 a 0.45 21.82 a 2.82 
         M0I2       0.57 0.00 5.83 0.75 2.30 ab 0.32 15.78 ab  2.04 
          M50I1      0.51 0.00 5.18 0.67 1.99 ab 0.00 10.42 bc 1.35 
          M50I2      0.47 0.00 4.77 0.62 1.30 b 0.00 6.82 c 0.88 
LSD   M ***    NS NS 3.12 - 
          I     NS NS NS - 
           M x I     1.37, 1.84 0.12, 0.56 7.75, 5.98 - 

* M0 and M50 correspond to dairy manure at 0, 50 Mg ha–1. 
**I1 and I2 corresponds to 32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for maize crop, respectively 
***Statistical sinnificance was unknown as repeats were mixed to have concentration within detection limit

Treat. Lysimeters Field 
 μ  (day-1) t1/2 (days) GUS μ (day-1) t1/2 (days) GUS 

Isoprotturon 5 0 WP 
         M0I1  0.0119 58±2.6 2.84 0.0124 55±3.4 2.80 
         M0I2       0.0124 55±5.8 2.80 0.0126 54±3.2 2.79 

          M50I1      0.0132 52±6.1 2.76 0.0135 51±4.6 2.75 

          M50I2      0.0138 50±0.4 2.74 0.0149 46±3.9 2.68 

Atrazine 38 SC  

         M0I1  0.075 10±0.11 1.7 0.0549 13 1.9 

         M0I2       0.075 9.5±0.90 1.7 0.0599 12 1.9 

          M50I1      0.077 9.5±2.02 1.7 0.0663 11.5 1.8 

          M50I2      0.078 9±0.01 1.7 0.0727 10.5 1.8 
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4.4. Study-3 (Field Trial-2): Effect of irrigation and nitrogen levels on NO3
- 

movement and yield of wheat and maize 

 

4.4.1 Water retention capacity and hydraulic properties of the experimental soil 

Fig.-4.4.1 (a, b, c) shows the regression equations indicating the relations of ln θ/θs verses ln 

(P), to find out water content at field capacity and permanent wilting point, while Table-4.4.1 

depicts the resulting average values regarding water retention and other hydraulic properties 

for the different three layers of field, i.e. 0-35 (D1), 35-70 (D2) and 70-110 cm (D3) depth. It 

is clear from Fig.-4.4.1 that for different soil depths, there was a good linear correlation 

between ln θ/θs (-) and lnP (kPa), with a negative slope ranging from -4.39 to -4.04 having an 

air entry value/bubbling pressure (intercept) value ranging from 1.30 to 1.82. Data show that 

soil was loam for all depths with almost similar clay contents, however a slight increase in 

sand fraction (3.8 and 10.3 %, for D2 and D3, respectively) was observed with increasing 

depth, resulting in a decreased silt contents for that depths. An increased (2.0 % for both D2 

and D3 soil depth) B.D. of soil was observed as compared with D1 soil depth, when observed 

at the start of the experiment. Lower values of soil saturated hydraulic conductivity (Ks) were 

observed for lower depths (25.51 and 24.14 % for D1 and D2, respectively) that might be due 

to increased bulk density (Table-4.4.1) of soil.  Mean values of θFC were 0.261, 0.265 and 

0.265 for D1, D2 and D3, respectively, while respective values for θAWC were 0.151, 0.159 

and 0.154. Our findings are in line with Rawls et al. (1982) who stated almost similar values 

of θFC (0.27 cm3 cm-3) and θwp (0.12 cm3 cm-3) for loam soil.  

4.4.2 Modeling WRC according to van Genuchten (VG) model 

Table-4.4.2 shows the simulation results of water holding capacity of different layers 

at field capacity and wilting point, and residual water contents of the soil according to V.G. 

(Van Genuchten) model along with V.G. parameters while resulting water retention curves 

are shown in Fig.-4.4.2 (column-1). Sum of square residual and r2 values show that data 

fitted well to the V.G. model. It is obvious from the data that “α” ranged from 0.134 to 0.178, 

with highest in case of D3 and “n” ranged from 0.138 to 0.146, with highest in case of D1. 

Lower values of “n” and higher values of “α” might be due to increase in sand proportion of 

the soil (Schaap et al., 2001), observed for lower depths. Data of soil water retention capacity 
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of soil show that “θr” ranged from 0.049 to 0.055; “θFC” ranged from 0.260 to 0.265 and 

“θWP” ranged from 0.116 to 0.118. A similar kind of correlation between soil water retention 

and particle size was observed by Gupta and Larson (1979).  

4.4.3 Modeling WRC according to Durner model 

Table-4.4.3 depicts water retention capacity and the Durner parameters of water 

retention curve obtained by applying dual porosity model using RETC-fit software, while 

resulting water retention curves are shown in Fig. 2 (column 2). It is obvious from the r2 and 

residual sum of square values that dual porosity model fitted well to the observed data. 

Highest r2 value was observed in case of D1 i.e. 0.99 while minimum in case of D3, i.e. 0.97. 

Similar to our good fit of retention curve, so many scientists has used dual porosity model 

preferably under field condition due to non-uniform water flow (Kohne et al., 2006; Gerke 

and van Genuchten, 1993a).  

4.4.4 Effect of irrigation and nitrogen rates on grain yield of wheat and maize 

Data presented in Table-4.4.4 predict that both irrigation and nitrogen levels had 

significant effects on grain yield of wheat during both years and that of maize only during the 

first year. Increasing level of irrigation (I2) efficiently improved the grain yield of both wheat 

and maize during both years. Similarly, increased nitrogen levels (N2 and N3) were effective 

in increasing the grain yield of wheat in both years, however it had no significant effect (p> 

0.05) on grain yield of maize during yr-1. Higher irrigation levels, i.e. I3 and I2 increased the 

grain yield of wheat and maize by 26.2 and 40.3% during yr-1 as compared to control (I1), 

whereas in the case of yr-2 grain yield of both crops was increased by 27 and 40.3 %, 

respectively. Increased nitrogen rate (N3) improved the grain yield of wheat by 17 and 20.9% 

compared to N1, during yr-1 and yr-2, respectively. The interactive effect of irrigation and 

nitrogen was also significant with maximum grain yield in the case of treatment “I3N3 “, i.e. 

4.92 Mg ha-1 and 4.66 Mg ha-1 for wheat during yr-1 and yr-2, respectively which showed an 

increase of 45.1 and 51.8% compared to I1N1 treatment. Whereas for maize crop, treatment 

combinations “I2N3” & “I3N3” showed the highest yield i.e. 4.62 Mg ha-1, 4.66 Mg ha-1 and 

9.06 Mg ha-1, 9.26 kg ha-1 respectively for yr-1 and yr-2. Similar to our observations, Sun et 

al. (2006) studied the relationship among the irrigation and yield and concluded that 

increased irrigation increased the ETc and soil evaporation and eventually the yield however  
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Fig.-4.4.1 Relationship between ln (θ/θs) vs ln (P) from measured data of the three main 
layers of the experimental site 
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b) 0.35-0.70 m 
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c) 0.70-1.1 m 
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Note: Data are average of three repeats
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Table-4.4.1 Measured soil physical and hydraulic parameters in the three main layers of the experimental site  
 
 

 ** Texture was loam according to USDA; ¶Mean± standard error; *data are average of three repeats)

Depth 
(cm) 

Particle fraction (%) B.D. 
 

θs 

 
θFC θPWP θAWC Ks 

 
Ks 
 

sand silt clay** (Mg m-3) ------------cm3 cm-3------------ (cm day-1) (%) 

0-35  39.0±0.25* 36.0± 0.16 25.0± 0.17 1.52± 0.04 0.43± 0.01 0.261± 0.014 0.110± 0.008 0.151± 0.011 29.0± 0.64 0.36±0.03 

35-70  40.5±0.31 34.0± 0.25 25.5± 0.21 1.56± 0.03 0.41± 0.01 0.265± 0.009 0.106± 0.014 0.159± 0.010 21.6± 0.65 0.25±0.01 

70-110  43.0±0.20 32.0± 0.25 25.0± 0.15 1.55± 0.02 0.42± 0.01 0.265± 0.012 0.111± 0.012 0.154± 0.014 22.0± 0.78 0.19±0.01 
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Table-4.4.2 Parameters of WRC measured using RETC-fit software according to single 

porosity-fit of retention (van Genuchten -Mualem model) 

  

 

 

 

 

 

¶ Data are average of three repeats 

 
 
Table-4.4.3 Parameters of WRC measured using RETC-fit software applying dual 

porosity - fit of retention (Durner model) 

 
 

¶ Data are average of three repeats 
 
 
 
 
 
                                           
 
 
 
 
 
 
 

Depth 
(cm) 

α¶   
 

n m θFC 

 
θPWP 

 
θr 

 
θAWC 

 
r2 *SSQ 

(10-4) 
(cm-1) ------------cm3 cm-3------------ 

0-35  0.0146 1.46 0.25 0.263 0.116 0.049 0.147 0.98 3.4 

35-70  .0134 1.45 0.32 0.260 0.118 0.052 0.142 0.97 5.3 

70-110  0.0178 1.138 0.246 0.265 0.116 0.055 0.149 0.99 6.0 

Depth 
(cm) 

θr¶ 
(-) 

αm 

(cm-1) 
nm αim 

(cm-1) 
ωim 

 
nim θFC 

(-) 
θPWP 

(-) 
θAWC 

(-) 
SSQ 
(10-4) 

r2 

0-35  0.042 0.045 1.56 0.020 0.57 1.35 0.261 0.118 0.143 5.54 0.99 

35-70 0.038 0.055 1.63 0.030 0.62 1.42 0.253 0.117 0.136 9.43 0.98 

70-110 0.039 0.057 1.56 0.026 0.52 1.27 0.256 0.116 0.140 2.57 0.97 
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Fig.-4.4.2 WRC of soil simulated according to single porosity model (SPM) and dual 

porosity model (DPM) using RETC-fit  

(Fig.-1 to -3 downward representing D1, D2 and D3, respectively; column-1 and column-2 representing SPM and 

DPM curves) 
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excessive irrigation was not cost effective and decreased the grain yield, WUE and WUEi.  

Similar to our field study, El-Noemani et al. (1990) observed the effect of three irrigation 

intervals (6, 12 and 18 days) and three N rates, i.e. 60, 90 and 120 kgN/feddan (1 

feddan=0.42 ha) on maize cv. Hybrid 202 and concluded that best yield response could be 

obtained by applying irrigation after every 12 days when fertilized 90-120 kg N/feddan. 

Warrick (1990) who stated that pulse of irrigation which is of phase with respect to the crop 

transpiration, causes some of the added water and soil solution to be drained out below the 

root zone. So due to this reason Spalding et al. (2001) assessed the impact of improved 

irrigation and stated that sprinkler irrigation and N fertigation were effective in reducing N 

leaching with only minor reductions (6%) in crop yield, when compared to conventional 

irrigation methods. Similar to our findings, Khan et al. (2003) observed an increase of 4.82 

Mg ha-1 in grain yield of maize by increasing nitrogen levels from 180 to 300 kg ha-1. 

4.4.5 Effect of irrigation and nitrogen rates on WUE and WUEi of wheat and maize 

Data (Table- 4.4.4) reveal that both irrigation and nitrogen application had 

statistically non significant effect on water use efficiency (WUE) of wheat crop during both 

years as do their interactive effect. However, WUE of maize crop was significantly affected 

by irrigation levels during both years as do their interactive effect. An increase of 18.2% (yr-

1) and 29.8% (yr-2) in WUE of maize was observed with I3 treatment over the I1. Treatment 

combination “I3N2” showed maximum water use efficiency, i.e. 1.89 and 2.02 kg ha-1 mm-1, 

during yr-1 and yr-2, respectively. 

Irrigation water use efficiency (WUEi) was also significantly affected by irrigation 

and nitrogen application with a significant interactive effect. Nitrogen application increased 

the WUEi of wheat and maize by 16 and 22.9 % during yr-1, while corresponding 

improvement observed for yr-2 was 21.1 and 27.8%, respectively. On the other hand, 

increased irrigation application (I3) decreased the WUEi by 10.9 11.7 16.5 16.8% for yr-1 

wheat, yr-2 wheat, yr-1 maize and yr-2 maize crop, respectively. While in the case of 

interactive effect of irrigation and nitrogen, there was highest WUEi of wheat in treatment 

combination of “I2N3” i.e 0.98 and 0.97 kg ha-1 mm-1
 during yr-1 and yr-2, respectively 

which showed a corresponding increase of 15.3 and 26% over I1N1 treatment. Treatment 

combination “I1N3” proved the best for maize which showed highest WUEi i.e. 1.62 and 1.66  
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Table 4.4.4 Effect of irrigation and N rates on grain yield, WUE and WUEi of wheat and maize  

Treatments Grain yield (Mg ha-1) WUE (kg ha-1 mm-1) WUEi (kg ha-1 mm-1) 

 Wheat-1 Wheat-2 Maize-1 Maize-2 Wheat-1 Wheat-2 Maize-1 Maize-2 Wheat-1 Wheat-2 Maize-1 Maize-2 

Irrigation (I)         
                 I1* 3.58 b 3.37 b 6.04 b 5.78 b 1.14 1.08 1.56 b 1.49 b 0.90 a 0.84  1.45 a 1.39 ab 

                 I2 4.36 a  4.19 a 8.00 a 8.30 a 1.16 1.09 1.78 a   1.83 a 0.92 a 0.88 1.42 a 1.47 a  

                 I3  4.52 a 4.28 a 8.48 a 8.72 a 1.15 1.14 1.84 a 1.93 a 0.82 b 0.78 1.18 b 1.22 b 

Nitrogen (N)  

                N1 3.82 b 3.59 b 6.66 6.72 c 1.16 1.10 1.65 1.67 0.81 b 0.76 b 1.19 b 1.19 c 

                N2 4.17 ab 3.93 ab 7.75 7.68 b 1.16 1.08 1.77 1.78 0.88 a 0.83 ab 1.39 a 1.37 b 

                N3 4.47 a 4.34 a 8.11 8.40 a 1.14 1.12 1.76 1.80 0.94 a 0.92 a 1.47 a 1.52 a 

Interaction (MxI)  
                 I1N1 3.39d° 3.07 c 5.13 e 4.62 f 1.13 1.03 1.36 b 1.28 c 0.85 bc 0.77 ab 1.23 cde 1.11 d 

                 - N2 3.53 d 3.32 bc 6.28 de 5.84 e 1.13 1.09 1.63  ab 1.51  bc 0.88 abc 0.83 ab 1.51 abc 1.40 bc 

                 - N3 3.82 cd 3.73 a-c 6.72 c-e 6.89 d 1.17 1.12 1.69  ab 1.67  ab 0.96  ab 0.93 a 1.62 a 1.66 a 

                 I2N1 4.02 b-d 3.71 a-c 7.22 b-d 7.60 cd 1.19 1.05 1.75 a 1.84  ab 0.85 c 0.78 ab 1.28 b-e 1.34 cd 

                 - N2 4.40 a-c 4.25 ab 8.14 a-c 8.23 bc 1.16 1.07 1.80 a 1.80  ab 0.93 abc 0.90 ab 1.44 a-d 1.46 abc 

                 - N3 4.67 ab 4.62 a 8.63 ab 9.06 a 1.13 1.14 1.79 a 1.86  ab 0.98 a 0.97 ab 1.53 ab 1.60 ab 

                 I3N1 4.05 b-d 3.98 a-c 7.64 a-d 7.93 c 1.15 1.23 1.85 a 1.89 a  0.74 d 0.72 b 1.07 e 1.11 d 

                 - N2 4.58 ab 4.21 ab 8.82 a 8.98 ab 1.18 1.08 1.89 a 2.02 a 0.83 cd 0.77 ab 1.23 de 1.26 cd 

                 - N3 4.92 a 4.66 a 8.97 a 9.24 a 1.13 1.11 1.79 a 1.88 ab 0.89 abc 0.85 ab 1.25 b-e 1.29 cd 

LSD (p≤ 0.05) I 0.27 0.61 0.78 1.47 NS NS 0.18 0.32 0.06 NS 0.14 0.24 
                        N 0.49 0.66 0.94 1.60 NS NS NS NS 0.07 0.14 0.17 0.12 
                      I x N 0.84,0.74 1.14,1.11 1.63,1.54 1.04,1.69 NS NS 0.37,0.35 0.25,0.38 0.12, 0.11 0.25,0.24 0.29,0.28 0.21,0.29 

**I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop, respectively 
* N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1 to maize crop respectively 
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Duncans Multiple Range Test. 
¶ 1st LSD value is for same levels of Manure, while 2nd for different levels of Manure 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect: Statistically (T-test) similar grain yield, WUE and WUEi of wheat and maize was observed during both years



 178

kg ha-1 mm-1 during yr-1 and yr-2, respectively with respective increase of 31.7 and 49.5% 

over I3N1 (treatment with least WUEi). We conducted trial under conventional irrigation 

method and low WUEi which correlated with the finding of Hu et al. (2008) who stated that 

the water use efficiency under the modern treatment improved to 2.2 kg m-3 compared with 

2.0 kg m-3, observed under the conventional treatment. Similar to our findings, Olsen et al. 

(2000) investigated that the effect of irrigation on wheat yield was due almost solely to 

increased root water uptake as WUE remained unchanged. 

4.4.6 Effect of irrigation and nitrogen rates on plant height during growing period of 

wheat and maize  

Data (Table-4.4.3 and Table-4.4.4) show the variable effect of different treatment 

combinations on plant height at various observation times during wheat and maize crop 

growth period. As there was no change in irrigation levels up to 65 and 42 days of wheat and 

maize crop, respectively, increasing nitrogen (N) levels gave higher plant height, during this 

period. However, after 20 and 30 DAS, effect of different treatment combinations was 

statistically non significant. While after change in irrigation scheduling (65 DAS), highest 

plant height of wheat during yr-1 was observed with treatment “I3N3” resulting 15.2, 14.6 

and 16.4% increase as compared to the treatment resulting lowest plant height “I1N1” at 

observing 70, 90 DAS and at harvest, while corresponding increase resulted during yr-2 was 

15.2, 18.0 and 18.0% . Similarly during yr-1, plant height of maize was increased by 9.7, 

10.8 and 10.3% with “I3N3” over the treatment having minimum plant height “I1N1” at 

observing 60, 70, and 100 DAS, respectively, while respective increase observed during yr-2 

was 10.6, 11.3 and 6.6%. Data also revealed that there was a sharp increase in plant height of 

wheat and maize from 50-70 and 20-50 DAS, respectively and attained almost maximum 

plant height at 90 and 60 DAS, respectively. Increased plant height by proper fertilization 

and irrigation has been observed by many scientists, i.e. Khan et al. (2003) observed a 

significant increase in plant height (17 cm), with increase in nitrogen levels from 180 to 300 

kg ha-1. Similar to our study, increased wheat plants height due to increased moisture regime 

was observed by Mesbah (2009). Like wise, El-Noemani et al. (1990) observed the effect of 

three irrigation intervals (6, 12 and 18 days) and three N rates (60, 90 and 120 kgN/feddan) 

on maize cv. Hybrid 202 and found increasing plant height upto 90 kg feddan-1 N rate and 12 

days interval. 
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Fig.-4.4.3 Effect of irrigation and nitrogen rates on plant height during growing period 

of 1st year wheat and maize crop 
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Fig.-4.4.4 Effect of irrigation and nitrogen rates on plant height during growing period 

of 2nd year wheat and maize  

 

Note: Year effect was statistically significant (T-test) for plant height at 20 DAS of wheat yr-
2 and 40 DAS of maize yr-2   
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4.4.7 Effect of irrigation and nitrogen rates on leaf area index during growing period of 

wheat and maize  

Different irrigation and nitrogen treatment combinations had a significant effect on 

leaf area index (LAI) at various observation times, during growth period of wheat and maize 

(Table-4.4.5 and Table-4.4.6). As there was no change in irrigation levels up to 65 and 42 

days of wheat and maize crop, respectively, increasing nitrogen levels gave higher LAI. 

While after change in irrigation scheduling (65 DAS), highest LAI of wheat during yr-1 was 

observed with treatment combination “I3N3” resulting 18.0, 13.0, 14.1, 14.5 and 35.4% 

increase as compared to the treatment resulting lowest LAI “ I1N1” at observing 70, 80, 90, 

110 and 120 DAS, however corresponding increase resulted during yr-2 was 17.2, 

14.3,15.0,13.4 and 51.5%. Similarly during yr-1, LAI of maize was increased by 16.3, 19.1, 

18.4, 14.6 and 17.2% with “I3N3” over the treatment having minimum LAI “I1N1” at 

observing 60, 70, 80, 90, 100 and 115 DAS, respectively, while respective increase observed 

during yr-2 was 24.7, 21.1, 18.5, 26.8 and 27.1%. Data also revealed that there was a sharp 

increase in LAI of wheat and maize from 30-50 and 20-50 DAS and decreased from 110 and 

100 DAS, respectively. Data also depicted that LAI attained its maximum value of 4.67 and 

4.93 for wheat and 5.5 and 5.47 for maize crop, during yr-1 and yr-2, respectively, in case of 

“I3N3”. 

 Similar to our study, El-Noemani et al. (1990) maintained three irrigation levels with 

the 6, 12 and 18 days intervals and three N rates (60, 90 and 120 kg N/feddan) on maize cv. 

Hybrid 202 and observed an increased 4th leaf area. Our results also correlate with the 

findings of Menqu and Ozqurel, 2008 who concluded that irrigation treatments manifestly 

affected the dry matter yields (DM) and leaf area index (LAI). The verdict of their work 

showed that well-irrigated treatment should be used for maize grown in semi arid regions 

under no water scarcity. Similarly Bangarwa et al. (1988) and D‘Andrea et al. (2006) also 

reported an increased LAI by increasing N rates to maize crop. Increased LAI due to high N 

levels could be as a result of greater leaf expansion which is attributed to rapid cell division 

and enlargement (Wright, 1982). 
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Fig.-4.4.5 Effect of irrigation and nitrogen rates on leaf area index during growing 

period of 1st year wheat and maize  
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Fig.-4.4.6 Effect of irrigation and nitrogen rates on leaf area index during growing 

period of 2nd year wheat and maize  

 

Note: Year effect was statistically significant (T-test) for LAI at 20, 30, 40, 50, 60, 70, 80 and 100 
DAS of yr-2 wheat, 40 and 50 DAS of yr-2 maize and 115 DAS of yr-1 maize  
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4.4.8 Effect of irrigation and nitrogen rates on root length density and root weight 

density of wheat and maize  

Effect of different combinations of irrigation and nitrogen rates on root length density 

(RLD) and root weight density (RWD) of wheat and maize crop are summarized in Fig-4.4.7 

(a,b,c,d). Irrigation and nitrogen interaction had a variable effect on RLD and RWD of wheat 

and maize crop during both years. Treatment combination “I3N3” produced highest RWD, i.e. 

1.14, 0.90, 1.10 and 0.91 mg cm-3, during yr-1 wheat, yr-2 wheat, yr-1 maize and yr-2 maize 

which showed 55.9, 47.3, 49.3 and 106.1% increase, respectively as compared to treatment 

combination “I1N1”, resulting minimum mean values. 

Data regarding the RWD showed that its values ranged from 1.37 to 2.87 cm cm-3 and 

1.17 to 2.42 cm cm-3 for wheat and 2.68 to 6.51 cm cm-3 and 3.83 to 5.72 cm cm-3 for maize 

crop, during yr-1 and yr-2, respectively. The maximum values were observed in case of 

“I3N3” and minimum in the case of “I1N1”. Maximum increase observed in case of “I3N3” for 

wheat was 110.0 and 107.1% higher than “I1N1” during yr-1 and yr-2, respectively, where as 

maize crop showed 142.6 and 49.3% increase for corresponding years.  

Previous findings also indicate that proper distribution of water (Barber and Kover, 

1991) and nutrient (Wood and Edwards, 1992) positively affected the RLD, i.e. Lotfollahi 

(2010) found the significant increase in RWD of wheat by increasing N rates with subsoil 

irrigation. Hussain et al. (2008) observed that RLD of wheat at 0-10 cm depth increased from 

3.93 to 4.81 cm cm-3 by increasing the N rates from 50 to 200 kg ha-1. Similarly, Sangakkara 

et al. (2010) observed highest average RLD (4.93 cm cm-3) and RWD (0.42 cm cm-3) at 

optimum moisture of 14 days intervals, while water stress in case of 21 days interval resulted 

in decreased RLD (3.93 cm cm-3). Similar to our findings Makumba also observed the 

highest root density of maize averaging 1.02 cm cm-3 in the top 0-40 cm soil layer. Our 

results are in line with Gao et al. (2010) who found about 85 % of the RLD of maize in the 0-

30 cm soil layer. Bandyopadhyay and Mallick (2003) found a strong relationship (r2 = 0.78) 

between water use and RLD of maize. Similar to our observation high root zone depletion of 

water due to high root density of maize was also observed by Sharp and Davies (1985). 
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Fig.-4.4.7 Effect of irrigation and nitrogen rates on root length density and root weight 

density of wheat and maize  
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Note: year effect was statistically non-significant for both crops 

* 1st LSD value is for same levels of irrigation, while 2nd for different levels of irrigation 
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4.4.9 Length of growth stages and Kc values for wheat and maize  

Data presented in Table-4.4.5 depict the span of different growth stages of wheat and maize 

and their corresponding crop coefficient values for measuring evapotranspiration (ETc). 

Values of kc for initial stage of yr-1 wheat, yr-2 wheat, yr-1 maize and yr-2 maize were 0.46, 

0.47, 0.50 and 0.51, respectively, with the corresponding length of 27, 24, 15 and 14 days, 

respectively. Value of mid stage Kc of yr-1 wheat, yr-2 wheat, yr-1 maize and yr-2 maize was 

1.15, 1.14, 1.17 and 1.18, respectively, with the corresponding length of 60, 53, 60 and 61 

days, respectively. Crop development stage remained for 28, 32, 28 and 27 days for yr-1 

wheat, yr-2 wheat, yr-1 maize and yr-2 maize crop. End (late) stage remained for 26, 24, 12 

and 10 days for yr-1 wheat, yr-2 wheat, yr-1 maize and yr-2 maize crop, respectively, with 

corresponding Kc values ended up with value of 0.27, 0.44, 0.35 and 0.58. 

 High value Kc.end for yr-2 maize crop corresponded to harvesting of crop at high 

moisture content. Similar to our observations Li et al. (2003) calculated the crop coefficients 

(Kc) for wheat and maize crop by the ratio of the measured ETc and the FAO-56 Penman-

Monteith predicted ET0 and found that values for wheat were 0.55, 1.03, 1.19, and 0.65 

during the initial, crop development, mid-season, and end-stages respectively, while 

respective values for maize crop were 0.50, 1.02, 1.26 and 0.68. However, contradictory to 

our findings, slightly higher Kc value of 0.59 for the first 20 days, 1.24 for 30 days, 1.38 for 

30 days and 1.17 for the last 20 days for maize crop were observed by Liu et al. (2002).  

 

Table 4.4.5 Values of Kc for different growth stages (-) and their length (day) 

 

Crop Growth stage 

 Initial Crop development Mid stage Late stage 

Wheat -1 0.46 (27±0.7*) 0.46→1.15 (28±0.9) 1.15 (60±1.4) 1.15→0.27(26±0.6)

Maize -1 0.50 (15±0.4) 0.50→1.17 (28±1.4) 1.17 (60±2.1) 1.17→0.35(12±0.3)

Wheat -2 0.47 (24±0.3) 0.47→1.14 (32±0.6) 1.14 (53±2.6) 1.14→0.44(24±0.6)

Maize -2 0.51 (14±1.1) 0.51→1.18 (27±0.5) 1.18 (61±1.5) 1.18→0.58(10±1.1)

*Mean ± standard error (Values in the parentheses are the lengths of growth stages in days) 
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4.4.10 Critical limit of readily available water and moisture content before each 

irrigation 

Available water contents at the time of irrigation and critical values of readily 

available (θRAW) water during the growth period of wheat and maize are obvious from Fig.-

4.4.8. Average values of θRAW were 0.176, 0.178, 0.173 and 0.178 for yr-1 wheat, yr-1 maize, 

yr-2 wheat and yr-2 maize crop growth, respectively. It was also observed that the value of 

θRAW increased continuously during wheat crop from initial to end stage due to increase in 

ETc, while vise versa for maize crop. However, contradictory to our results, Wu et al. (2011) 

calulated a slightly higher value of θRAW for loam soil, i.e. 0.244 cm3 cm−3 for the 

loamy clay, 0.228 for the clay loam, and 0.190 for the sandy loam soil. 

 Data about available moisture content at the time of irrigation under different 

treatment indicate that moisture content and corresponding stress varied with irrigation as 

well as nitrogen (N) levels. First and second irrigation was common for wheat and maize 

crop, where moisture content was well above the θRAW indicating no stress during this period.  

Later on, higher available water contents at the time of irrigation were observed with 

increasing the irrigation frequency for the same rates of N fertilizer. For I1 irrigation level of 

wheat and maize crop, water contents at the time of irrigation were well below the θRAW 

indicating a continuous water stress after the 2nd irrigation. According to I2 irrigation 

scheduling to wheat crop, water contents were below the θRAW at the time of the fourth and 

fifth irrigation. Similarly, I2 showed stress at the time of the fourth and fifth irrigation during 

yr-1 while no stress during the whole period of yr-2. According to I3 irrigation level, water 

content at the time of irrigation were ≥ θRAW during both seasons of wheat and maize crop, 

however the third and fourth irrigation of wheat, and seventh and eighth irrigation of maize 

crop water content were well above the θRAW indicating more chances of deep drainage after 

those irrigations. It is also obvious from Fig.-4.4.8 that increasing N rates with same level of 

irrigation increased the root water uptake (Table-4.4.7), which resulted in less water storage 

as observed at the time of irrigations. Similar to our results, Nazeer (2009) observed the yield 

reduction of maize below θRAW and described that it is economical to irrigate at the time 

when available water in soil is equal to readily available water because it allows the 

evapotranspiration at its full potential.  
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Fig.-4.4.8 Critical limit of readily available water and moisture content before each 

irrigation 
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4.4.11 Effect of irrigation and nitrogen rates on evapotranspiration/evaporation during 

wheat-fallow-maize rotation 

Crop evapotranspiration observed under different irrigation regimes and N fertilizer 

levels (Table-4.4.6), indicate that evapotranspiration (ETc) increased significantly (p ≥0.05) 

by irrigation, nitrogen (N) application and by their interaction, both the years, however by 

variable magnitude. Highest irrigation level (I3) showed maximum ETc with an increase up to 

18.9, 16.8, 31.8 and 22.8% over (I1) during yr-1 wheat, yr-1 maize, yr-2 wheat and yr-2 

maize, respectively. Similarly, increasing N rates from N1 to N3, increased the ETc up to 

15.1, 21.6, 16.8 and 21.8% during yr-1 wheat, yr-1 maize, yr-2 wheat and yr-2 maize, 

respectively. Interactive effect showed that, highest ETc during wheat crop was observed 

with treatment combination “I3N3”, which showed 33.2 and 36.4 % increase over “I1N1” 

(treatment combination having minimum ETc), during y-1 and yr-2, respectively. However, 

this treatment combination was statistically at par with “I2N3”. During maize crop, out of 

nine treatment combinations “I3N3” “I3N2” “I2N3” proved best, showing 63.3, 60.7 and 

57.0% increase over “I1N1” during yr-1 while corresponding increase observed during yr-2 

was 47.8, 42.7 and 45.2%, respectively. 

 During fallow period statistically similar evaporation was observed for all treatments 

both years, however overall 32.33% higher evaporation was observed during yr-1 due to 

more water input compared with yr-2. Lower ETc was observed with I1 and I2 irrigation 

levels, where available water contents at the time of some irrigation events exceeded the 

critical limit of θRAW. These findings correlate to the findings of Allen et al. (1998) who 

stated that available water in the root zone exceeds RAW (the water content drops below the 

critical value), root water uptake no longer continues at its full potential and consequently the 

crop evapotranspiration (ETc) begins to decrease.  

We observed a little water stress with I2, while no stress was found with I3 irrigation 

scheduling. Similar to our findings, Doorknobs and Pruitt (1983) stated the 43-49 cm water 

requirement of maize, for its maximum production. Our wheat evapotranspiration demand is 

also comparable with Laghari et al. (2008) who described that 35-39 cm of irrigation water is 

needed for seasonal ETc plus deep percolation requirements of wheat crop.  
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Table- 4.4.6 Effect of irrigation and N rates on evapotranspiration/ evaporation (cm) 

during wheat-fallow-maize rotation  

 

 

 

 

 

 

 

Treatments Year-1  Year-2 

 Wheat Fallow Maize Wheat Fallow Maize 

Irrigation (I)        
                 I1* 38.7 25.5 35.1 38.6 18.7 35.2 
                 I2 44.9 24.7 43.7 45.3 19.2 41.8 
                 I3  46.0 25.8 46.3 45.1 19.6 43.2 
Nitrogen (N) 
                N1 40.0 25.7 37.0 39.7 19.4 35.8 
                N2 43.5 24.6 43.0 42.9 18.8 40.9 
                N3 46.1 25.7 45.0 46.4 19.3 43.6 
Interaction (MxI) 
                 I1N1 37.6 d° 26.5 30 f 36 e 18.7 31.4 d 
                 - N2 38.6 cd 24.5 36.4 e 38.6 d 18.9 35.4 c 
                 - N3 39.8 cd 25.4 39 de 41.3 c 18.5 38.7 bc 
                 I2N1 41.3 c 24.2 39.4 de 41.3 c 19.6 37.5 c 
                 - N2 45.2 b 23.5 44.5 bc 45.8 b 18.5 42.4 ab 
                 - N3 48.3 ab 26.5 47.1 ab 48.8 a 19.6 45.6 a 
                 I3N1 41.2 c 26.5 41.7 cd 41.9 c 20 38.4 bc 
                 - N2 46.6 b 25.8 48.2 a 44.4 b 19 44.8 a 
                 - N3 50.1 a 25.2 49 a 49.1 a 19.7 46.4 a 
LSD (p≤ 0.05) I 1.22 NS 2.25 0.64 NS 2.96 
                        N 2.00 NS 1.90 1.09 NS 2.13 
                      I x N 3.5, 3.1 NS 3.3, 3.5 1.9, 1.7 NS 3.7, 4.2 

**I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for 
maize crop, respectively 
* N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 for wheat crop, and 220, 270 and 320 
kg ha–1 for maize crop respectively 
¶ W, F and M represents wheat, fallow and maize period, respectively, while S represents sampling 
number 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance 
Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for fallow period-1 at all depths 
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4.4.12 Hydrus-1D predicted/measured drainage at different depths during wheat-

fallow-maize rotation under the effect of irrigation and nitrogen rates 

Data regarding the Hydrus-1D predicted drainage at 35 and 70 cm depth, in a wheat-

fallow-maize crop rotation are provided in Table-4.2.7, while measured as well model 

simulated drainage at 115 cm depth along with model efficiency (EM) are given in Table-

4.2.8. Drainage observed at all three depths was increased with increasing irrigation levels, 

during wheat and maize growth, however more water uptake with increasing N rates 

decreased drainage. Interaction of irrigation and N rates on drainage was also significant at 

all three depths, during wheat and maize crop, while during fallow period statistically similar 

drainage was observed under different treatment combinations. Maximum drainage at 35 cm 

depth was observed with treatment combination “I3N1”, i.e. 25.4, 24.6, 31.6 and 32.4 cm 

during yr-1 wheat, yr-2 wheat, yr-1 maize and yr-2 maize, respectively, with corresponding 

increase of 120.9, 123.6, 232.6 and 205.7% over “I1N3” (Treatment combination with 

minimum drainage). A similar trend was observed at 70 cm depth, where we observed 

maximum drainage with treatment combination “I3N1”, which showed 119.6, 118., 353.6 and 

215.6% increase over “I1N3” while respective values of drainage were 9.7, 9.0, 5.6 and 7.7 

cm during yr-1 wheat, yr-2 wheat, yr-1 maize and yr-2 maize, respectively. At 110 cm depth 

highest drainage (18.7 and 19.4 cm) during wheat crop was observed with “I3N1” which 

showed a highest increase of 175.0 and 123.0 % over “I1N3”, during yr-1 and yr-2, 

respectively. However at 110 cm depth during maize crop, treatment combinations receiving 

heavy irrigation along with low N quantity showed much more drainage, i.e. an increase up 

to 451.4 and 462.9% was observed during yr-1 and yr-2, respectively, when compared with 

values of treatment with lowest drainage “I1N3”. Data also show that heavy drainage at 110 

cm observed during long rainy fallow period was comprised of 22.9 and 19.8% of water 

input, during yr-1 and yr-2, respectively.  

Simulation results for drainage at 110 cm depth for second year wheat and maize crop 

indicate that Hydrus-1D fitted well to the observed values, however with some exceptions. 

Values of model efficiency (EM) ranged from 0.93 to a very high negative value observed 

with I1 irrigation level. Positive values observed in case of “I1N2”, “I2N1”, “I2N3” and “I3N2” 

for wheat and “I1N1”, “I1N2”, “I2N1” and “I3N3” for maize crop indicate that model predicted 

values were better than the observed values, however for the rest of treatments model 
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predictions were not as accurate as observed values. Our findings are in line with Ouda et al. 

(2010) who applied 90, 85, 80 and 70% of full irrigation to wheat yield and found very high 

potentiality for minimizing drainage and ultimately irrigation water saving. They stated that 

we can save 30 % water with only 5 % yield reduction. We conducted trial under 

conventional irrigation method and found increased drainage with heavy irrigation (I3) which 

correlate with the observations of Hu et al. (2008) who indicated that improved water use 

efficiency under the modern treatment may lead to less drainage.  

Similar to our study, Hydrus-1D model is extensively being used for simulating the 

movement of water and root water uptake in transient field conditions (Simunek et al., 1998), 

i.e Simunek and Hopmans (2009) used Hydrus-1D for simulation of root water uptake under 

water limited conditions. Similar to our simulation using dual porosity model, Kodesova et 

al. (2006a) also used dual permeability models in Hydrus-1D to simulate transient water flow 

in clay soil.  

4.4.13 Effect of irrigation and nitrogen rates on NO3-N concentration in leachates at 

different depths 

Data regarding average NO3-N concentration in the leachates during first year wheat 

growth period, fallow period and maize growth period are presented in Table-4.4.9, while 

data of respective seasons during the second year are provided in Table-4.4.10. 

 It is obvious from data that increasing irrigation level slightly decreased the NO3-N 

concentration in the leachates at all depths, however leachates concentration at 35 cm was 

nearly equal to permissible limit set by EPA, but below the critical limit at 70 cm depth and 

much lower at 110 cm depth. Regarding N rates, NO3-N concentration in leachates increased 

with increasing N fertilizer rates. Maximum NO3-N concentration observed at 35 cm depth 

was 12.1 ppm for yr-1 wheat, 12.9 ppm for yr-1 maize, 11 ppm for yr-2 maize and 12.5 ppm 

for yr-2 maize, while the corresponding values observed at 70 cm depth were 9.5, 11.6, 9.7 

and 12.6 ppm. At 110 cm depth NO3-N concentration was 6.6, 8.8, 8.1 and 10.9 ppm during 

yr-1 wheat, yr-1 maize, yr-2 wheat and yr-2 maize which were much lower than values 

observed at 35 and 70 cm depth. As an average, higher NO3-N concentration during maize 

crop was observed when compared to wheat crop due to high N dose applied to maize crop. 

Interaction of irrigation and N rates indicates that highest NO3-N concentration was observed 

with treatment combination “I1N3” followed by “I2N3” and “I3N3”, however these three 
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Table- 4.4.7 Effect of irrigation and N rates on drainage (cm) at 35 and 70 cm depth during wheat-fallow-maize rotation  
 
 

Treatments Wheat  Fallow Maize 

 
35 cm 

(Y-1) 

70 cm 

(Y-1) 

35 cm  

(Y-2) 

70 cm  

(Y-2) 

35 cm 

(Y-1) 

70 cm  

(Y-1) 

35 cm  

(Y-2) 

70 cm  

(Y-2) 

35 cm  

(Y-1) 

70 cm  

(Y-1) 

35 cm  

(Y-2) 

70 cm  

(Y-2) 

Irrigation (I)        
                 I1* 13.0 10.1 12.6 10.0 17.9 15.0 12.3 8.6 11.3 6.4 12.4 8.7 
                 I2 17.0 12.3 17.0 13.4 18.7 15.2 12.0 8.4 20.9 13.7 19.3 13.4 
                 I3  23.1 18.8 22.2 18.9 18.7 15.1 12.3 8.7 28.0 22.0 29.5 22.3 
Nitrogen (N) 
                N1 19.5 15.0 19.2 15.1 17.5 15.0 12.4 8.7 22.9 16.1 22.8 16.2 
                N2 17.8 13.7 17.5 14.2 18.9 15.8 12.3 8.6 19.5 13.8 19.8 15.0 
                N3 15.8 12.5 15.1 13.0 19.0 14.6 12.0 8.5 17.8 12.1 18.7 13.2 
Interaction (MxI) 
                 I1N1 14.3 ef° 10.4 ef 14.3 d 11.3cde 16.7 b 14.3 a 13.2 a 7.6 b 13.4 e 7.6 f 14.4 f 9.8 g 
                 - N2 13.2 fg 10.1 ef 12.4 de 9.8 de 17.6 ab 15.4 11.5 b 8.7 ab 10.9 ef 6 f 12.3 g 8.7 h 
                 - N3 11.5 g 9.7 f 11 e 9 e 19.5 a 15.4 12.3ab 9.6 a 9.5 f 5.6 f 10.6 h 7.7 i 
                 I2N1 18.7 bc 13.4 d 18.7 c 14.3 bc 17.8 ab 16.3 11.4 b  8.7 ab 23.6bc 15.4 d 21.6 d 14.4 d 
                 - N2 16.8 cd 12.3 de 17.6 c 13.4 c 19.6 a 15.4 12.3 ab 8.6 ab 21.4 c 13.5 de 18.8 e 13.3 e 
                 - N3 15.6 de 11.2 ef 14.7 d 12.5 cd 18.7 ab 13.9 12.4 ab 7.9 b 17.8 d 12.3 e 17.6 e 12.4 f 
                 I3N1 25.4 a 21.3 a 24.6 a 19.7 a 17.9 ab 14.4 12.5 ab 9.7 a 31.6 a 25.4 a 32.4 a 24.3 a 
                 - N2 23.5 a 18.7 b 22.4 b 19.5 a 19.4 a 16.5 13.2 a 8.5 ab 26.3 b 22 b 28.4 b 23 b 
                 - N3 20.3 b 16.5 c 19.6 c 17.6 ab 18.8 ab 14.5 11.3 b 7.89 b 26 b 18.5 c 27.8 c 19.6 c 
LSD (p≤ 0.05) I 1.28 1.41 2.21 2.60 NS NS NS NS 3.00 1.42 1.22 0.97 
                        N NS 1.27 0.95 1.51 1.37 NS NS NS 1.47 1.37 0.87 0.35 
                       I x N 2.2, 2.2 2.2, 2.3 1.6, 2.6 2.6, 3.34 2.4, 2.5 NS 1.5, 1.7 1.5, 1.6 2.5, 3.6 2.4, 2.4 1.5, 1.7 0.6, 1.1 
**I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop, respectively 
* N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1 to maize crop respectively 
¶ M, P and S represents measured, predicted and simulated values 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for fallow period-1 at both depths, and for maize-1 at 70 cm depth
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Table-4.4.8 Effect of irrigation and N rates on drainage (cm) at 110 cm depth during wheat-fallow-maize rotation  
 

 Year-1 Year-2 

Treatments Wheat  
(M¶) 

ψFallow 
 (P) 

Maize 
 (M) 

Wheat 
 (M) 

Wheat  
(S) 

EM 
Fallow 
 (P) 

Maize 
 (M) 

Maize  
(S) 

EM 

Irrigation (I)         
                 I1* 8.3 10.9 5.3 9.3 11.99 -12.60 6.6 5.3 5.4 0.85 
                 I2 13.1 11.0 9.4 12.6 11.83 -0.40 6.8 9.8 9.0 -0.20 
                 I3  16.6 9.7 16.9 16.3 15.49 -0.41 6.4 17.0 16.5 -0.23 
Nitrogen (N)  
                N1 14.8 11.4 12.1 15.0 14.09 -0.62 7.0 12.6 12.2 0.22 
                N2 12.9 10.0 11.0 12.4 11.68 -0.95 6.3 10.9 10.1 0.11 
                N3 10.2 10.6 8.5 10.8 10.21 -0.16 6.4 8.6 8.7 -0.29 
Interaction (MxI)  
                 I1N1 9.3 10.9 bc 5.4 f 10.3 ef 9.10 -1.27 5.7 c 6.9 f 6.87 0.91 
                 - N2 8.8 11.2 ab 6.7 e 8.9 fg 8.73 0.59 6.9 a 5.6 g 5.43 0.92 
                 - N3 6.8 10.2 bcd 3.7 g 8.7 g 8.13 -0.46 6 bc 3.5 h 3.93 -5.54 
                 I2N1 16.5 11.4 ab 10.4 d 15.4 bc 15.17 0.93 6.8 ab 11.3 d 10.50 0.13 
                 - N2 13.3 12.5 a 9.7 d 12.6 de 11.20 -1.55 7.3 a 10.4 e 9.07 -1.31 
                 - N3 9.5 10.9 bc 8 e 9.8 fg 9.13 0.09 7 a 7.8 f 7.57 -0.10 
                 I3N1 18.7 9.7 cd 20.4 a 19.4 a 18.00 -2.00 6 bc 19.7 a 19.20 -2.73 
                 - N2 16.7 10.4 bc 16.6 b 15.6 b 15.10 0.31 6.8 ab 16.7 b 15.80 -0.15 
                 - N3 14.4 8.9 d 13.7 c 13.8 cd 13.37 -0.25 5.99 bc 14.6 c 14.50 0.08 
LSD (p≤ 0.05) I 2.08 0.88 1.29 2.09   0.66 0.82   
                        N 0.63 0.74 0.73 0.82   0.40  0.44   

                      I x N NS 1.3, 1.4 1.3, 1.6 1.4, 2.4   0.7, 0.9 0.8, 1.0   

**I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop, respectively; It also include 
7.54, 8.03, 4.05 and 11.38 cm precipitation during, wheat yr1, wheat yr-2, maize yr-1 and maize yr-2 crop, respectively   
* N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1 to maize crop respectively 
ψWater input was 46.66 cm and 32.82 cm, during 2008 and 2009 fallow period, respectively  
¶ M, P and S represents measured, predicted and simulated values 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
Year effect (T-test-p≤ 0.05) was statistically significant for fallow period-1 
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Table-4.4.9 Effect of irrigation and N rates on NO3-N concentration (ppm) in leachates at different depths (Year-1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Treatments 35 cm 70 cm 110 cm 

 Wheat Fallow¶ Maize Wheat Fallow Maize Wheat Fallow Maize 

Irrigation (I)        
                 I1* 11.4 6.5 11.8 8.4 5.4 10.6 5.6 4.4 7.9 
                 I2 10.6 5.8 10.8 8.1 5.5 9.4 5.2 4.7 6.6 
                 I3  9.6 6.2 9.6 7.6 5.7 8.3 5.3 4.6 7.1 
Nitrogen (N) 
                N1 9.0 5.5 8.4 6.7 5.5 7.4 4.2 4.5 6.0 
                N2 10.6 6.5 10.8 8.0 5.4 9.3 5.2 4.6 6.8 
                N3 12.1 6.5 12.9 9.5 5.7 11.6 6.6 4.6 8.8 
Interaction (MxI) 
                 I1N1 9.2 d° 6.5  8.6 ef 7.6 d 5.4  8.5 4.6 cd 4.3  6.6 
                 - N2 11.4  bc 6.4  11.8 bc 8.6 bc 5.4  10.1 5.5 b 4.4  6.6 
                 - N3 13.6 a  6.5  14.9 a 9.1 ab 5.3  13.2 6.6 a 4.4  10.6 
                 I2N1 9.0 d 4.5  8.8 def 6.9 d 5.6  7.6 4.0 d 4.5  5.5 
                 - N2 10.6 bcd 6.5  10.7 cd 7.8 cd 5.6  9.7 5.0 c 5.0  6.6 
                 - N3 12.2 ab 6.5  12.8 b 9.7 a 5.4  10.9 6.6 a 4.7  7.6 
                 I3N1 8.7 d 5.6  7.7 f 5.7 e 5.6  6.1 4.0 d 4.8  5.8 
                 - N2 9.8 cd 6.5  10.0 cde 7.6 d 5.2  8.1 5.2 bc 4.5  7.1 
                 - N3 10.4 bcd 6.6  11.0 bc 9.6 a 6.4  10.8 6.7 a 4.6  8.3 
LSD (p≤ 0.05) I NS 0.38 1.32 0.52 NS 1.87 NS NS NS 
                        N 1.04 0.39 1.12 0.53 NS 0.83 0.47 NS 0.38 

                        I x N 1.81, 2.32 NS 1.94, 2.05 0.93, 0.91 NS NS 0.82, 0.87 0.46, 0.58 NS 

**I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop, respectively; It also include 7.54, 
8.03, 4.05 and 11.38 cm precipitation during, wheat yr1, wheat yr-2, maize yr-1 and maize yr-2 crop, respectively   
* N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1 to maize crop respectively 
ψWater input was 46.66 cm and 32.82 cm, during 2008 and 2009 fallow period, respectively  
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test 
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Table-4.4.10 Effect of irrigation and N rates on NO3-N concentration (ppm) in leachates at different depths (Year-2) 
 

Treatments 35 cm 70 cm 110 cm 

 Wheat Fallow¶ Maize Wheat Fallow Maize Wheat Fallow Maize 

Irrigation (I)        
                 I1* 10.4 8.2 11.4 9.7 5.9 11.1 6.1 5.3 9.5 
                 I2 9.4 7.9 10.1 8.4 6.0 10.6 6.5 4.7 8.3 
                 I3  8.0 8.4 9.8 7.6 6.0 9.2 6.3 5.3 7.9 
Nitrogen (N) 
                N1 7.9 8.2 8.5 7.4 6.0 8.4 4.5 4.8 6.9 
                N2 8.9 8.3 10.3 8.7 6.3 9.8 6.2 5.1 8.0 
                N3 11.0 8.0 12.5 9.7 5.6 12.6 8.1 5.4 10.9 
Interaction (MxI) 
                 I1N1 8.8 cde° 7.6  9.0 de  7.8 cdef 6.5  8.7 cd   4.6 d 5.4  7.6 
                 - N2 10.2 bc 8.5  11.0 bc 9.8 b 6.5  11.1 b 6.0 c 5.3  8.7 
                 - N3 12.3 a 8.5  14.3 a 11.4 a 4.7  13.4 a 7.6 b 5.3  12.3 
                 I2N1 7.9 def 8.6  8.7 de 7.6 def 6.0  8.7 cd 4.5 d 4.5  6.7 
                 - N2 9.0 cde 7.6  10.0 cd 8.7 cde 6.3  9.9 bc 6.2 c 4.6  7.6 
                 - N3 11.3 ab 7.5  11.6 b 9.0 bc 5.8  13.2 a 8.7 a 5.1  10.7 
                 I3N1 6.9 f 8.4  7.9 e 6.7 f 5.6  7.8 d 4.5 d 4.6  6.5 
                 - N2 7.6 ef 8.7  9.9 cd 7.5 ef 6.2  8.5 cd 6.5 c 5.5  7.6 
                 - N3 9.5 cd 8.0  11.7 b 8.7 bcd 6.3 a 11.3 b 7.9 b 5.7  9.6 
LSD (p≤ 0.05) I 1.22 NS 1.06 0.97 NS 0.87 NS 0.56 0.76 
                        N 0.84 0.25 0.78 0.61 0.51 1.07 0.36 0.50 0.62 
                        I x N 1.45, 1.69 NS 1.35, 1.52 1.06, 1.29 NS 1.86, 1.74 0.62, 0.69 NS NS 
**I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop, respectively; It also include 7.54, 
8.03, 4.05 and 11.38 cm precipitation during, wheat yr1, wheat yr-2, maize yr-1 and maize yr-2 crop, respectively   
* N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1 to maize crop respectively 
ψWater input was 46.66 cm and 32.82 cm, during 2008 and 2009 fallow period, respectively 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test   
Year effect (T-test-p≤ 0.05) was statistically significant for fallow period-1 and maize-1 at 70 cm and 110 cm depth 
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treatment combinations were statistically at par in most of the cases during wheat and maize 

growth period, at all three depths. During fallow period, NO3-N concentration was 

statistically similar with all treatment combination where its concentration during yr-1 ranged 

from 5.6 to 6.6, 5.3 to 6.4 and 4.3 to 5.0 ppm for 35, 70 and 110 cm depth, respectively while 

corresponding range for yr-2 was 7.5 to 8.7, 4.7 to 6.5 and 4.6 to 5.7 ppm. 

We observed an increased NO3
-
 concentration with high doses of fertilizer especially 

applied to maize crop. Similar to our observations, Hadas et al. (1999) also described a long-

term risk of NO3
- pollution by excess N fertilizers, applied for the purpose of increasing 

yield. Our findings are also in line with Gheysari et al. (2009) who observed an increasing 

concentration of nitrate in leachates with increasing N rates, i.e. with four irrigation levels 

(0.7, 0.85, 1.0 and 1.13 of soil moisture depletion) and three N rates (0, 142 and 189 kg N ha-

1). They observed 10.4 and 31.2 mg L-1 NO3-N as lowest and highest seasonal average NO3 

concentration, respectively, in leachates at 30 and 60 cm depth. NO3
- pollution risk was also 

observed by Tahir and Rasheed (2008) who found increased NO3
- concentration in the areas 

receiving high N fertilizer rates and observed about 19% of sample out of 747, throughout 

Pakistan beyond the permissible safe limit of 11.3 mg L-1. 

4.4.14 Effect of irrigation and nitrogen rates on total NO3-N leached at different depths 

during wheat-fallow maize rotation 

Effect of different irrigation and N rates was significant on NO3-N leaching to different 

depths as do their interaction (Table-4.4.11 & Table-4.4.12). Increasing irrigation depth of 

wheat from I1 to I3 increased the NO3-N leaching during yr-1 and yr-2 by 51.1 and 36%; 66 

and 50.7%; 63.4 and 108.5%, when observed at 35, 70 and 110 cm depth, respectively, while 

corresponding increase observed during maize season was 105.6 and 103.0%; 48.9 and 

112.8%; 92.4 and 65.9%. Increasing N rates from N1 to N3 increased the NO3-N leaching at 

35 cm by 7.1, 15.6, 10.2 and 18.6 %; at 70 cm by 21.3, 14.0, 11.9 and 22.1%; and  at 110 cm 

by 15, 1.0, 14.2 and 34.6%, during yr-1 wheat, yr-1 maize, yr-2 wheat and yr-2 maize crop, 

respectively. Interactive effect of manure and irrigation on NO3-N leaching was significant 

(p≥ 0.05) at all three depths. Results of two year trials indicated that during wheat crop 

highest NO3-N leaching was observed with treatment combination “I3N3” at all three depths, 

i.e. 21.1, 15.8 and 9.2 kg NO3-N ha-1 leached below 35, 70 and 110 cm depth during year-1, 

while corresponding values observed during yr-2 were 18.6, 15.3 and 11.3 kg NO3-N ha-1.  
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During maize crop treatment combination “I3N3” also showed maximum NO3-N leaching at 

35, 70 and 110 cm depth, i.e. 28.5, 19.3 and 11.4 kg NO3-N ha-1 leached below 35, 70 and 

110 cm depth during year-1, while corresponding values observed during yr-2 were 32.3, 

22.1 and 14.0 kg NO3-N ha-1. In addition, two statistically similar treatment combinations 

“I3N2” and “I3N1” showed decreasing trend in NO3-N leaching at all three depths. Treatment 

combination “I1N1” proved best with minimum NO3-N leaching observed at all three depths. 

Data also indicated that NO3-N leaching decreased at lower depths due to decreased drainage 

and leachates concentration with increasing depth. Similar to our I1 irrigation level, Jaynes et 

al. (2004) also observed the ratio of 1.3 for reduction of NO3-N to N reduced application. 

Movement of NO3-N below 35, 70 and 115 cm, during wheat and maize crop with the 

application of heavy irrigation (I3) correlate to the previous findings that high NO3-N 

leaching occurs due to over irrigation (Cameira et al., 2003; Vazquez et al., 2006), i.e. by 

applying 142 kg N ha-1 to maize crop with 13% leaching fraction 8.43 kg NO3-N ha-1 was 

leached up to 0.60 m depth (Gheysari et al., 2009). Like wise, Zhu et al. (2005) also 

observed 28.6 kg N ha-1 (5.9 % of total nitrogen supply) leaching out of root zone through 

24.7 % drainage of total surface water supply. Similarly, Riley et al. (2001) described that 2 

and 5 % of the applied N is leached below the root zone with conventional agricultural 

practices.  

4.4.15 Effect of irrigation and N rates on soil NO3-N built-up at different time of crop 

growth 

Data relating to soil NO3-N built-up at 0-110 cm, 35-110 cm and 75-110 cm (Table- 4.4.13, 

Table- 4.4.14 and Table- 4.4.15) indicate that irrigation, nitrogen as well as their interactive 

effect was significant during different sampling times and for different depth. Interactive 

effect of irrigation and nitrogen rate indicates that after 60 days of sowing (DAS) of wheat 

crop maximum NO3-N built-up, i.e. 55.0 and 43.8 kg ha-1 was observed with “I2N3” and 

“I1N3” respectively, for 0-110 cm depth, while minimum values, i.e. 25.4 and 27.6 kg ha-1 

were observed with “I1N1” and “I3N1”, respectively. However, at the end of wheat crop 

season, NO3-N built-up ranging from 0.4 to 7.6 kg ha-1 and 3.3 to 6.7 kg ha-1 at 0-110 cm 

depth was observed during yr-1 and yr-2, respectively. Further decrease in NO3-N built-up 

during fallow period was observed due to leaching losses of NO3
- (Table-4.4.11 & Table-

4.4.12) due to heavy rain. Similar trend was observed for maize crop where highest NO3-N 
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built-up i.e. 81.4 and 73.4 kgha-1 at 0-110 cm depth was observed with“I2N3” during yr-1 and 

yr-2, respectively. At the harvest of maize crop, NO3-N built-up ranging from 2.5 to 8.8 kg 

ha-1 during yr-1 and 0.4 to 6.4 kg ha-1 was observed during yr-2, which indicates the carry 

over of NO3-N to the next year, due to heavy application of N to maize crop, especially in 

case of N2 and N3 treatment. When we observed the soil NO3-N built up below active root 

zone depth, i.e. 35-110 cm there was increasing trend in soil NO3-N built up with increasing 

irrigation and N supply to wheat and maize crop. During yr-1, NO3-N built up ranged from 

9.5 to 19.6 kg ha-1 after 60 days of wheat sowing, -2.3 to 2.3 kg ha-1 at the end of fallow 

period, 14.5 to 26.5 kg ha-1 30 days after maize sowing and  2.2 to 12.7 kg ha-1 at the end of a 

year (at maize harvest), while respective ranges observed during yr-2 were 8.4 to 15.6 kg ha-

1, -2.1 to 3.4 kg ha-1, 16.5 to 27.6 kg ha-1 and 0.3 to 5.8 kg ha-1. Data trend (Table-4.4.15) 

regarding NO3-N built up at 70-110 cm depth indicates that increasing either irrigation or N 

rate increased the deposition of NO3-N to this depth.  

 During yr-1 of wheat crop, maximum deposition of NO3-N at 70-110 cm depth (7.6 kg ha-1) 

was observed at second sampling (90 DAS) with “I1N3” while minimum (0.3 kg ha-1) with 

“I1N1” at the harvest of crop. During fallow period no significant change in NO3-N budget 

was observed for this depth. During yr-1 maize crop, maximum deposition of NO3-N (14.5 

kg ha-1) was observed at second sampling (60 DAS) with “I2N3” while minimum (0.5 kg ha-1) 

with “I1N3” at harvest. Similar trend was observed during second year wheat and maize trials. 

Similar to our study, many scientists observed the effect of increasing N application rates and 

irrigation level on soil NO3-N built up and leaching below root zone. Similar to our results, 

Gheysari et al. (2009) observed 8.43 kg N ha-1 NO3-N leaching at 60-cm depth with the 

application of 142 kg N ha-1 along with 1.13 SMD irrigation level. We observed NO3-N 

depletion of 0-115 cm soil profile during long rainy fallow period as a result of drainage of 

water, which may correlate to the findings of Martinez and Guiraud (2006) who stated the 

importance of cover crop in uptaking the soil NO3-N. We observed depletion of soil NO3-N 

in rooting zone with low N receiving treatments at the end of fallow period, so this may lead 

to yield declining trend with even full recommended dose of NPK fertilizers, in low organic 

carbon containing soils, as observed in India (Nambiar and Abrol, 1989). Similarly, It was 

observed by Bundy and Malone (1988) that residual NO3
- of rooting zone significantly 

affects the N fertilizer requirement of the crop especially under semiarid conditions. 
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Table-4.4.11 Effect of irrigation and N rates on NO3-N (kg ha-1) leached at different depths (Year-1) 

Treatments 35 cm 70 cm 110 cm 

 Wheat Fallow¶ Maize Wheat Fallow Maize Wheat Fallow Maize 

Irrigation (I)        
                 I1* 14.6 11.6 12.8 8.5 8.1 12.3 5.1 4.7 4.0 
                 I2 17.9 11.0 22.1 9.9 8.4 15.3 6.3 5.5 6.1 
                 I3  22.1 11.7 26.4 14.1 8.6 18.3 8.4 4.5 11.7 
Nitrogen (N) 
                N1 17.4 9.6 18.9 9.8 8.3 14.3 6.2 4.8 7.0 
                N2 18.6 12.2 20.7 10.8 8.5 15.3 6.4 5.3 7.5 
                N3 18.6 12.4 21.8 11.8 8.3 16.3 7.2 4.6 7.1 
Interaction (MxI) 
                 I1N1 13.2 f° 10.9 ab 11.5 g 7.9 d 7.7 cd 11.3 e 4.7 e 4.7 b 3.6 d 
                 - N2 15.0 ef 11.3 ab  12.8 f 8.7 d 8.3 a-d 12.3 de 4.9 de 4.9 b 4.4 cd 
                 - N3 15.6 de 12.7a 14.2 e 8.8 d 8.2 bcd 13.3 cde 5.7 cd 4.5 b 3.9 d 
                 I2N1 16.8 cde 8.0 c 20.8 d 9.2 cd 9.1 ab 14.3 b-e 6.2 c 5.1ab 5.7 bc 
                 - N2 17.8 cd 12.7 a 22.9 c 9.6 cd 8.6 abc 15.3a-e 6.3 c 6.3 a 6.4 b 
                 - N3 19.0 bc 12.2 ab 22.7 c 10.9 bc 7.5 d 16.3 a-d 6.5 c 5.1 ab 6.1 bc 
                 I3N1 22.1 a 10.0 bc 24.3 c  12.1 b 8.1 cd 17.3 abc 7.8 b 4.7 b 11.8 a 
                 - N2 23.0 a 12.6 a 26.2 b 14.2 a 8.6 abc 18.3 ab 8.1 b 4.7 b 11.8 a 
                 - N3 21.1 ab 12.3 a 28.5 a 15.8 a 9.3 a 19.3 a 9.2 a 4.1 b 11.4 a 
LSD (p≤ 0.05) I 1.72 NS 2.20 1.10 NS 3.04 0.98 NS 1.19 
                        N NS 1.31 0.54 0.97 NS 1.95 0.54 0.24 NS 
                        I x N 2.42, 2.60 2.28, 2.35 0.95, 2.32 1.69, 1.75 0.79, 0.97 3.39, 4.08 0.94, 1.23 1.25, 1.04 1.42, 1.65 
**I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop, respectively; It also include 7.54, 8.03, 
4.05 and 11.38 cm precipitation during, wheat yr1, wheat yr-2, maize yr-1 and maize yr-2 crop, respectively   
* N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1 to maize crop respectively 
ψWater input was 46.66 cm and 32.82 cm, during 2008 and 2009 fallow period, respectively 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test    
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Table-4.4.12 Effect of irrigation and N rates on NO3-N (kg ha-1) leached at different depths (Year-2) 

Treatments 35 cm 70 cm 110 cm 

 Wheat Fallow¶ Maize Wheat Fallow Maize Wheat Fallow Maize 

Irrigation (I)        
                 I1* 12.9 10.1 13.9 9.5 18.3 9.5 4.9 3.3 4.6 
                 I2 15.7 9.5 19.3 11.3 21.3 14.0 8.0 3.3 7.9 
                 I3  17.5 10.3 28.6 14.4 24.3 20.2 10.2 3.3 13.2 
Nitrogen (N) 
                N1 14.7 10.1 19.1 11.0 20.3 13.3 6.7 3.0 8.3 
                N2 15.2 10.2 20.1 11.9 21.3 14.1 8.1 3.6 8.5 
                N3 16.3 9.6 22.6 12.3 22.3 16.3 8.2 3.4 8.9 
Interaction (MxI) 
                 I1N1 12.5 c° 10.0 ab 12.9 f 8.8 d 17.3 e 8.5 f 4.3 3.1 4.5 c 
                 - N2 12.6 c  9.8 ab 13.5 ef 9.6 d 18.3 de 9.7 f 5.3 3.6 4.9 c 
                 - N3 13.5 bc 10.5 ab 15.2 def 10.2 cd 19.3 cde 10.3 ef 5.1 3.2 4.3 c 
                 I2N1 14.8 bc 9.8 ab 18.8 de 10.9 cd 20.3 b-e 12.5 de 7.4 3.1 7.6 b 
                 - N2 15.8 abc 9.4 ab 18.8 de 11.7 bcd 21.3a-e 13.1 d 8.2 3.4 7.9 b 
                 - N3 16.6 ab 9.3 ab 20.4 cd 11.2 bcd 22.3 a-d 16.4 c 8.3 3.6 8.3 b 
                 I3N1 16.9 ab 10.5 ab 25.5 bc 13.2 abc 23.3abc 19.0 b 8.4 2.8 12.8 a 
                 - N2 17.0 ab 11.5 a 28.0 ab 14.6 ab 24.3 ab 19.6 b 10.9 3.7 12.7 a 
                 - N3 18.6 a 9.0 b 32.3 a 15.3 a 25.3 a 22.1 a 11.3 3.4 14.0 a 
LSD (p≤ 0.05) I 3.01 NS 2.67 2.62 4.17 1.92 2.17 NS 2.22 

                        N NS NS 3.39 NS 1.79 1.26 1.03 NS NS 

                        I x N 2.69, 3.71 1.72, 2.65 5.88, 5.47 2.87, 3.49 3.10, 4.85 2.17, 2.60 NS NS 1.91, 2.69 

**I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop, respectively; It also include 7.54, 8.03, 4.05 
and 11.38 cm precipitation during, wheat yr1, wheat yr-2, maize yr-1 and maize yr-2 crop, respectively   
* N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1 to maize crop respectively 
ψWater input was 46.66 cm and 32.82 cm, during 2008 and 2009 fallow period, respectively  
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test    
Year effect (T-test-p≤ 0.05) was statistically significant for wheat-1 at 35 cm depth; fallow period-1 at 35 cm, 70 cm and 110 cm depth; and maize-2 at 35 cm, 70 
cm and 110 cm depth   
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Table- 4.4.13 Effect of irrigation and N rates on NO3-N built-up (kg ha-1) during wheat at 0-110 cm depths 

 

Treatments Year-1 Year-2 

 W(S1)¶ W(S2) W(S3) F M(S1) M(S2) M(S3) W(S1) W(S2) W(S3) F M(S1) M(S2) M(S3) 

Irrigation (I)         
                 I1* 40.7 18.8 2.9 -0.5 64.9 29.4 7.7 38.4 14.7 4.7 -4.0 59.0 25.2 3.7
                 I2 40.9 16.3 3.5 -0.6 67.8 25.2 6.2 37.4 13.7 5.3 -5.1 58.8 22.7 3.0
                 I3  40.1 14.7 4.3 0.5 67.1 23.4 5.8 35.2 13.5 5.5 -1.2 62.3 22.2 3.8
Nitrogen (N)  
                N1 27.5 12.0 0.8 -2.3 52.8 20.0 3.3 29.7 9.0 3.9 -4.7 48.5 17.3 1.3 
                N2 41.9 15.2 4.0 -0.1 66.9 25.2 7.0 36.8 13.0 5.4 -3.4 58.8 22.4 3.7 
                N3 52.3 22.7 5.8 1.9 80.1 32.7 9.4 44.4 20.0 6.2 -2.2 72.8 30.5 5.4 
Interaction   
                 I1N1 25.4 d° 12.3 de 1.2 e -1.4 cd 50.5 c 21.5 de 4.2 c 30.3 de 10.3 e 3.3 e -5.3 fg 47.8 f 17.8 ef 2.3 d 
                 - N2 44.2 c 18.7 c 3.2 d -1.2 c 66.5 b 29.3 bc 7.7 b 39.5 bc 14.5 c 5.5 b -4.3 de 58.5 d 24.5 cd 4.3 c 
                 - N3 52.4 ab 25.4 a 4.3 c 1.2 b 77.6 a 37.3 a 11.2 a 45.4 a 19.4 ab 5.4 b -2.3 bc 70.6 b 33.4 a 4.4 c 
                 I2N1 27.6 d 12.3 de 0.4 f -3.2 e 54.5 c 19.3 e 3.2 c 31.3 de 9.0 ef 3.9 d -5.4 g 46.5 f 15.4 f 1.2 e 
                 - N2 40.2 c 14.4 d 4.4 c 0.3 b 67.6 b 24.7 cd 6.5 b 37.6 c 13.3 cd 5.3 b -4.5 ef 56.6 d 22.4 de 2.3 d 
                 - N3 55.0 a 22.3 b 5.6 b 1.2 b 81.4 a 31.5 b 8.8 b 43.4 ab 18.9 b 6.7 a -5.4 g 73.4 a 30.4 ab 5.4 b 
                 I3N1 29.6 d 11.3 e 0.7 f -2.3 de 53.4 c 19.3 e 2.5 c 27.6 e 7.8 f 4.6 c -3.3 cd 51.3 e 18.7 ef 0.4 f 
                 - N2 41.3 c 12.4 de 4.5 c 0.5 b 66.5 b 21.7 de 6.7 b 33.4 d 11.2 de 5.4 b -1.4 b 61.3 c 20.4 de 4.5 c 
                 - N3 49.5 b 20.3 bc 7.6 a 3.4 a 81.3 a 29.3 bc 8.3 b 44.5 a 21.6 a 6.5 a 1.2 a 74.3 a 27.6 bc 6.4 a 
LSD           I NS 1.36 0.20 0.60 NS 3.97 0.89 1.53 0.78 0.14 0.79 1.54 NS 0.26 
                  N 3.08 1.87 0.25 0.62 2.23 1.75 1.42 2.59 1.67 0.21 0.50 1.50 2.19 0.44 

                 I x N 5.33, 4.80 3.24, 2.96 0.43, 0.41 1.07, 1.06 3.85, 4.73 3.02, 4.65 2.46, 2.19 4.48, 3.95 2.90, 2.49 0.36, 0.33 0.87, 1.06 2.59, 2.60 3.80, 4.89 0.77, 0.68 

**I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop, respectively 
* N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1 to maize crop respectively 
¶ W, F and M represents wheat, fallow and maize period, respectively, while S represents sampling number 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test    
Year effect (T-test-p≤ 0.05) was statistically significant for W(S2) yr-1, W(S3) yr-2, M(S1) yr-1, M(S2)yr-1 and M(S3) yr-1
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Table- 4.4.14 Effect of irrigation and N rates on NO3-N (kg ha-1) built-up during wheat at 35-110 cm depths 
 

Treatments Year-1 Year-2 

 W(S1)¶ W(S2) W(S3) F M(S1) M(S2) M(S3) W(S1) W(S2) W(S3) F M(S1) M(S2) M(S3) 

Irrigation (I)         
                 I1* 15.3 9.9 3.0 0.1 18.1 17.3 4.4 11.1 8.6 5.6 0.1 20.6 12.8 1.7 
                 I2 15.8 10.3 3.0 -0.9 19.6 16.6 5.9 12.7 7.7 4.5 0.2 19.9 11.9 2.5 
                 I3  16.9 12.2 6.1 -1.0 20.9 20.8 8.6 12.8 7.1 5.5 0.6 21.0 11.5 5.0 
Nitrogen (N)  
                N1 10.3 7.4 1.9 -2.3 15.9 14.4 3.3 9.7 5.7 3.8 -1.3 16.9 8.9 2.0 
                N2 17.7 11.3 3.7 -0.3 17.6 17.0 6.6 12.1 7.3 5.5 0.2 18.7 11.1 2.9 
                N3 20.0 13.7 6.5 0.9 25.1 23.3 9.0 14.9 10.4 6.3 2.0 25.9 16.1 4.3 
Interaction   
                 I1N1 9.5 d° 7.6 cd 0.3 -2.3 e 14.5 e 13.2 e 2.2 e 8.4 f 6.7 cd 4.5 c -1.2 de 16.5 b 8.3 e 0.3 f 
                 - N2 17.7 bc 9.8 c 2.3 0.4 bc 16.5cde 16.4 d 4.4 d 10.5 de 7.6 c 5.6 b 0.3 bc 17.6 b 12.5 c 1.4 e 
                 - N3 18.8abc 12.3 b 6.5 2.3 a 23.3 b 22.3 ab 6.5 c 14.5 ab 11.4 a 6.7 a 1.2 b 27.6 a 17.6 b 3.4 c 
                 I2N1 11.2 d 7.8 cd 1.2 -2.3 e 15.6 de 12.3 e 3.2 de 10.3 e 5.6 de 3.4 d -0.5 cd 16.5 b 9.8 de 1.3 e 
                 - N2 16.6 c 9.8 c 2.3 -0.9 d 17.7 cd 14.3 de 6.7 c 12.3 cd 7.6 c 4.5 c -0.2 cd 18.7 b 10.4 d 2.6 d 
                 - N3 19.6 ab 13.3 b 5.4 0.6 b 25.4 ab 23.2 ab 7.8 bc 15.6 a 9.8 b 5.6 b 1.3 b 24.5 a 15.4 b 3.6 c 
                 I3N1 10.2 d 6.7 d 4.3 -2.3 e 17.6 cd 17.6 cd 4.5 d 10.3 e 4.8 e 3.4 d -2.1 e 17.6 b 8.7 de 4.5 b 
                 - N2 18.9 c 14.3 ab 6.5 -0.3 cd 18.7 c 20.3 bc 8.7 b 13.4 bc 6.7 cd 6.5 a 0.4 bc 19.8 b 10.4 d 4.7 b 
                 - N3 21.6 ab 15.6 a 7.6 -0.3 cd 26.5 a 24.5 a 12.7 a 14.7 a 9.9 b 6.5 a 3.4 a 25.7 a 15.4 b 5.8 a 
LSD           I NS 1.10 0.39 0.42 1.58 2.61 0.91 1.64 0.88 0.75 NS NS 0.53 0.41 
                  N 1.61 1.35 0.32 0.53 1.46 1.71 0.69 0.67 0.53 0.24 0.67 1.86 1.39 0.32 

                 I x N 2.79, 3.55 2.33, 0.96 0.56, 0.60 0.92,0.86 2.53, 2.59 2.97, 3.54 1.20, 1.33 1.17, 1.89 0.92, 1.15 0.41, 0.81 1.16,1.17 3.22, 3.31 2.40, 2.03 0.55, 0.60 

**I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop, respectively 
* N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1 to maize crop respectively 
¶ W, F and M represents wheat, fallow and maize period, respectively, while S represents sampling number 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test     
Year effect (T-test-p≤ 0.05) was statistically significant for W(S2) yr-1, W(S3) yr-2,  Fallow yr-1, M(S2)yr-1 and M(S3) yr-1
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Table- 4.4.15 Effect of irrigation and N rates on NO3-N (kg ha-1) built-up during wheat at 70-110 cm depth 
 

Treatments Year-1 Year-2 

 W(S1)¶ W(S2) W(S3) F M(S1) M(S2) M(S3) W(S1) W(S2) W(S3) F M(S1) M(S2) M(S3) 

Irrigation (I)         
                 I1* 5.3 5.5 0.7 0.6 7.1 8.9 2.4 4.6 3.5 1.1 1.0 10.9 6.2 2.0 
                 I2 5.4 5.0 2.3 1.9 8.5 10.3 5.1 4.1 5.5 2.6 2.2 9.6 8.8 2.2 
                 I3  5.1 8.1 6.1 4.7 8.5 11.9 8.9 4.7 7.1 4.7 4.0 10.7 10.2 3.9 
Nitrogen (N)  
                N1 3.2 4.2 2.3 1.6 5.5 8.0 3.8 2.5 4.2 1.7 1.2 7.7 6.9 2.2 
                N2 5.8 5.8 3.3 2.3 7.2 8.9 5.1 4.3 5.3 2.9 2.6 10.3 8.6 2.8 
                N3 6.9 8.6 3.5 3.3 11.3 14.1 7.4 6.5 6.6 3.8 3.4 13.3 9.7 3.1 
Interaction   
                 I1N1 3.4 e° 3.4 f 0.3 f 0.2 f 4.5 d 6.6 e 0.5 g 2.5 e 2.4 e 0.3 f 0.4 f 8.7 def 4.5 1.3 
                 - N2 5.9 cd 5.6 de 1.2 e 0.3 f 6.5 bcd 6.8 e 2.1 f 4.6 c 3.5 d 1.2 e 1.2 e 10.7 bc 6.5 2.4 
                 - N3 6.7 bc 7.6 bcd 0.6 ef 1.3 e 10.3 a 13.2 a 4.5 de 6.7 a 4.7 c 1.8 de 1.3 e 13.4 a 7.6 2.4 
                 I2N1 3.0 e 3.4 f 1.3 e 0.3 f 6.5 bcd 7.6 de 3.4 e 2.5 e 3.4 de 1.4 e 0.9 ef 6.7 f 7.6 1.6 
                 - N2 6.1 bc 4.7 ef 2.3 d 2.3 d 7.6 b 8.7 cd 5.4 d 3.7 d 5.6 bc 2.2 d 2.3 d 9.8cde 8.7 2.3 
                 - N3 7.0 a 6.9 bcd 3.4c 3.2 c 11.3 a 14.5 a 6.5 c 6.0 b 7.6 a 4.3 b 3.5 c 12.3 ab 10.2 2.6 
                 I3N1 3.1 e 5.8 cde 5.4 b 4.3 b 5.5 cd 9.8 c 7.6 bc 2.5 e 6.8 ab 3.4 c 2.3 d 7.6 ef 8.7 3.6 
                 - N2 5.4 d 7.2 bc 6.5 a 4.3 b 7.6 bc 11.3 b 7.8 b 4.7 c 6.8 ab 5.4 a 4.3 b 10.3bcd 10.5 3.8 
                 - N3 6.9 a 11.4 a 6.5 a 5.4 a 12.3 a 14.5 a 11.2 a 6.8 a 7.6 a 5.4 a 5.4 a 14.3 a 11.4 4.2 
LSD          I NS 0.81 0.65 0.78 1.06 0.86 0.86 0.25 1.09 0.53 0.49 NS 1.58 1.40 
                 N 0.39 0.82 0.19 0.32 1.27 0.83 0.60 0.44 0.48 0.35 0.30 1.11 0.58 0.35 

             I x N 0.67, 0.67 1.42, 1.40 0.34, 0.70 0.56, 0.9 2.21, 2.08 1.44, 1.45 1.05, 1.20 0.77, 0.68 0.83, 1.28 0.60, 0.72 0.5, 0.64 1.92, 2.43 NS NS 

**I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop, respectively 
* N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1 to maize crop respectively 
¶ W, F and M represents wheat, fallow and maize period, respectively, while S represents sampling number 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test    
Year effect (T-test-p≤ 0.05) was statistically significant for W(S2) yr-1, M(S1) yr-2, M(S2)yr-1 and M(S3) yr-1
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4.1.16 Effect of irrigation and nitrogen rates on Br- recovery at different soil depth in a 

wheat-fallow-maize rotation 

In this study, bromide (Br-) was used as a tracer for the solute movement, during 

2008-09. Data (Table-4.4.16) showed different levels of Br- recovery under different 

treatments below the active rooting zone (0-35 cm). At the harvest of wheat crop, 22.5 and 

32.7% decrease in recovery of Br- at 35-70 and 70-115 cm depth was observed by highest 

nitrogen application (N3), compared to lowest N fertilized plots (N1). Similarly, with this 

treatment, significantly lower Br- recovery, i.e. 27 and 32.6% decrease was observed at the 

end of the maize harvest at 35-70 cm and 70-115 cm depths, respectively. Low Br- recovery 

in highest nitrogen treated plots might be due to more uptake of Br- as a result of more root 

water uptake by wheat and maize (Table-4.4.6). Heavy irrigation showed a significantly 

more movement of Br- to lower depths, i.e. 66.1, 246.1% increase in Br- recovery at 35-70 

and 70-115 cm depth was observed with I3 compared to I1 at the wheat harvest, so it means 

Br- moved to lower depths with the passage of time. Similarly, at the end of maize growing 

season 56.7% more Br- recovery was observed with I3 compared to I1, at 70-115 cm depth, 

while its effect was non significant at 35-70 cm depth. Overall, it was observed that Br- 

recovery significantly increased at 35-70 and 70-115 cm depth at the end of fallow period 

compared to that observed at wheat harvest, which showed a significant loss of Br- from 

upper 0-35 cm and it deposited to these lower depths during fallow period. Interaction effect 

of irrigation and nitrogen was significant for 35-70 depth at the end of wheat harvest and 

fallow period, while for 70-115 cm depth treatment effect was significant at the end of fallow 

period and maize harvest. Maximum Br- recovery for 35-70 cm depth at the harvest of wheat 

and fallow period was observed with “I3N1”. Similarly at 70-115 cm depth maximum Br- was 

obtained with “I3N1”, at the end of fallow period and maize harvest.  

Similar to our study, many scientists compared the bromide and nitrate leaching, i.e. 

Clay et al. (2004) compared these through undisturbed soil columns, by flushing 2 pore 

volume 0.01 M CaCl2 after surface application of Br- and NO3. They described that Br- 

moved faster than NO3
-, and concluded that when Br- is used to estimate NO3-N losses, it 

may overestimate by 25 % NO3-N leaching. However, Tilahun et al. (2004) compared the 

bromide and nitrate transport and stated that under the assumption of no biochemical 

processes, Br- can be used as a tracer for NO3-N studies. Similarly, Walvoord et al. (2003) 
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described that NO3-N in arid-to-semiarid sites follow the conservative solute (Cl-/Br-) 

accumulation profiles rather than the expected reduction because such kind of soils promote 

NO3 constancy and reduce denitrification (Hartsough et al., 2001). 

 

4.2.17 Effect of irrigation and nitrogen rates on NPK recovery by wheat and maize  

Data regarding the NPK recovery (%) by wheat crop are presented in Table-4.4.17, 

which indicate that irrigation and N levels significantly influenced the NPK uptake as do 

their interaction, however with variable percentage. Increasing irrigation from I1 to I2 

significantly increased the N uptake, however further increase in irrigation level (I3) was not 

effective enough to increase its uptake statistically, except for yr-1 wheat crop. Similarly, 

statistically similar P and K recovery by wheat and maize crop was observed with I1 and I2, 

however I1 statistically reduced their recovery. Data regarding effect of N rates on NPK 

recovery (Table-4.4.12) indicate that increasing N level statistically decreased the uptake of 

NPK by both crop.  

Interaction of irrigation and N rates on N, P and K recovery was also significant. 

Regarding N recovery by wheat crop highest values, i.e. 79.5 and 81.5% was observed with 

treatment combination “I3N1” while minimum, i.e. 49.7 and 52.2% with “I1N3” during yr-1 

and yr-2, respectively. Recovery of N by yr-1 maize crop ranged from 48.4 to 66.3% where 

highest value was observed in case of “I3N1” and lowest with “I1N3”, however  during yr-2, 

maximum N recovery (68.8%) was observed with“I3N2” and minimum with “I1N1” 48.7%. 

Recovery of P by wheat crop ranged from 28-43.5% and 29.5 to 46.5%, during yr-1 and yr-2 

crop, respectively where highest value was observed in case of “I3N3” and minimum with 

“I1N1”. Highest P recovery by maize crop, i.e. 47.4% (yr-1) and 53.6% (yr-2) was observed 

in case of “I2N3” and “I3N3”, respectively, while for corresponding years minimum value 

were 29.9 and 28.4%, observed in case of “I1N1”. Uptake of K ranged from 152.4% (I1N1) to 

240.3% (I3N3), 107.7% to 178.5% (I3N3), 143.1% to 225.8% (I2N3), and 112.1% to 196.7% 

(I3N3) for yr-1 wheat, yr-1 maize, yr-2 wheat and yr-2 maize, respectively. 
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4.4.16 Effect of irrigation and N rates on Br- recovery (%) at different soil depths 
 
 

Treatments 35-70 cm 70-110 cm 

 Wheat-2 Fallow Maize-2 Wheat-2 Fallow Maize-2 

Irrigation (I)         

                    I1* 
14.3 c 22.8 b 19.4 2.7 c 9.6 b 7.4 b 

                    I2 19.2 b 26.1 a 19.3 6.8 b 12.8 a 10.5 a 
                    I3 23.7 a 27.3 a 16.4 9.3 a 14.7 a 11.6 a 
Nitrogen (N)          

 
                 N1** 

21.7 a 27.6 a 21.4 a 7.5 a 14.1 a 11.8 a 
                 N2 18.8 b 25.6 ab 18.1 b 6.2 b 12.4 b 9.6 b 
                 N3 16.8 b 23.2 b 15.6 c 5.1 c 10.7 c 8.0 c 
Interaction(MxI) 

 
                I1N1  16.2 def° 25.1 abc 23.6 3.2 11.4 cd 10.3 abc 
                I1N2      13.9 ef 22.9 cd 18.6 2.9 9.5 de 6.2 de 
                I1N3 12.7 f 20.5 d 15.9 2.0 7.9 e 5.6 e 
                I2N1 22.2 bc 28.5 a 21.1 7.6 14.5 ab 12.0 ab 
                I2N2 18.7 cd 26.0 abc 17.9 6.8 12.8 bc 10.8 abc 
                I2N3 16.8 de 23.9 bcd 18.9 5.9 11.2 cd 8.7 cde 
                I3N1 26.6 a 29.2 a 19.5 11.8 16.3 a 13.2 a 
                I3N2 23.7 ab 27.8 ab 17.6 8.8 14.8 ab 11.9 abc 
                I3N3 20.8 bc 25.1 abc 12.1 7.3 13.1 bc 9.6 bcd 
LSD (p≤ 0.05) I 1.97 2.85 NS 2.1 1.94 2.81 
                        N 2.4 2.46 1.48 0.7 1.48 1.55 
                        I x N 4.2,3.9 4.27,4.47 NS NS 2.56,2.84 2.69,3.54 

*I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop, 
respectively 
** N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1 to maize 
crop respectively 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance 
Difference Test    
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Table-4.4.17 Effect of irrigation and N rates on NPK recovery (%) by wheat and maize  

 
 

Treatments N P K 

 Wheat-1 Maize-1 Wheat-2 Maize-2 Wheat-1 Maize-1 maize-2 wheat-2 Wheat-1 Maize-1 maize-2 Wheat -2 

Irrigation (I)        
                 I1* 57.2c 51.0 b 55.4b 53.4b 30.4b 35.0b 34.8b 31.7b 159.8b 128.8b 137.2b 150.9b 
                 I2 70.9b 62.0 a 70.2a 66.1a 37.8a 42.3a 48.5a 41.1a 204.7a 167.6a 186a 203.5a 
                 I3  75.6a 63.1 a 71.6a 65.5a 40.1a 44.7a 49.9a 42.3a 222.4a 172.8a 183.3a 205.1a 
Nitrogen (N) 
                N1 73.7a 59.5ab 73.3a 62.1 33.3b 36.4b 38.6b 34.6b 187.0 143.9b 151.9b 172.5b 
                N2 68.2a 61.7a 64.1b 63.6 35.7b 42.6a 45.9a 38.5ab 190.7 159.1ab 173.0a 183.6b 
                N3 61.2b 54.9b 59.7b 59.3 39.4a 43.1a 48.6a 41.9a 209.2 166.2a 181.4a 203.5a 
Interaction (MxI) 
                 I1N1 63.7cd° 48.4c 61.2cd 48.7d 28.3f 29.9d 28.4e 29.5d 152.4d 107.7d 112.1d 143.1e 
                 - N2 58.2de 54.8abc 52.6d 57.4bcd 30.5ef 37.2cd 35.3d 31.1cd 159.0cd 133.6cd 144.9c 145.7de 
                 - N3 49.7e 49.9bc 52.2d 54.2cd 32.4def 38.0bcd 40.7cd 34.4bcd 168.0cd 145.2bc 154.6bc 164.0cde 
                 I2N1 77.8ab 63.8ab 77.2ab 71.4a 34.9cde 38.5a-d 43.3c 36.3bcd 195.9bcd 157.2abc 179.7ab 180.3bcd 
                 - N2 69.7bc 64.3ab 69.6abc 64.7abc 36.4cd 43.2abc 50.5ab 42.2ab 198.7abc 170.7ab 185.1ab 204.4ab 
                 - N3 65.3cd 58.0abc 63.7bcd 62.0abc 42.2ab 45.1abc 51.7a 44.8a 219.4ab 175.0a 193.1a 225.8a 
                 I3N1 79.5a 66.3a 80.4a 66.1ab 36.6bcd 40.6abc 44.0bc 38.1abc 212.7ab 166.9ab 164.1abc 194.2abc 
                 - N2 76.6ab 66.0a 70.0abc 68.8ab 40.3abc 47.4a 52.2a 42.2ab 214.3ab 173.0a 189.2a 200.6ab 
                 - N3 68.6bc 57.0abc 63.1bcd 61.5abc 43.5a 46.1ab 53.6a 46.5a 240.3a 178.5a 196.7a 220.7a 
LSD (p≤ 0.05) I 4.5 7.6 9.4 8.5 3.8 3.8 5.7 4.1 26.1 10.2 18.4 25.5
                       N 6.3 6.1 7.9 NS 3.1 5.7 3.3 4.8 NS 16.7 18.9 18.7
                   I x N 10.9,9.9 10.5,15.2 13.7, 9.6,11.5 5.5,5.8 9.8,8.8 5.7,7.3 8.4, 7.96 44.2,44.2 28.9,25.6 32.7, 32.2 32.4,36.5 

**I1, I2 and I3 corresponds to 32.5 cm, 40.0 cm and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop, respectively 
* N1 N2 and N3 correspond to nitrogen 100, 130 and 160 kg ha–1 to wheat crop, and 220, 270 and 320 kg ha–1 to maize crop respectively 
¶ M, P and S represents measured, predicted and simulated values 
°Means sharing the same letter (s) do not differ significantly at P < 0.05 according to Least Significance Difference Test    
Year effect (T-test-p≤ 0.05) was statistically non-significant for both wheat and maize crop 
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4.4.18 Effect of irrigation and nitrogen rates on economic and marginal analysis 

Table 4.4.13 shows the economic analysis of wheat and maize crop as an average of two 

years. It is clear from data that for wheat crop maximum (1.64) value cost ratio (VCR) was 

observed with treatment combination “I3N3” and “I2N3”. It was followed in descending order 

by“I2N2”, “I3N2”, “I3N1”, “I1N3” and “I1N2” while minimum VCR (1.21) was observed with 

“I1N1”. Maximum VCR for maize crop (2.04) was observed with “I2N3” while “I3N3” was the 

second best treatment. Marginal net benefit increased continuously from I1N1 to I2N3, for 

both wheat and maize crop, reduced for I3N1 to I3N2, however maximum in case of I3N3. 

Similarly, for maize crop highest marginal net benefit was observed with I3N3 and minimum 

incase of I1N1. Dominance and Marginal analysis show that highest marginal rate of return 

for wheat crop was observed with I3N3, while I3N1 and I3N2 treatments were ranked un-

economical because of less net profit and higher costs involved. From recommendations 

point of view other treatment combinations ranked as: I2N3> I2N2> I2N1> I1N3> I1N2> I1N1. 

Dominance and Marginal analysis of maize show that highest marginal rate of return for 

maize crop was observed with I2N3, while I3N3, I3N2 and I3N1 treatments were ranked un-

economical because of less net profit and higher costs involved. From recommendations 

point of view other treatment combinations for wheat ranked as: I2N2> I2N1> I1N3> I1N2> 

I1N1. According to our findings I3 caused more irrigation water to be leached down out of 

root zone, and was not cost effective. Similar to our experiment, Sun et al. (2006) described 

the relationship among the irrigation and yield and concluded that increased irrigation 

increased the ETc and ultimately the yield however excessive irrigation was not cost effective 

and decreased the grain yield and WUE, because pulse of irrigation is of phase with respect 

to the ETc, cause drainage (Warrick, 1990).  
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Table-4.4.18 Effect of irrigation and N rates on economic and marginal analysis of 

wheat and maize 

aTreatments 
*VCR 

'Marginal 
cost that 
vary

†Marginal net 
benefit 

Marginal 
rate of return 
(%) 

wheat  maize Wheat Maize Wheat Maize Wheat  Maize 

I1N1 1.21 1.24 - - - - - - 

I1N2 1.26 1.52 11.6 17.5 51.9 264.3 40.2 246.8 

I1N3 1.36 1.66 23.3 35.0 153.8 420.5 130.5 385.5 

I2N1 1.41 1.79 25.9 46.7 191.9 564.8 166.0 518.0 

I2N2 1.54 1.94 37.5 64.2 322.4 725.7 284.8 661.5 

I2N3 1.64 2.04 49.2 81.7 420.4 861.2 371.3 779.5 

I3N1 1.43 1.78 51.8 93.5 248.1 638.4 196.3* 544.9 * 

I3N2 1.52 1.99 63.4 111.0 341.3 870.9 277.9* 760.0 * 

I3N3 1.64 2.00 75.1 128.4 464.1 917.6 389.0 772.2 * 

*Dominated treatments 

'Expenditures on NPK sources were as follows: N, 0.42 and 40 US$ kg-1; P2O5, 1.05 and 

1.26 US$ kg-1; K2O, 1.00 and 1.10 US$ kg-1 (Economic survey of Pak., 2008-9); Additional 

tube-well irrigation expenses for wheat-1, maize-1, wheat-2, and maize-2 were 20.37, 24.63, 

25.88 and 27.80 US$ ha-1 per each; 1US$ price was 60.7 and 81 Pakistani Rurees during 

November 2007 and 2008, respectively. †Price of the wheat produce was as follows: wheat 

grain, 197.41 and 279.42 US$ Mg-1; wheat straw, 25.25 and 29 .41 US$ Mg-1; maize grain, 

189.51 and 211.76 US$ Mg-1; maize shoots, 12.63 and 14.11US$ Mg-1, (1 US$ 67.0 and 

81.0 (June) 79.15 and 85.00 (Dec.) Pakistani Rupees, during 2008 and 2009, respectively. 
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                       SUMMERY 
 
The study was carried-out under lysimeter and field conditions at Research Area (latitude, 

31°-26' N and 73°-06' E; altitude, 184.4 m) of Institute of Soil and Environmental Sciences, 

University of Agriculture, Faisalabad, Punjab, Pakistan, to access the effect of irrigation, 

nitrogen and manure rates on pesticides and NO3
- movement, soil properties and yield of 

wheat and maize. Isoproturon and Atrazine were studied for their sorption behaviour for soil 

at 0-35 (with and without organic amendment), 35-70 and 70-110 cm soil depth. Isoproturon 

and Atrazine residues in soil was measured after 280 and 65 days of application, respectively 

at four depths (0-35, 35-70, 70-115 and 115-160 cm) under lysimeter, and at three depths (0-

35, 35-70 and 70-110 cm) under field conditions in a wheat-fallow-maize crop sequence 

receiving two manure and two irrigation levels. Total NO3
--N leaching and NO3

--N 

concentration in leachates during wheat-fallow-maize crop rotation was measured in three 

experiments, i.e. in lysimeters at 35, 70, 115 and 160 cm depth using two manure (0 and 50 

Mg ha-1) and two irrigation levels (32.5 cm and 47.5 cm for wheat, and 45 and 60 cm for 

maize crop); in Field Study-1 at 35, 70 and 110 cm depth with similar treatments as used in 

case of lysimeters; and in Field Trial-2 at 35, 70 and 110 cm depth using three irrigation 

(32.5, 40.0 and 47.5 cm for wheat, and 37.5, 52.5 and 67.5 cm for maize crop) and three N 

fertilizer levels (100, 130 and 160 kg ha–1 for wheat crop, and 220, 270 and 320 kg ha–1 for 

maize crop). Soil NO3
- N built-up was also observed at three different timings during wheat 

and maize growth, and at the end of fallow period up to 115 cm in lysimeter and upto110 cm 

depth in field trials. Potential evapotranspiration (ETc) was calculated by Penman-Monteith 

FAO-56 equation while actual evapotranspiration (ETa) was measured by multiplying crop 

coefficient and stress factor with ETc. Drainage at D3 (115 and 110 cm depth in lysimeters 

and field, respectively) depth was calculated using water balance equation while at 35 and 70 

depths Hydrus-1D was used to predict drainage. The RETC-fit model was used to simulate 

the water retention capacity of the soil. Available water capacity at each irrigation, soil 

hydraulic and physical properties, yield and yield contributing parameters were also 

measured. Nutrient (NPK) recovery by wheat and maize crop was determined and marginal 

analyses were also carried out. 

Results obtained are summarized as under: 
 

    

 Chapter 
5
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a) Yield and Economics 

Under lysimeter conditions, maximum grain yield of wheat (5.05 and 4.95 Mg ha-1) was 

observed with treatment combination “M50I2” both the years, which showed 61.3 and 52.3 % 

increase over “M0I1” during Yr-1 (2007-08) and Yr-2 (2008-09), respectively. Residual 

manure along with sufficient irrigation “M50I2” also showed maximum maize grain yield, i.e. 

7.10 and 6.95 Mg ha-1 during Yr-1 (2008) and Yr-2 (2009), respectively which showed 18.5 

and 21.1% increase compared to treatment combination having minimum yield, i.e. “M0I1”. 

Similarly, results of Field Trial-1 indicate that “M50I2” was the best treatment which showed 

47.3 and 65.2% increase in wheat yield while 41.1 and 34% increase in maize yield over 

“M0I1”, during Yr-1 and Yr-2, respectively. Application of manure with basal NPK fertilizer 

to lysimeter and Field Trial-1 not only increased the WUE, WUEi, plant height, LAI, RWD 

and RLD of wheat crop but its residual effect on next maize crop also showed a positive 

response to these parameters. Frequent irrigation (12) also increased the plant height, LAI, 

RWD and RLD of the both crop, while it decreased the WUEi duo to increased drainage. 

Application of manure decreased the N recovery by 1st crop (wheat), while its residual effect 

significantly increased the N recovery by 2nd crop (maize). However, for a particular year, N 

recovery was only slightly lower than non manured plots. At the end of both years, 

percentage of P recovery by wheat plus maize crop was even greater with the application of 

manure under lysimeter and field conditions. However, due to presence of sufficient amount 

of K in soil, manure addition greatly decreased its % recovery. Increasing irrigation level also 

increased the % recovery of N, P and K by wheat and maize crop. Results of Field Trial-2 

indicate that maximum wheat and maize yield was observed with treatment combination 

“I3N3” which showed 45.1, 51.8, 74.9 and 100.0% increase over “I1N1” (treatment 

combination with minimum yield) for Yr-1 wheat, Yr-2 wheat, Yr-1 maize and Yr-2 maize, 

respectively. Highest plant height, LAI, RWD and RLD was also observed with “I3N3”. Data 

trend in Field Trial-2 also show that increasing irrigation increased the % recovery of N, P 

and K by wheat and maize crop. However increasing N rates decreased its % recovery while 

P and K recovery was increased. 

For the farmer adoption, the economic is a major driving force, so treatment 

combinations were compared by their marginal rate of return (MRR). Results of Field Trial-1 

showed that treatment combination “M50I2” was cost effective, showing maximum MRR at 
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the end of both years. Results of Field Trial-2 showed that treatment combination “I3N3” is 

the best farmer choice for wheat crop as it depicted the highest MRR while “I3N2” and “I3N1” 

were not better choices for farmers due to high cost involved. However for maize crop “I2N3” 

was the best choice, while treatment combinations receiving higher irrigation level, i.e. 

“I3N1” “I3N2” “I3N3” were dominated by all other treatments, so these treatments could not 

be recommended to the farmers. 

b) Soil physical, chemical and hydrological properties   

Water retention capacity of the soil increased with the application of manure, both under 

lysimeter and field condition, which was also confirmed by modeling the retention curve 

using Single porosity and Dual porosity model. Application of manure also increased the soil 

saturated hydraulic conductivity and infiltration rate, however with high spatial variability. 

Addition of organic matter in the form of manure also showed a lowered bulk density of the 

soil up to 10 cm depth. Irrigation had no significant effect on soil physical properties. 

Manure not only was economical and improved physical properties of soil but also 

contributed to soil organic carbon (SOC) build-up at the end of wheat crop, i.e. 44.2, 37.1 

and 30.1% increase in SOC was observed in lysimeters at the harvest of Yr-1 wheat crop at 

0-5, 5-10 and 10-20 cm depth, respectively, while the respective increased during Yr-2 was 

64.9, 45.0 and 13.0 %. Similarly in Field Trial-1, an increase of 60.2 and 84.7%; 43.5 and 

61.7%, and 40.7 and 42.9% was observed at 0-5, 5-10 and 10-20 cm depth, during Yr-1 and 

Yr-2, respectively. Manure had a strong residual effect on 2nd crop. Effect of irrigation on 

SOC was non significant al all depths.  

c) Soil water stress and drainage  

In lysimeter and both field trial, there was no change in irrigation upto 65 and 42 days after 

sowing and water contents before 1st three irrigations were above the critical limit of readily 

available water (RAWcr). After second irrigation to wheat and maize crop, available water 

content at the time of irrigation according to I1 irrigation scheduling were far below the 

RAWcr, which caused the water stress and ultimately reduced the yield. According to I2 and 

I3 irrigation scheduling in Field Trial-2 where available water content were above the RAWcr 

before each irrigation, yield was at par with each other while drainage was significant in case 

of I3 irrigation. As irrigation scheduling was according to farmer’s irrigation practices and 

disregard to water requirement of crops on scientific bases, low irrigation levels showed even 
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some drainage although there was water stress to crop. Manure and N application also 

reduced the drainage by increasing root water uptake. Highest drainage was observed under 

maximum irrigation levels applied to no manure or lowest N levels, i.e. 16.2, 12.2, 15.1 and 

15.3 cm in lysimeter at 115 cm soil depth and 14.2, 11.0, 16.5 and 15.4 cm at 110 cm soil 

depth under Field Trial-1, during Yr-1-wheat, Yr-1 maize, Yr-2 wheat and Yr-2 maize crop, 

respectively was observed with “M0I2”, while maximum drainage observed in Field Trial-2 at 

110 cm soil depth for corresponding crops under “I3N1” was 18.7, 20.4, 19.4 and 19.7 cm. 

During fallow period heavy rainfall caused a significant amount of drainage, i.e. 7.4, 7.9 and 

10.7 cm drainage was observed during Yr-1 under lysimeter, Field Trial-1 and Field Trial-2, 

while respective Trials showed 7.2, 5.4 and 6.5 cm drainage during Yr-2. 

d) NO3
--N leaching 

A significant increase in NO3
- N concentration in leachates was observed with the application 

of manure, especially during first crop (maize) and following fallow rainy season. Heavy 

irrigation also showed an increase in NO3
--N concentration in manure amended plots during 

wheat and fallow season. In case of manure receiving treatments, NO3
--N concentration 

crossed the safe limit for drinking water during wheat growing season and fallow period in 

lysimeters and Field Trial-1. Similarly higher application of N fertilizer in Field Trial-2 also 

increased the NO3
--N concentration which exceeded safe limit. Total NO3

--N leached at all 

three depths increased with the application of manure and increasing irrigation levels under 

lysimeter and field conditions. In lysimeters a maximum of 9.6 and 8.5 kg NO3
--N ha-1 

leaching was observed at 115 cm depth with “M50I2” during wheat and maize growth, 

respectively, while the corresponding leaching observed during Yr-2 was 17.2 and 10.0 kg 

NO3
--N ha-1. Under field conditions at 110 cm depth, NO3

--N ha-1 leaching was maximum 

(Yr-1=10.5 kg ha-1; Yr-2=15.3 kg ha-1) with “M50I2” during wheat growing period while 

during maize maximum NO3
--N leaching was 7.8 and 9.9 kg ha-1 during Yr-1 and Yr-2, 

observed with “M50I2” and “M0I2”, respectively. Similarly during fallow period, a maximum 

of 8.7 and 4.6 kg NO3
--N ha-1 under lysimeter conditions, while 6.6 and 6.3 kg NO3

--N ha-1 

leaching was observed in manure receiving plots (M50), during Yr-1 and Yr-2, respectively. 

In case of Field Trial-2, a maximum of 9.2 and 11.8 kg NO3
- N ha-1 during Yr-1 and 11.3 and 

14.0 kg NO3
--N ha-1 during Yr-2 for wheat and maize growing season was observed, 

respectively. At the end of wheat harvest and rainy fallow season a significant NO3
--N built-
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up was observed due to continuous release of nitrate from manure amended plots, however 

plots receiving only basal NPK showed a negative NO3
--N budget at the end of fallow period. 

Higher N rates applied to maize crop also showed an increase in NO3
--N built-up at the 

harvest of maize when studied up to 110/115 cm depth. 

        e) Pesticides sorption and leaching 

Sorption of Isoproturon and Atrazine linearly correlated with amount of soil organic carbon 

present in the soil, i.e. value of Kd decreased for lower depths. However Koc was constant for 

all depths having different fraction of organic carbon. Sorption was, however, concentration 

dependent, i.e. decreased with increasing the concentration of spiking solution. Manure and 

irrigation significantly affected the Isoproturon and Atrazine residues at different depths. 

Statistically decreased amount of Isoproturon and Atrazine residues were observed when 

there was manure application to soil, both under lysimeter and field conditions. Increasing 

irrigation reduced the overall Isoproturon and Atrazine residues present in soil. Statistically 

decreased amount was observed at 0-35 cm, while at lower depth irrigation effect was non- 

significant. Very low residues of Atrazine were observed compared to Isoproturon under 

field and lysimeter conditions, and significance of treatment on Atrazine under lysimeter 

conditions was unknown. 

CONCLUSIONS  
Average low yield of wheat and maize in a low organic carbon containing soil of Pakistan 

could be boosted up the application of manure along with basal dose of NPK and proper 

irrigation scheduling, however, the cost of applying manure in such an intensive agriculture 

is unlikely to be recovered by first crop i.e. wheat, but its residual effect on soil physical 

properties and fertility, and ultimately on next maize crop is beneficial to improve its yield. 

The use of organic sources such as manure is one of the methods of restricting pesticide 

leaching through soils, however high concentration of nitrate in draining water after manure 

application especially during wheat crop and following fallow period is vulnerable to ground 

water pollution. 

Recommendations 

Based on the results, the following recommendations can be made: 

 In flood irrigation system, irrigation scheduling in a better way by knowing AWC, and 

applying water before critical limit of RAW to avoid any water stress and/or over irrigation, 
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as irrigation depth of 1 flood irrigation (7.5 cm) is almost equal to maximum amount of 

readily available water (F.C.- θRAW) for our soils, especially for maize and wheat crop 

where rooting depth is ≈ 1 m 

 Keeping in view the environmental aspects, for extensive agriculture on a low organic 

containing soil of Pakistan, manure should be applied along with chemical fertilizer because 

due to a slow release, it continuously provides nutrients to plants and minimizes the 

pesticides leaching by increasing sorption. However, time of application should be such that 

there is no fallow period followed by application 

 Maize should be planted before rainy season in early July to conserve water and to avoid 

drainage losses and ultimately NO3-N and pesticide leaching during fallow rainy season. 

Future research 

 Long term study with soil NO3-N and leachates collection below root zone is required to see 

any NO3
- deposit below root zone. 

 Solute modeling (pesticide + NO3
-) is a better way to predict movement of these chemicals 

over years especially by conducting short term trials. 

 Tracer technique is required for NO3
- and pesticide movement study because it is easy and 

more reliable technique. 

 Measurement of plant interception/uptake is required for pesticides movement. 

 There is a concern about NO3
- critical limit in leachates during early crop growth period.    
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