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  ABSTRACT 

Water scarcity and nutrient availability constraints rice production and interact mutually 
to affect potential crop yields. Two field studies were conducted during 2008-09 to 
monitor N-Zn dynamics under alternate wetting and drying (AWD) and direct seeded 
aerobic rice (DSR) in comparison to conventional transplanting (TPR). It comprised of 
application of recommended N (143 kg ha-1) in two or three splits and soil or foliar Zn 
(25 kg ha-1; ZnSO4, 21%) at basal or transplanting, tillering and panicle initiation in 
experiment No. 1 & 2 for each of the rice system respectively. Crop response in terms of 
soil N and Zn, plant uptake, improved growth, chlorophyll contents, yield and quality 
was better in 2008 than 2009.   Soil NH4

+-N or NO3
--N contents, total plant N and its 

translocation into leaf, stem and panicles was high with application of three (1/2 
basal+1/4 tillering+1/4 anthesis) or 1/3 (at basal+tillering+ anthesis) and two N splits (1/2 
basal+1/2 anthesis) than other splits in TPR, AWD and DSR during both seasons 
respectively. Total dry matter accumulation, LAI, pre and post-anthesis LAD, CGR and 
NAR were also higher in DSR with two equal (1/2) splits (basal+anthesis) and were 
followed by TPR and AWD for three splits (1/2 basal+1/4 tillering+1/4 anthesis) during 
2008. During 2009, total dry matter accumulation was high in DSR and was followed by 
TPR and AWD while Chl contents, LAI, LAD, CGR and NAR were higher in TPR 
followed by AWD and DSR with three or two equal (1/3) splits at (basal+tillering+ 
anthesis) or transplanting+tillering and ½ (basal+ anthesis) in TPR, AWD and DSR 
respectively. Improved N nutrition with three or two splits resulted in increased leaf 
water potential with greater osmotic potential and high turgor maintenance in 2008 than 
2009 with lower values of plant water relations. Similar response was found for improved 
yield and yield components Nonetheless, effect on 1000-kernel weight in 2008 and sterile 
spikelets were non-significant in 2009 respectively. Kernel and straw yields while harvest 
index were also higher with application of three or two equal N splits in DSR, TPR and 
AWD in 2008 while response was opposite in 2009 with order of increase in straw and 
kernel yield and harvest index in TPR>AWD>DSR respectively. Regarding kernel 
quality, effect for abortive and chalky kernels was non-significant among the production 
systems in 2008. However, percentage of opaque, chalky and abortive kernels was high 
in DSR decreasing normal kernel percentage in both seasons than AWD and TPR with 
improved kernel quality. Kernel length in both seasons while kernel width was non-
significant during 2008 and 09 respectively with significant interaction and kernel water 
absorption ratio, kernel proteins were high with low amylose contents with three or two 
N split applications in all three cultivation systems. High water productivity was 
observed in AWD and DSR than TPR during 2008 and for AWD in 2009 with two or 
three splits. Due to increased kernel yield, farmer’s profitability in terms of benefit: cost 
benefit ratio was also high with three or two splits in TPR, AWD and DSR during both 
seasons. In case of experiment No. 2, soil Zn application at tillering or panicle initiation 
increased the plant or soil Zn contents in TPR, AWD and DSR respectively during 2009 
and increased Zn distribution from leaves or stem towards panicle in comparison to high 
soil and plant Zn contents with soil application at transplanting and tillering in AWD and 
DSR while for foliar applied Zn in TPR respectively. Soil applied Zn at seeding in DSR 
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also increased crop field emergence while high dry matter accumulation, Chl contents, 
LAI, pre- and post-anthesis LAD, CGR and NAR was the result of soil applied Zn at 
tillering and transplanting in AWD and DSR while for foliar applied Zn in TPR during 
2008. However, soil Zn application at tillering or panicle initiation resulted in better crop 
growth in all three rice systems in 2009. Similar trend was observed for yield and yield 
components and spikelet sterility was also reduced with soil Zn application at 
transplanting and tillering or foliar applied Zn at panicle initiation in AWD, DSR and 
TPR during 2008 than 2009. Straw and kernel yield and harvest index were also high 
during 2008 than 2009 with similar response among the rice systems. Zn application at 
these stages also improved the plant water status with maintenance of high turgor. Soil 
Zn application improved the filled kernels percentage with reducing spikelet sterility and 
improved kernel, length width and kernel water absorption ration and protein contents 
while reduced amylose contents. However, response was more pronounced in DSR with 
soil Zn application. Crop water productivity was also for soil applied Zn at tillering or 
panicle initiation with benefit:cost ratio when soil Zn was applied at these stages due to 
increased crop yield. It is concluded that for better crop growth, yield response and 
profitability application of N in three splits (1/2 at basal/transplanting+1/4 or 1/3 
(tillering+anthesis) in TPR and AWD while ½ at basal + ½ anthesis in DSR can be 
recommended. Similarly soil Zn application at tillering or panicle initiation in all three 
rice systems for increased tillering, reduced panicle sterility and improved yield and grain 
Zn contents.    
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Chapter 1 

 

 

Water scarcity and nutrient availability are the major constraints in harvesting the 

potential crop yields. These often interact and results in widespread nutrient disorders and 

poverty in different rice production systems (Wang et al., 2004; Haefele et al., 2008). 

Decreasing water availability and high population growth demand efficient use of 

resources to sustain the productivity of irrigated rice systems (Guerra et al., 1998; Tuong 

et al., 2004).  

Rice (Oryza sativa L.) is an important staple feeding the billions in the world and 

accounts for 20-70% of the calorie intake (Maclean et al., 2002). About 58.6% of rice 

produced in Asia is irrigated and uses more than 50% of the agriculture water supplies 

(FAO, 2007). Growing water scarcity is threatening the irrigated rice production in this 

area (Tuong et al., 2004; Farooq et al., 2009) and global rice demand is still in rise (von 

Grebmer et al., 2008). In Pakistan, rice is an important cash crop and exportable 

commodity and accounts for approximately 13.5% of the total cultivated area. Total rice 

production in the country remained 6883 thousand tones with an average yield of 2387 kg 

ha-1 during last season (Govt. of Pakistan, 2010).  

In Pakistan, mostly rice is cultivated by transplanting of nursery nurtured 

seedlings into the puddle field which is kept flooded throughout the growing season. Poor 

drainage and low water table are usually responsible for this continuous flooding and 

believed for maximizing rice yield (Kahlown et al., 2007). But decreasing water 

availability and lower water tables are not sufficient to meet the projected rice demand of 

growing population in the country (Kahlown et al., 2007) and irrigated rice in Pakistan 

may experience physical water shortage by 15-20% (IWMI, 2000; Tuong and Bouman, 

2003; Anonymous, 2010). In addition, the high labor cost required for transplanting also 

constraints the economic feasibility of conventional rice production (Bhushan et al., 

2007). Along with water, reduced plant nutrient supplies due to inappropriate and 

imbalanced application of high cost fertilizers and being deficient in N, P, S and Zn, 

paddy crops are inefficient to achieve full potential yields in spite of high fertilizer 



2 
 

consumption each year in the country (Ahmad et al., 2003). Clayey, alkaline and                              

calcareous nature of soils in Pakistan (Tahir et al., 1991), low organic matter, erratic 

rainfall and soil inherent fertility lessens fertilizer use efficiency (Salim, 2002b) and 

paddy soils usually fix Zn in forms that are hardly available to plants, and hence Zn 

deficiency has been reported countrywide in rice soils (Bhatti and Rashid, 1985). Thereof 

along with macronutrients (N, P, K), Zn is also considered as the most widespread 

nutrient disorder which limits lowland rice productivity (Neue and Lantin, 1994; 

Quijano-Guerta et al., 2002). Nonetheless flooded rice soils in conventional system are 

advantageous to reduce weeds pressure; stable yield and increased nutrient availability 

(De Datta, 1981; Surendra et al., 2001). However depletion of ground water resources, 

continuous rice-wheat rotation over the decades and imbalanced nutrient supplies have 

stagnated the productivity and future sustainability of this system (Salim, 2002b; Ahmad 

et al., 2003; Kahlown et al., 2007).  

To reduce the water inputs and improve water productivity in rice, several water 

saving technologies i.e. alternate wetting and drying (AWD) and aerobic rice are being 

practiced (Bouman and Tuong, 2001). Decreased water inputs in these rice systems have 

been achieved by reducing the unproductive seepage and percolation flow at field level 

(Bouman and Tuong, 2001), to some or less extent through weed management, and 

avoiding non-beneficial transpiration and reduced evaporation at plant level (Beldar et 

al., 2004; Bouman et al., 2005). The AWD system reduces water inputs by 5-35% 

(Bouman and Tuong, 2001) without sacrificing yield even maintained or high rice yield 

(Xu, 1982; Wei and Song, 1989; Mao, 1993). Under certain conditions, reduced water 

inputs of 50% with some yield penalty in loamy and sandy soils with lowered 

groundwater tables are also reported (Sharma et al., 2002; Singh et al., 2002; Tabbal et 

al., 2002). Nonetheless, the system have high adaptability and is being successfully 

adapted and practiced in China, India and Philippines (Mao, 1993; Li, 2001). Likely 

decreased water inputs of 50%, higher water productivity (60%) and lower labor use 

(55%)  than flooded rice have been reported (Bouman et al., 2002; Wang et al., 2002; 

Yang et al., 2005) in aerobic rice systems. This harvest in water use is also accompanied 

by 20–30% lower yield in aerobic rice than flooded with higher yield (Bouman et al., 

2005). However, switching from saturated to aerobic or alternate wetting drying soil 
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conditions may affect the processes determining nutrient availability, mode of their 

uptake and associated losses (Muirhead et al., 1989; Gao et al., 2005). 

Many soil factors such as redox potential, pH, oxidation of organic matter and 

water content are expected to change and may affect nutrient availability and uptake 

under new aerobic soil plant relationship (Qian et al., 2004; Gao et al., 2006). Decreased 

shoot concentration, grain yield, and Zn harvest index have been observed in aerobic rice 

system where rice is grown under non-flooded and non-puddled conditions (Gao et al., 

2005, 2006). This deficiency is further aggravated if aerobic system is followed in 

calcareous soils with high pH (Gao et al., 2005, 2006). Consequently, Zn deficiency 

developed under upland or aerobic conditions is also considered most common disorders 

limiting rice productivity (Fageria, 2001; Fageria et al., 2002; Gao et al., 2005). Further, 

rice provided with NH4
+-N and NO3

--N under aerobic condition at early growth stage use 

NO3
- N as main source of N nutrition (Qian et al., 2004; Lin et al., 2005). Improved 

growth and grain yield have also been reported when NO3
- N was only the source of N in 

comparison to NH4
+ (Qian et al., 2004). This improved growth and N uptake of rice was 

observed by addition of NO3
- to nutrition solution with NH4

+ alone (Duan et al., 2006). 

Likely increased yield by 40-70% are also reported from rice plants fed with a mixture of 

NH4
+ and NO3

- compared with either of the N sources applied alone at the same 

concentration in solution culture (Heberer and Below, 1989; Qian et al., 2003).  

Under such conditions, framer’s application of high cost N containing fertilizers 

(NFDC, 2010) may result in ammonia volatilization losses of 22-53% under high soil pH 

and hot climatic conditions from calcareous soils (Hussain and Naqvi, 1998). Excessive 

N application is not always optimal from economical perspective and is of high 

ecological concerns due to environmental groundwater pollution and denitrification 

through nitrous oxide (N2O) emission contributing to global warming (Dittert et al., 

2002). Further, alternate wetting and drying irrigation might result in reduced uptake of P 

and K than flooding with increased availability of these nutrients in soil solution 

(Goswami and Banerjee, 1978) and Zn deficiency has been reported in bed planted and 

direct seeded rice when irrigated with fluctuating water regimes (Sharma et al., 2002). 

As nutrient uptake in rice varies with the growth and developmental stages 

(Fageria et al., 1997; Takenaga, 1995) and improvement in NUE and rice yield require 
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optimal irrigation and fertilizer inputs in synchronization with application time and 

methods for better nutrient uptake under non-puddle soil conditions. For instance, split 

application of N (De Datta, 1986a) has been reported as best method to improve the NUE 

(Bufogle et al., 1997), reduce the denitrification losses (Reddy and Patrick; 1976; Reddy 

and Patrick, 1980), improve straw and grain yields, and harvest index (Reddy and 

Patrick; 1976; Reddy and Patrick; 1980; Wilson, 1989; Bufogle et al., 1997).  

Similarly, Zn application through soil or foliar sprays and dipping of rice 

seedlings in ZnO (Katyal and Ponnamperuma, 1974; Castro, 1977; Reyes and Brinkman, 

1981; Rashid et al., 1999) has been found to ameliorate Zn deficiency. While high grain 

Zn contents depends on soil available Zn, roots capacity to uptake Zn, nutrient demand of 

the growing crop, and the partitioning of Zn within the crop (Jiang et al., 2007). 

Therefore increased Zn supply during grain filling is necessary for high grain Zn mass 

contents in rice and shoots are the leading candidates for its allocation to grain and soil or 

foliar Zn application can enhances Zn uptake after flowering (Jiang et al., 2008). 

Therefore, improvement in N use efficiency and rice yield require optimal irrigation and 

fertilizer inputs in synchronization with application time and methods for better nutrient 

uptake under non-puddle soil conditions (De Datta, 1981). Under high fertilizers costs, 

improvement in NUE (Wang et al., 1997) is great challenge for rice researchers and 

growers and requires understanding of nutrients dynamics in different rice production 

systems. Such understanding of nutrient dynamics can help in better management, uptake 

and partitioning into the grains of vital nutrients N and Zn in water saving rice cultivation 

(Guang-hui et al., 2008). 

In countries like Pakistan water saving rice system is still in infancy and very few 

studies highlight these areas. Therefore understanding N-Zn dynamics in different rice 

production system is necessary under diminishing and unreliable water supplies and 

increasing fertilizer costs to improve resource use efficiency. This study was therefore 

conducted with the following objectives: 

 Understanding the N–Zn dynamics under different rice production systems  

 To determine the best N splits dose and Zn application  method that synchronize 

with the rice crop growth stages and water status in these rice systems 
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 To evaluate the effect of improved nutrient (N-Zn) uptake on crop growth, yield 

and fertilizer use efficiency in different rice production systems. 
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Chapter 2 

 

 

2.1 Rice Production in Pakistan 

Pakistan is located in the sub-region trans-Gangetic plains of the Indo-Gangetic Plains 

(IGP) of South Asia (Narang and Virmani, 2001). Since the Green Revolution after 1960's, 

the region has been the source of livelihood and food security for millions of people by 

providing staple grains. Rice-wheat system is highly intensified over 13.5 m ha of IGP 

and wide range of soil and climatic conditions favor the growing of rice and wheat. The 

system is characterized with subtropical to temperate conditions having cool-dry winters 

and warm-wet summers (Timsina and Connor, 2001). But since the last decade, along 

with climate change, deterioration of soil physical properties, delayed wheat planting, 

increasing water scarcity, depleting ground water resources, organic matter turnover, 

carbon sequestration and incidence of insect pests have put forth the productivity and 

sustainability of this system at stake (Wassmann et al., 2009). 

Rice-wheat system is also major cropping system in Pakistan practiced on an area of 2.3 

m ha. The system comprises of four rice cropping zones each with diverse climatic and 

edaphic conditions. The Zone I, with high rainfall and low temperature at high altitude in 

mountains with temperate Japonica types; Zone II comprising subtropical northern 

irrigated plains of Punjab for basmati/IRRI varieties; Zone III in Southern irrigated plains 

with high temperature of Sind and Zone IV in Southern irrigated and Indus plains with 

tropical climate, poor drainage is also famous for growing of IRRI coarse varieties 

(Aslam et al., 2002; Fig. 2.1).  

Nonetheless, the "Kalar" tract is famous for growing of long grain Basmati rice that 

predominates in traditional rice tracts of Punjab and covers about 80% area (Aslam et al., 

1993). Mostly rice growing area in the country is irrigated and one crop per year is 

grown. Moderately well drained to imperfect drained clayey and silt clay soils are 

suitable for rice cultivation (Soil Survey of Pakistan, 1986).  

Traditionally wet tillage operation is followed to create plough pan under puddled soil 

conditions and nursery nurtured seedlings of long maturing basmati varieties are 
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transplanted into well puddled fields under continuous flooded conditions (Mann and 

Ashraf, 2001).   

 

 

 

 

 

 

 

 

 

 

 

 

The continuous puddling for plough pan reduces water infiltration but post tillage effects 

of puddling are damaging for subsequent wheat crop and restrict plant root growth. Thus 

flooded rice system of cultivation conflicts with normal wheat planting due to high 

moisture content of the soil which makes it unsuitable for ploughing and sowing and 

wheat planting is delayed with yield decline of 1-1.5% for each day (Randhawa et al., 

1981; Hobbs et al., 1997). The water productivity of rice is also very low i.e. 0.34 kg m-3 

(Jehangir et al., 2003). Despite of higher fertilizers usage especially nitrogen (N) and 

other inputs, system productivity and crop yields have been declined and become 

stagnated. The continuous dry spell over the last decade has resulted in ground water 

depletion (Gill, 2001), continuous rice-wheat rotation over the decades, imbalanced 

nutrient supplies and widespread occurrence of N. P and Zn, low soil organic matter and 

fertilizer use efficiency because of clayey or alkaline soil nature have threatened the 

sustainability of rice-wheat system (Salim, 2002b). Thus crop and soil management 

technologies are needed to develop for improved and sustained productivity of this 

system. 

 

 

 

Fig.:2.1 Ecological zones of rice growing areas 

in Pakistan 
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Fig. :2.2 Trends in rice area and production after Green Revolution 

(Govt. of Pakistan, 2010) 

 

2.2. Constraints to Rice Production 

Rice ranks second staple after wheat, important cash crop and also major export item of 

the country. This contributes 6.4% of the total value addition in agriculture and 1.4% in 

GDP. The total area under the crop grown during 2008-09 and 2009-10p has been 

declined 17.1 and 8.4% with similar proportion to percent change in yield by 21.7 and 

1.3% respectively (Govt. of Pakistan, 2010; Fig. 2.2). The reasons for this decline have 

been discussed below in few lines:              

2.2.1. Increasing water scarcity 

Rice is grown as wet season crop in Pakistan from April to November and depends on 

irrigation supplies from Indus River melts of Hamalyian glaciers. Traditional cultivation 

system with continuous flooding is followed in major rice growing areas of the country. 

This requires higher water and labor inputs particularly at critical crop stages increasing 

higher energy and production costs (Mann and Ashraf, 2001; Farooq et al., 2005, 

Soomro, 2004). Puddling in rice is usually done to create standing water conditions and 

reduce deep percolation and water inflows. This facilitate in ease of transplanting, reduce 

weeds pressure and considered advantageous in terms of yield stability due to better rice 

growth and increased availability of some nutrients (Kahlown et al., 2001). Nonetheless 

unproductive water losses because of seepage, percolation and non-beneficial evapo-

transpiration (Tuong et al., 2005), over irrigation, unproductive use of water to unleveled 
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fields and long events between two irrigations has reduced the water productivity of this 

conventional flooded system (Kahlown and Kemper, 2004; Soomro, 2004). 

Ground and surface water are the major source to meet the rice crop demand. But over 

drafting, falling water tables, low quality of ground water supply, water logging and 

salinity, increased competition from industrial and urban usage, non-availability of 

irrigation water at critical crop stages, inefficient irrigation techniques and least 

development in water storage reservoirs are reasons for depleting ground water resources 

(Qureshi et al., 2004; Qureshi et al., 2008).  

Reduced water availability has been the major constraint affecting rice production in the 

country and fresh irrigation water supply to produce irrigated rice is further to be reduced 

due to physical water shortage (Soomro, 2004; Tuong and Bouman, 2003). Per capita 

water availability has been reported to decrease from 1066 to 858 m3
 and is to be 

aggravated by 15-54% by 2025 (Fig. 2.3). Pakistan has been declared as water stressed 

country and global climate change has major impact on rice production (Tuong and 

Bouman, 2003; Govt. of Pakistan, 2010). 

Although area under rice cultivation has increased and total production in 2009-2010p 

was 6.883 m. tones and country ranks 14th for rice production and 6th for export in the 

world. Efforts have been also made for better infrastructure of ground water resources, 

favorable environmental conditions and increased support price to farmers. But since last 

decade extreme weather conditions, acute water shortage and onset of drought conditions 

due to variability in rainfall occurrence greatly affected the rice production from 2000 to 

onwards (Fig. 2.3; Soomro, 2004). Change in temperature and rainfall has potential 

impacts on glaciers melts, drought and flood events and change in rainfall pattern and 

rice production is most vulnerable to these effects in the country (Wassmann et al., 2009; 

Govt. of Pakistan, 2010). Thus under escalating water crisis, growing rice under 

submergence conditions is not viable option and necessitates making efficient use of 

available irrigation resources by alternative methods of rice production (Aslam et al., 

2002; Soomro, 2004; Qureshi et al., 2009). And development and assessment of water 

saving rice can increase crop water productivity. 
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Fig.: 2.3 Water availability vs population growth, the scenario 2025;  

Source: Planning Commission of Pakistan 

 

 

Fig.: 2.4 Rice production (m tones) vs actual water availability (MAF) during the 

kharif season; Source: Govt. of Pakistan, 2010. 

  

2.2.2. Imbalanced nutrient supply and low fertilizer use efficiency 

Among seventeen, 16 macro and micronutrients are essential for rice production that 

must be supplied and uptake by the crop in optimum amount and usable form. Nitrogen 

(N), phosphorus (P), potassium (K) and zinc (Zn) are most commonly applied nutrients 

by the rice growers (De Datta, 1981).    
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Over the past, gain in high rice yield have been obtained with the introduction of short 

statured, input responsive and high yielding varieties along with other improved resource 

management practices (Soomro, 2004; Qureshi et al., 2009). These gains in yields were 

of short run and have been static or declined due to intensive nature of cropping pattern 

and growing of high yielding varieties; the soils in rice growing areas have been depleted 

in both macro and micronutrients. Imbalanced and inappropriate fertilizer usage 

particularly of nitrogenous has aggravated the problem in spite of increased consumption 

each year in the country (Salim, 2002b; Ahmad et al., 2003). Due to low soil organic 

matter, poor soil structure and nutrient supply, there are widespread deficiencies of N, P 

and Zn (Salim, 2002b). Due to low redox potential under flooded conditions, P, K, Mn 

and Fe availability increases and of S, Cu and Zn decreases. The NH4
+-N becomes the 

most available form while denitrification process results in loss of NO3
--N 

(Ponnamperuma, 1985). As rice fields remain submerged for most of the rice growing 

season and due to alkaline soils, nutrient availability is affected by organic matter, pH, 

lime and clay contents and various oxidation-reduction reactions. Thereof physiological 

nutrient imbalance may occur due to reduced plant uptake or reduced translocation within 

plant tissues when one or more nutrients will be deficient. Recently a survey report of 

rice growing areas "Kallar tract" famous for Basmati rice cultivation have shown that the 

soil fertility in terms of nutrient availability in these areas is going to be declined. During 

survey, soil samples were collected from 40-45 different sites and 50% soils were found 

deficient in N, P, S, Zn, Cu and Mn. The reasons for this deficiency were highly 

correlated with organic matter, pH, clay and CaCO3 contents (Ahmad et al., 2003) and 

fertilizer use efficiency was low for applied N (Salim, 2002b). Plant available Zn is also 

reduced under submerged conditions because of its fixation on clayey, alkaline and 

calcareous nature of soils (Tahir et al., 1991) and efficiency level of applied 10% is 

hardly achieved (Zia et al., 1999) and more than 50% of the country soils are Zn deficient 

(Bhatti and Rashid, 1985). Moreover, excessive application of nitrogenous fertilizers is 

not sustainable from environmental perspectives. More than 80% of the fertilizer use in 

the country is of nitrogenous and N use efficiency from various sources is very low 

(Chen et al., 1998). Due to hot climatic conditions and high pH in calcareous soils, 22-

53% of the applied N is lost as ammonia volatilization (Hussain and Naqvi, 1998) and 
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NUE ranges from 30-45% under traditional rice system (Zia et al., 1997). Like other 

nutrients, the soil P contents ranges from low to medium and K efficiency reaches up to 

80% (Zia et al., 1999). Thus sustainability of rice production system depends on 

appropriate and economical use fertilizers and soil nutrient supply along with water 

availability.      

2.2.3. High weeds infestation 

Weeds flora type and density varies with crop establishment method, management 

practices and variety selection. The extent of yield losses up to 48, 53 and 74% have been 

reported in transplanted rice, direct seeded under flooded and aerobic conditions 

(Ramzan, 2003), if not properly managed. Weeds in transplanted rice are not serious 

problem as puddling provides weeds free environment and suppresses their germination 

and reduce crop-weed competition. Nonetheless, because of continuous cropping of this 

traditional rice system some weeds like Echinochloa colonum and E. crus-galli has 

become cumbersome (Malik et al., 1998). High pumping and labor cost is switching 

growers towards direct seeding. But high weed infestation constraints to high yield and 

farmer's large scale adoption of DSR and substantially the frequency and plant density of 

sedges and grassy weeds such as Bermuda grass, climbing dayflower and most important 

the horse-purslane is increased and only the horse purslane may result in complete crop 

failure (Farooq's personal observation; Mann et al., 2007). Several weed control practices 

like cultural, mechanical and chemical or their combinations have been found effective. 

Baloch et al. (2005) reported herbicide usage as an alternate management tool over hand 

weeding and higher economic and yield benefits are also comparable when ethoxy 

sulfuron and butachlor were used as weed control in both transplanted and direct seeded 

later being more effective under direct sown conditions. Many pre-emergence herbicides 

are available and post emergence after experimentation has been identified for weed 

control in DSR (Mann and Meisner, 2003). Reduced weed density, comparatively better 

yield and higher economic returns were obtained when Nominee 100SC (bispyribac 

sodium) and Sunstar Gold 60WG (Ethoxy sulfuron) were applied 15 and 25 days after 

sowing over the weedy check with lowest benefits (Hussain et al., 2008). Similarly 

combination of pre- or post emergence herbicides application with one hand weeding 

have been found as effective and economical for weed control under direct seeding 
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conditions (Mann et al., 2007). Although hand weeding was found as effective in weed 

control but due to higher labor requirement, it cannot be practiced over large scale 

(Baloch et al., 2005, 2006; Hussain et al., 2008). Allelopathic water extracts alone or in 

combination with reduced doses of herbicides are also effective to suppress weeds in rice 

(Rehman et al., 2010). Reduced weed density and improved rice grain yield were found 

when pre-emergence herbicides were applied in combination with allelopathic mixture of 

sorghum, sunflower and rice (Rehman et al., 2010). Nonetheless, genotypes with early 

vigor and competitive ability against weeds should be developed. For weed control in 

direct seeded rice, along with integrated weed management, development of new 

herbicide should be promoted. 

2.2.4. Insect pests and diseases 

Insect pests are one of the major constraints to rice production in the country; however, 

extent of yield losses depends on the severity of incidence and species (Ramzan et al., 

1992; Ashfaq et al., 2005). Rice is attacked by 70 species of different insect pests 

(Hashmi, 1994) and of these stem borers, white backed plant hopper, leaf folder and grass 

hoppers are the most damaging and cause yield losses by 25-30% annually and may reach 

up to 70-90% under severe devastation (Ahmad, 1987; Inayatullah et al., 1989; Salim et 

al., 2001; 2004). Nonetheless when wheat is grown after rice, irrigation and fertilizers 

application helps in decaying of rice stubbles more quickly due to increased microbial 

activities which prevent overwintering of stem borers (Inayatullah et al., 1989, Salim, 

2002a). Shifting towards conservation tillage practices like rice mechanical and parachute 

transplantation, direct seeding, bed plantation and zero tillage also minimizes the risks of 

rice stem borers. Growing crops by conservation tillage increases the activity of many 

natural predators which suppresses the population or spread of many insect pests such as 

leaf folder and white backed plant hopper in rice-wheat system (Rehman et al., 2003). 

Crop fertilization especially N had also great impact on the borers infestation and 

excessive application also exposes the crop more vulnerability to pest attack. Thus 

optimized N application through split doses or leaf color chart (LCC) is also economical 

to achieve the highest yield and decreased insect pest incidence (Ramzan et al., 2007).      

Among biotic factors, rice is susceptible to various diseases of fungal, bacterial, viruses 

and nematode origin. Bacterial blast and bacterial leaf blight are most serious diseases in 
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basmati types and baknae disease of rice can be controlled through fungicide seed 

treatments. Since few years the incidence of bacterial leaf blight has increased and found 

in all four provinces of the country (Akhtar et al., 2005; Khan et al., 2008).  Few success 

stories are available to identify the genes or donors for resistance and efforts are being 

done to develop resistant genotypes for its control (Khan et al., 2009; Abbasi et al., 

2011). However, for control of blast several resistant strains have been identified using 

plant growth promoting rhizobacteria (PGPR) (Noureen et al., 2009). Among cultural 

practices, due to widely adoption of zero till cultivation, possibilities are built up of 

inoculum on rice stubbles and further investigation are needed to identify the survival 

mechanism with respect to zero tillage (Akhtar et al., 2003).  Likely, higher population of 

saprophytic nematodes Meloidogyne gramincola in flooded rice fields have been found 

consistently and require further investigation in plots followed by conservation tillage 

(Munir et al., 2003). 

2.3. Opportunities 

2.3.1 Water saving rice production 

Rice production in Asia is in transition towards water saving cultivation and several 

water saving technologies are being successfully practiced to reduce water inputs and 

improve rice water productivity (Mao et al., 2000; Bouman and Tuong, 2001; Bouman et 

al., 2002; Wang et al., 2002; Yang et al., 2005; Bouman et al., 2005; Tuong et al., 2005). 

These technologies include raised beds (Humphreys et al., 2005; Kukal et al., 2006), 

system of rice intensification (Uphoff et al., 2002), alternate wetting and drying (AWD) 

(Li, 2001; Tabbal et al., 2002; Cabangon et al., 2002; 2004; Sharma et al., 2002; Singh et 

al., 2002) and direct seeding under aerobic culture (Bouman and Tuong, 2001; Bouman 

et al., 2002, 2005; Wang et al., 2002; Yang et al., 2005; Farooq et al., 2011). Water 

savings in these rice systems mainly have been achieved by reduced unproductive water 

losses of seepage and percolation, non-beneficial transpiration and to some extent by 

evaporation (Beldar et al., 2004; Bouman et al., 2005). 

2.3.1.1 Alternate wetting and drying (AWD) 

Alternate wetting and drying involves transplanting of 2-3 weeks old nursery seedlings 

into puddle field and kept flooded for 10 d with water enough for 3-5 d.   After which 

field is allowed to dry for 2-4 d before re-flooding and the number of days without 
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ponded water varies with soil type, climatic conditions, and groundwater depth. At 

panicle initiation and flowering, field is kept flooded and AWD cycles are continued until 

harvest (Cabangon et al., 2002). Water inputs can be further reduced and water 

productivity values are increased if soil drying periods are prolonged and a slight drought 

stress is imposed but this substantially occurs at yield penalties (Bouman and Tuong, 

2001). For practicing AWD as safe guide, irrigation can be applied when soil water 

potential of -20 kPa is achieved at 10 cm depth (Tuong et al., 2005). Reduced water 

inputs of 5-35 and 50% have been found when AWD is practiced in loamy and sandy 

loam soils with water tables deeper in India, China and Philippines respectively. 

Although increased yields with AWD are also reported (Wei and Song, 1989) but with 

recent studies yield reductions by 20% or in some cases maintained or even increased 

yields as compared to flooded rice are also found (Cabangon et al., 2002; Sharma et al., 

2002; Singh et al., 2002; Tabbal et al., 2002). AWD is a mature technology and widely 

practiced in China, Phillipine and India and can be commonly practiced in lowland rice in 

any country of the world (Li and Barker, 2004). However, further quantification studies 

in AWD are needed with water outflows i.e. evaporation, seepage and percolation. 

Recent studies suggest that AWD reduced seepage and percolation with some effects on 

evaporation (Belder et al., 2004; Cabangon et al., 2004) and reduced water evaporation 

losses by 2-33% compared with flooded conditions are reported. Very little research has 

been done to quantify the impact of AWD on the different water outflows: evaporation, 

seepage, and percolation. The little work done so far suggests that AWD mostly reduces 

seepage and percolation flows and has only a small effect on evaporation flows. Belder et 

al. (2004) and Cabangon et al. (2004) calculated that evaporation losses were reduced by 

2-33% compared with fully flooded conditions. 

2.3.1.2 Aerobic rice 

Another system of rice cultivation in which rice is grown under non-pludded and 

unsaturated soils without flooding is "aerobic rice". Usually highly adapted and input 

responsive aerobic varieties are cultivated under rainfed or irrigated conditions like other 

upland crops such as wheat maize with or without supplemental irrigation (Bouman and 

Tuong, 2001). Aerobic rice promises substantial water saving by reducing seepage and 

percolation losses and greatly by evaporation (Bouman et al., 2002). Water inputs of 30-
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50% and 50% labor inputs with some decline in yields have been found in studies at 

Philippines and northern China. These reductions in water have been achieved by 

reducing 50-75% evaporation losses and water productivity values are usually higher 

under aerobic conditions than flooded control (Bouman et al., 2002; 2005, Yang et al., 

2005). It is suggested that aerobic rice is an attractive option to produce more rice with 

less water in water scarce areas and area under aerobic rice cultivation is increasing 

rapidly in some parts of China, Philippine and India (Wang et al., 2002). Aerobic rice can 

also be practiced with resource conservation technologies such as mulching and zero or 

minimum tillage and are being experimented in non-flooded systems (Hobbs and Gupta, 

2003). The resource conservation technologies are being used to reduce evaporation 

losses while maintaining yield (Dittert et al., 2002), however, aerobic rice cultivation on 

raised beds have promising effects but still further research efforts are needed 

(Humphreys et al., 2005; Kukal et al., 2006). Research efforts are being conducted to 

develop aerobic rice varieties for irrigated system for sustained productivity.  

2.3.2. Nutrient Dynamics 

Growing rice from flooded (anaerobic) to water saving such as alternate wetting and 

drying or aerobic conditions increases soil aeration which may affect soil organic matter 

and pattern of plant nutrient uptake, available form and loss processes (Tuong et al., 

2005; Buresh and Haefele, 2010). Therefore, adoption and dissemination of these rice 

systems require attention for weeds flora shift, nutrients availability; land and water 

productivity and warrants further investigation for sustainability and environmental 

impacts.      

2.3.2.1 Macro- and micronutrients 

Nutrient dynamics under aerobic soil conditions are altogether different from puddle 

conditions because many plant and soil factors which govern nutrient availability are 

changed. In addition to soil organic matter turnover; plant available nitrogen (N) and 

phosphorus (P) supply is reduced (Willet, 1992; Tabbal et al., 1992; Buresh and Haefele, 

2010) and decreased micronutrients availability such as Zn and Fe on high pH soils are of 

great concern (Sharma et al., 2002; Singh et al., 2002; Gao et al., 2006). As under a shift 

towards water saving rice cultivation, mostly focused have been diverted towards N and 

Zn due to sustainability issue and human nutritional perspective. Therefore in this review, 
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behavior of these two nutrients, effect of N supply on growth and yield formation 

processes under different rice production systems has been discussed:-     

2.3.2.2 Rice and Nitrogen 

Nitrogen (N) is one of the yields limiting input in irrigated rice systems and appropriate 

N supply is an important factor for higher rice yield. Water and N supply often interact 

with each other (Nambiar and Ghosh, 1984; De Datta et al., 1988; Tirol-Padre et al., 

1996). It is essential for rice plant growth because about (75%) of the leaf N associated 

with chloroplast i.e. physiological determinant in dry matter production through 

photosynthesis (Dalling, 1985). N application usually promotes growth and tillering 

(Oshima, 1962; Tanaka et al., 1964), determinant of the potential number of panicles 

(Mae, 1997) and contributes to spikelet production during early panicle formation stage. 

N application increases sink size by decreasing degenerated spikelets and increasing hull 

size during the late panicle formation stage. Carbohydrate accumulation depends on 

appropriate N supply in culms and leaf sheath during the pre-heading stage and in grain 

during the grain filling stage (Mae, 1997). About 10% of N consumed globally for 

different crops is applied to rice (78.7 m tons) (FAI, 1997) and with second green 

revolution, N fertilizers inputs in rice has been increased from 160 kg ha-1 to 240 kg ha-1  

to achieve 12 Mg ha-1 grain yields (Ladha and Reddy, 2003; Samonte et al., 2006). 

Increasing the N concentration in rice plant does not always increase grain yield, not 

always optimal from an economic perspective and also poses potential adverse 

environmental and health concerns (Bohlool et al., 1992). It also depends on the 

efficiency with which N is used by the rice plant and affected by both N uptake efficiency 

and nitrogen utilization efficiency (Meelu et al., 1987). And N fertilizer efficiency in 

flooded rice fields is relatively poor i.e. only 20-40% as compared to other upland crops 

with 40-60% efficiency (Vlek and Byrnes, 1986).  

2.3.2.3 N dynamics in flooded rice system 

Most of lowland rice systems in Asia remains submerged for most of the growing season 

and soil physicochemical properties convert the root zone from aerobic to anaerobic or 

near anaerobic environment. Root zone micro-organisms play very important role in N 

transformations processes and soil mineralization only governs the plant available N. And 

under flooded conditions, NH4
+_N predominates and is readily bio-available to the rice 



18 
 

plant (Yu, 1985; Fried et al., 1965; Sasakawa and Yamomoto, 1978). This nitrogen form 

is preferred and considered superior in terms of utilization efficiency than NO3
--N in 

paddy soil (Craswell and Vlek, 1979). Rice roots also absorb NO3
--N and other organic N 

forms such as urea, arginine (Arg) and glycine (Gln). Nonetheless, after 4-5 weeks of 

submergence when soil oxidized layer is differentiated from reduced plow layer at soil 

surface, stable NH4
+-N moves into oxidized layer and nitrifying bacteria readily 

transform it into NO3
--N. The NO3

--N formed is unstable and lost into the atmosphere 

through denitrification and leaching along with percolating water into reduced plow layer 

(Ponnamperuma, 1985; Kauyma, 1995). 

Fig.: 2.5 Diagrammatically scheme of nitrogen cycle in flooded conditions, adapted 

from Kauyma (1995)  

 

Even though, rice roots under flooded conditions are exposed to mixed N supply but 

quantification studies of NO3
- absorption by rice lacks due to instability behavior of this 

N form. And any NO3
- produced quickly disappears because of its absorption by rice 

roots or loss via nitrification (Kirk, 2001). In fact, irrigation supplies to flooded rice are 

often intermittent saturated type and land preparation is followed by several cycles of 

repeated wetting and drying. Rapidly depleting oxygen inhibits nitrification and thus 

formation of NO3
--N. But soil aeration causes the nitrate to form from organic N or from 
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oxidation of applied N fertilizer and accumulated or used by the plants. Re-flooding of 

soil causes leaching of NO3
--N when denitrified (Fig., 2.4; Ponnamperuma, 1985; Buresh 

et al., 1989; George et al., 1993).  

Farmers in Asia often broadcast urea N under flooded conditions 2-4 weeks after 

transplanting and N recovery of applied N reaches to 30% (Craswell et al., 1981). In fact, 

most of the applied N is lost into the atmosphere through ammonia volatilization, 

denitrification and leaching and escaped nitrogen to the atmosphere and water systems is 

of high ecological concerns (Ghosh and Bhat, 1998). Under excessive N application 

under flooded condition, more NO3
- moves into the deeper soil profile along with 

percolating water (Ladha et al., 1996). These losses are higher from soil-plant system 

when N application is not synchronized with crop demand and result in low N fertilizer 

use efficiency (Ladha et al., 2000). In addition to losses, non-synchronous application of 

costly N fertilizers reduces yield and grain quality (De Datta and Buresh, 1989; Ghosh 

and Bhat, 1998; Meelu et al., 1987).  These N losses however may be reduced with low 

denitrification rates when considerable NO3
-
 production and uptake takes place under 

flooded conditions (Kronzucker et al., 1999; 2000; Kirk, 2001). Rice plants under 

submerged conditions have mixed supply of both N forms (Duan et al., 2004) and some 

rice cultivars at higher N rate can absorb NO3 in significant amount (Luo et al., 1993).  

This indicates that rice field moisture status, duration and frequency of irrigation 

flooding have major impact on nutrient use efficiency; N recovery and losses of soil 

mineral N (Buresh and De Datta, 1991; George et al., 1992). If there is longer the 

duration of flooding or re-flooding, likely there will be higher accumulation of respective 

mineral N form provided the crop or soil N losses are minimal. For instance, NO3
- 

accumulated under aerobic condition is lost through denitrification or leaching during 

aerobic-anaerobic cycle unless the N is assimilated by plant. After flooding, the mineral 

N contents in reduced soil layer become negligible and NO3
- losses are higher until the 

NH4
+ accumulation occurs. Flooding do not cause the NO3

--N losses to occur, in fact due 

to water filled soil pores, the NO3
- do not accumulate in the deeper layers and is lost from 

all soil layers when water filled porosity exceeds 70% (Buresh et al., 1993).   

This necessitates improving the N use efficiency and recovery of applied fertilizer 

in crop-soil system through alternate water and nutrient management practices to sustain 
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the productivity. Any means of improving the recovery of applied fertilizer N, either in 

crop or in soil, will greatly help in sustaining the N fertility. Application of N fertilizers 

without flooding has great impact to improve N efficiency, better nutrient uptake and 

application methods if synchronized with crop growth stage (De Datta, 1986a). N 

application under non-flooded conditions improved the N use efficiency and grain yields 

by 13% and 0.5 to 0.9 t ha-1 than field plots received fertilizer with standing water 

maintained at 5 cm and reduced fertilizer application by 10-18 kg N ha-1 (Kundu and 

Ladha, 1999).  

Split N application in direct seeded rice with delayed flooding have been reported 

to improve the N fertilizer use efficiency (Bufogle et al., 1997), reduce the denitrification 

losses (Reddy and Patrick; 1976; 1980) while synchronizing it with the plant demand, 

(Bufogle et al., 1997) improved N uptake, straw and grain yield and harvest index 

(Reddy and Patrick; 1976; 1980; Wilson, 1989; Bufogle et al., 1997). Urea when 

broadcasted 2-3rd prior to transplanting and remaining at panicle initiation increases 40% 

N recovery. For instance, Jing et al. (2007) reported that high N application does not 

result in higher grain yield even under favorable conditions but when applied in three 

equal splits at transplanting, panicle initiation and booting improves high fertilizer 

recovery by 53-56%, partial N productivity and agronomic NUE. And increasing number 

of splits does not increase neither of grain yield or NUE traits.  

Although, higher NH4
+ is produced under submerged conditions than field 

capacity with NO3
--N but its availability under altered water supply fluctuates (Tusneem 

and Patrick, 1971) and found shallow flooding to reduce N losses as best rice culture. 

Recent studies also showed that increased nitrification process in the rhizosphere also 

exposes the rice roots to NO3
--N (Kirk, 2001; Kirk and Kronzucker, 2005; Duan et al., 

2007) and have high capacity for NO3
--N uptake (Kronzucker et al., 2000) and 

contributes to 30% of the total N uptake under reduced soil conditions (Kirk, 2001). 

Improved growth and transplanting success of nursery seedlings have been also reported 

when pre-treated with NO3
--N (Yamasaki and Seino, 1965; Ta and Ohira, 1981; Ta et al., 

1981).  

Improved growth and yield have been reported in rice when supplied 

simultaneously with NH4
+ and NO3

- than either of NH4
+ or NO3

- alone (Kronzucker et al., 
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1999).  If soil moisture is maintained to reduced conditions, then NO3
- absorption may be 

inducible from NH4
+

 and will depend upon its formation in rhizosphere, rate of transport 

and absorption by the roots, transport distance from roots and its loss through 

denitrification are also minimized (Kirk and Kronzucker, 2005). Recent studies showed 

that little translocation of free NH4
+ to the shoots indicate that some additional 

assimilation pathways are induced for NH4
+ assimilation through NO3

-production 

(Kronzucker et al., 1998; 1999; Britto and Kronzucker, 2004; Wang et al., 2004). Ali et 

al. (2007) reported that N uptake is not greatly influenced by crop establishment method 

rather N application during wet season have high availability of both N forms and initial 

N during the dry season. However, the promotion of nitrification in paddy soil is of great 

concern for improving the production of rice (Duan et al., 2007). This necessitates 

studying the N dynamics with altered water and fertilizer management strategies to 

improve the NUE and sustain rice system sustainability and productivity.    

2.3.2.4 N dynamics under alternate wetting and drying (AWD) rice system  

The availability of N in a particular form for the rice plant is influenced by systems of 

water and fertilizer N management. The water status in the rice field, frequency and 

intensity of irrigation application has great influence on N use efficiency and nutrient 

balances in crop-soil systems. Inorganic nitrogen (N) transformation in the soil is greatly 

influenced by alternate aerobic and anaerobic conditions brought about by different 

systems of water management. Particularly the transition between dry-moist condition 

inducing aerobic-anaerobic which affect nutrient availability, accumulation and losses of 

soil mineral N. Severe N losses occur in soils subjected to periods of alternate 

submergence and drying (Russell, 1961; Patrick and Wyatt, 1964; Patrick et al., 1967). 

Patrick and Wyatt (1964) and Tusneem and Patrick (1971) have shown that NH4
+-N was 

produced more in a submerged soil than in a soil maintained at field capacity moisture. 

NO3
- -N was highest in soils kept at field capacity moisture, but it fluctuated in soils 

under alternate submergence and drying. NO3
- -N is formed in raised beds and flat rice 

cultivation during drying soil period with AWD irrigation and lower NH4
+

 levels are 

produced but upon subsequent irrigation NO3
- leaches or undergo denitrification and 

these N losses are higher under AWD than flooding (Tabbal et al., 1992). Usually higher 

soil NH4
--N and mineral N and leaf N contents are found under continuous shallow 
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submergence. Similarly increased N uptake and recovery, leaf N contents were higher at 

panicle initiation and flowering under shallow submergence than alternate submergence. 

N use efficiency, grain yield and N response were also higher under shallow 

submergence and were positively correlated soil mineral N contents with phonologically 

important growth stages (Pillai and De, 1997). And shallow submergence is also 

recommended to prevent N losses in rice cultivation (Pillai and De, 1997). However, 

Beldar et al. (2004) found similar N uptake and recoveries between flooded and AWD 

conditions when shallow groundwater table maintained soil wet during non-submerged 

conditions.    

In fact, still no N management strategies are proposed with safe AWD, however, nutrient 

management strategies based on site specific nutrient management are similar as for 

continuous flooding if AWD is practiced without any devastating effects of water stress 

on yield (Buresh, 2010; IRRI, 2010). Urea is less prone to ammonia volatilization losses 

when broadcasted before irrigation due to its movement into the soil (Buresh et al., 

2008). Nonetheless, under AWD by nitrification-denitrification N losses are relatively 

greater and expected to reduce with the advancement in crop stage due to increased 

competition between rice and microorganisms for NH4
+ before its nitrification or for 

nitrate prior to denitrification. Implementation of safe AWD occurs without any yield 

penalties but period soil aeration does not have much better effect on soil organic matter 

and plant available micronutrients in the soil (Buresh et al., 1993; 2008). According to 

general principal, N fertilizer requirements for aerobic rice are higher to achieve the 

target yield due to low biological nitrogen fixation and possible net N mineralization. 

Therefore with AWD or aerobic rice cultivation, there are evidences for increased 

emission of potent green house gas i.e. nitrous oxide as compared to soil submergence 

with reduced risks of both methane and nitrous oxide (Dittert et al., 2002; Johnson-

Beebout et al., 2009). This trade off between decreased methane and increased N2O 

emission also varies with soil type, ground water depth, fertilizer application rate and 

time and soil water content. Hou et al. (2000) reported if soil redox potential is 

maintained between -100 to +200 mV, then these losses can be minimized. Therefore 

research efforts are needed to find the appropriate water and N application combination 
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with respect to crop stage where reduced gas emission does take place for lowest global 

warming potential. 

2.3.2.5 Nitrogen effects on rice growth, yield, N uptake and quality under AWD 

Rice plants when provided with NH4
+ and NO3

- sources, growth and yield are 

significantly enhanced but such enhancements are less commonly observed under field 

conditions. Rice when grown under alternate wetting and drying have mixed 50/50 NH4
+-

N/ NO3
--N supply which is more beneficial than flooded rice  and increased yield by two 

to three times have been reported (Ceesay, 2002). N application at 180 kg ha-1 under 

AWD is reported to increase rice yield by 4-6% than submerged conditions. These 

increases in yield are related to increased biomass, grain number and water productivity 

by 1.27 to 1.66 kg m-3. Nonetheless, biomass and apparent N recovery decreased with the 

duration of crop growth stage under water saving irrigation. Thus under water saving 

irrigation with shallow water table, optimal N supply is important to enhance water 

productivity (Beldar et al., 2005a). Likely crop growth rate, photosynthesis, grain yield 

and rice quality are greatly affected by different irrigation regimes (Borrell et al., 1997; 

Lin et al., 2003, 2005a, 2005b). Cabangon et al. (2004) quantified the effect of AWD and 

N application timings on crop growth, amount of water used, and system water 

productivity and fertilizer use efficiency. Variation in yield was 3.2 to 4.5 t ha–1 and 5.3–

8.9 t ha–1 with 0 to 150 kg N ha–1 N rates respectively. There was no significant water by 

nitrogen interaction for grain yield, biomass, water productivity, nutrient uptakes and N-

use efficiency between AWD and CF and among N timings. Nonetheless, water 

productivity was higher 5–35% in case of AWD and was significant with low rainfall and 

high evaporation. Increasing the N splits from 4-6 increased total N uptake and apparent 

N recovery (ANR) but not the total P and K uptake compared with farmer's practice of 

two splits. There was no significant difference for ANR between AWD and CF. The 

result suggests that AWD can be practiced without any reduction in yield with shallow 

water depths and N fertilizers requirements are not different from CF (Cabangon et al., 

2004). However, in low medium fertility sand soils and to meet the rice indica type 

demand N splitting three times seems more suitable than two splits with 150 kg ha-1. N 

application in two split at the similar rate may be more effective in rice production if 2/3 

N is applied at transplanting and remaining 1/3 at panicle initiation (Russo, 1996). Rather 
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split N application also seems viable than other N application method used to improve 

NUE and when N top dressed at panicle initiation is more effective in high yielding than 

preplant N application. Even split N application efficiency increases with effective weed 

control and meets the crop N requirement at different growth stages (Moletti et al., l990; 

1992). Nonetheless, N uptake and other nutrients also increase in rice plant with decrease 

in weeds and hence suppressing their growth (Musthafa and Potty, 1988). 

Grain yields are usually higher under shallow irrigation than traditional flooding. 

The amount of N partitioned to the grain relative to the above ground biomass at maturity 

while leaf N contents, remobilized N from vegetative tissues to grain, N accumulation at 

grain filling period were also declined under traditional rice culture than shallow water 

table. Higher yields under shallow water tables with repeated wetting and drying were 

also correlated with delayed leaf area duration, LAI and leaf N concentration at 20 days 

after flowering (Lin et al., 2006). Rice plant had better ontogenic development at low 

seedlings densities when transplanted under shallow water depth (SWD) with repeated 

wetting and drying (Lin et al., 2004). At low seedling densities, under SWD increased 

photosynthetic rates by 14.8% and 33.2% at flowering and 20 days after flowering. 

Irrigation supply under SWD also enhanced specific leaf weight, leaf dry weight, LAI 

and leaf N contents at flowering and 20 DAF. Net photosynthetic rate, stomatal 

conductance was positively correlated with leaf N contents. N application under SWD 

enhanced the sink size by increasing number of panicles and spikelet number. This 

increase was also recorded for grain yield under low seeding density with SWD across all 

the treatments with higher N application rate than control (Lin et al., 2005b).  

But variability in rice yields under AWD are also reported as compared with traditional 

flooding (Bouman and Tuong, 2001; Cabangon et al., 2004). These yield differences can 

be explained by radiation utilization efficiency (RUE) and water use efficiency (WUE). 

Linear relationship exists of intercepted PAR and cumulative ET with total dry matter 

and grain yield. The amount of light intercepted varies with plant densities and irrigation 

regimes and RUE and WUE have been reported from 1.15 g MJ -1 to 1.36 g MJ-1 and 

22.6 kg ha-1 mm-1 to 24.3 kg ha-1 respectively (Ahmad et al., 2008). 

Besides rice yield, quality is also determinant factor of consumer preference, 

farmer's economic return and is affected both by environment and genotype (Han et al., 
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2004; Cheng and Zhou, 2001; You et al., 2006). Rice quality under AWD is improved by 

increase of milled and head milled rice rate, gel consistency and protein contents (Zhou et 

al., 2005; You et al., 2006) while on another hand, You et al. (2006) reported decrease of 

HMR, GC and PX while increase in kernel chalkiness and amylose contents rice quality 

is a determinant factor in economic returns for a farmer. Rice quality is evaluated using 

several characteristics including milling, appearance, cooking and eating and nutrient 

qualities (Han et al., 2004)  It is generally believed that rice quality is determined both 

genetically and environmentally (Cheng and Zhou, 2001). It was reported that AWD 

could improve rice quality, such as the increase of milled rice rate (MRR), head milled 

rice rate (HMR), gel consistency (GC) and protein content (PC), compared with TF 

(Zhou et al., 2005; You et al., 2006). You et al. (2006) reported that HMR, PC and GC of 

rice decreased, while chalkiness values (CN) and amylose content (AC) of rice increased 

under AWD. N application under different AWD had also significant effect on grain 

yield, kernel quality and water productivity. N application increased grain yield, water 

productivity by 2.5% and 28.9% respectively and this increase over control was 45.4% 

under AWD with N application at 180 and 270 kg ha-1. Significant interaction was also 

found between irrigation regimes and N rates for number of panicles per m2, kernel 

chalkiness percentage and chalkiness values and suggests AWD can be practiced without 

sacrificing on yield and quality (Pan et al., 2009). Due to inconsistency in apparent N 

recovery under water saving irrigation, greater NUE efficiency needs to be achieved. This 

requires application of N through improved timings and application methods. N uptake in 

rice varies with crop growth stage and split application has been found as the most 

appropriate method to improve the NUE in particular better application of N under water 

saving rice cultivation (De Datta, 1986a; Fageria et al., 1997). 

2.3.2.6 N dynamics under aerobic rice system 

Rice under aerobic soil conditions mainly uses NO3
--N or mixture of NH4

+ and NO3
- 

rather than NH4
+-N (Lin et al., 2005) and relatively reduced ammonia volatilization 

losses take place of the applied N. After application of irrigation water soil moisture 

conditions reach at saturation and then field capacity level or even below and these 

alternate dry-moist conditions might stimulate nitrification-denitrification processes and 

N losses through N2 and NO while NO3
--N may prone to leaching. These changes in 



26 
 

moisture status and N dynamics may result in different fertilizer-N recoveries (Beldar et 

al., 2005b). Usually aerobic systems have equal or higher apparent N recovery but needs 

to be compared with rice flooded system under field conditions with respect to nutrient 

uptake (Cassman et al., 2002). Beldar et al. (2005b) compared water inputs, the apparent 

N recovery and yield formation in aerobic and flooded rice systems. There were reduced 

water inputs of 36-41%, lower yield by 15-39% and fertilizer N recovery of 22% in 

aerobic rice than flooded conditions. Nonetheless, similarity in leaf N contents even at 

150 kg N indicated that reduced yield under aerobic conditions mainly were due to water 

deficit rather than N. while negligible NO3
- leachates showed increased unaccounted 

gaseous losses under aerobic conditions. This suggests optimizing the dose and time of N 

application with respect to irrigation supply to avoid the crop from water stress (Beldar et 

al., 2005b). Irrespective of ammonium, nitrification process in the rhizosphere also 

exposes the rice roots to NO3
- -N (Kirk, 2001; Kirk and Kronzucker, 2005; Duan et al., 

2007) and have high capacity for NO3
- -N uptake (Kronzucker et al., 2000). Recent 

studies show that this NO3
--N contributes to 30% of the total N uptake under reduced soil 

conditions (Kirk, 2001). Improved growth and transplanting success of nursery seedlings 

have been also reported when pre-treated with NO3
--N (Yamasaki and Seino, 1965; Ta 

and Ohira, 1981; Ta et al., 1981). 

Studies show that NO3
- absorption is inducible from NH4

+
 and its uptake rate also 

depends upon its formation in rhizosphere, rate of transport and absorption by the roots, 

transport distance from roots and its loss through denitrification along with improved 

fertilizer and water management strategies maintaining soil reduced conditions (Kirk and 

Kronzucker, 2005). Little translocation of free NH4
+ to the shoots indicate that NO3

- can 

enhance NH4
+ assimilation through induction of some additional assimilation pathways 

(Kronzucker et al., 1998; 1999; Britto and Kronzucker, 2004). Improved growth and 

yield have been reported in rice when supplied simultaneously with NH4
+ and NO3

- than 

either of NH4
+ or NO3

- alone (Kronzucker et al., 1999). The promotion of nitrification in 

paddy soil is of great concern for improving the production of rice (Duan et al., 2007).  

2.3.2.7 Nitrogen effects on aerobic rice growth, yield, N uptake and quality 

Rice growth ad yield formation under aerobic conditions is cultivar dependant and 

reduced effect on growth and yield are reported with lowland cultivars (Lin et al., 2002; 
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McCauley, 1990; Westcott and Vines, 1986). Aerobic rice cultivars usually prefer nitrate 

N during early growth stages as compared to low land rice cultivar with ammonium (Lin 

et al., 2005). Lowland rice cultivars usually exhibit reduced seedling growth with less 

shoot growth, few tillers and shows NH4
+ or NO3

- preference before aerenchyma 

formation under water saving cultivation (Lin et al., 2002). Lower shoot dry mass and N 

concentration was found in lowland rice cultivar under sole and predominant NO3
- supply 

whereas aerobic cultivar showed opposite trend. Nonetheless, the portion of NO3
-  

derived N at seedling stage was 30% to 40% with 75N/25A and 50N/50A supply, 20% 

under predominant NH4
+ at both stages while it increased from 40-70% at tillering stage 

(Lin et al., 2005). Several studies report beneficial effects of mixed supply of NH4 and 

NO3
-  on rice growth, yield and N acquisition instead of individual N form (Malavolta, 

1954; Cox and Reiseenauer, 1973; Youngdahl et al., 1982; Raman et al., 1995; Ta and 

Koji, 1982; Qian et al., 2003; Heberer and Below, 1989; Kronzucker et al. (1999). Mixed 

supply of both N forms in solution culture not only increased the grain yield by 40-70%, 

NO3- -N supply also increased the NH4 flux by 25% and two times N supply to the shoot 

than either of individual source (Qian et al., 2003; Heberer and Below, 1989). Similar 

increases in shoot and root growth were obtained when NH4/NO3
- were supplied in 

different ratios. The average increase in biomass and total N accumulated of shoots and 

roots was 20%, 42-57% when fed with 50/50 ratio as compared to 100/0 of NH4
+-N/ 

NO3
--N respectively (Duan et al., 2007). However, indica cultivars responded more to 

NO3
- supply and increase in uptake rate of NH4 (Duan et al., 2007). Development of 

water saving rice such as aerobic rice or intermittent irrigation have shown that rice can 

use NO3
-  as source of nutrition and integrated studies to nutrient by water interaction 

with rice cultivars to further increase the rice production (Qian et al., 2004). Modern rice 

cultivars usually exhibit high vegetative growth during early stages and when direct 

seeded, the high seedling rate in absence of transplanting shock produce higher tillers and 

leaf area index than transplanting (Dingkuhn et al., 1992). And more rapid growth result 

in decreased foliar N concentration and direct seeded crop suffers from N deficiency and 

perform poor during reproductive growth phase (Dingkuhn et al., 1990a, 1991; Schnier et 

al., 1990a, b). These growth characteristics reflect in reduced biological yield and grain 

yield. Split application of N with modified timing and dose particularly late season N 
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application seems more pragmatic to correct these constraints. Late season N application 

when top dressed, or broadcasted or foliar spray increases leaf N concentration and 

higher spikelet number in grain yield. N topdressing during later growth stages increases 

spikelet fertility. Higher grain yield positively correlate with increased CO2 canopy 

exchange and photosynthetic rate while dry matter production at maturity with extended 

leaf area index and higher harvest index together each with leaf N concentration. Late 

season applied N enhanced foliar N concentration increases assimilate source and sink 

while reduced spikelet degeneration causes increased filled spikelet and grain yield in 

direct seeded rice (Dingkuhn et al., 1992). Aerobic rice varieties usually produce high 

above ground biomass (12-14 t ha-1 and 11-13 t ha-1) (Bouman et al., 2006), high harvest 

index (32-42%) with water input of (450-650 mm) relatively low than lowland rice (45-

55%) (Fageria, 1992; Yang et al., 2002; Bouman et al., 2006; Gao et al., 2006). Leaf area 

index values are also in range of 6-8 at heading stages and reduced sink size is considered 

to be the most important yield limiting factor under aerobic conditions. Among the sink 

components, increased number of spikelet number per m2 and decreased panicle number 

per m2 or a combination of balance between panicle number and spikelet number at a 

high level and reasonable grain filing percentage may be essential to close the yield gap. 

Spikelet number had positive correlation with water input in growth duration in aerobic 

rice and higher spikelet number can be a trigger and crucial in diagnosing with high 

tillering capacity to improve aerobic rice yield (Guang-hui et al., 2008). A high seeding 

density may result in low panicle numbers or small spikelets number due to increased 

competition which even decrease number of productive tillers by death of main stems. 

However, a low seeding density is not necessarily to cause an increase in grain yield 

because increased spikelet number could reduce the panicle number at higher rate. To 

avoid main stem degeneration, a 10-12 g m-2 seeding rate is suggested provided the crop 

is avoids from drought occurrence establishment to panicle initiation. While high tillering 

capacity can be dreamed with seeding density of 5-8 g m-2 with moist condition after 

seeding to 10 days before panicle initiation to stimulate tillering and to reduce non-

productive tillers, sever drought from 7 days before panicle initiation and 5 days after 

panicle initiation should be avoided (Guang-hui et al., 2008).  Tao et al. (2006) reported 

higher yield due to increased tillering and higher water inputs under aerobic conditions as 
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compared to Bouman et al. (2006). To harvest good yield, water x N combination studies 

need to be practiced. Xue et al. (2008a) found usually highest yield under high water 

inputs but the effect of irrigation on biomass accumulation was least. High yields were 

coincided with high harvest index and high grain filling percentage. On the other hand, N 

application either reduced or kept constant the biomass or grain yield and consistently 

reduced the grain filling percentage and 1000-grain yield. High water application in 

combination with five splits than 3 splits while 3 split applications with low water inputs 

produced higher grain yield. Nonetheless, to avoid yield constraints on crop growth, high 

N application should be discouraged under dry soil conditions due to increased risk of 

lodging or reduced crop growth (Prasertsak and Fukai, 1997; Halvorson et al., 2005). 

Variations in yield due to N application are due to N recovery and internal NUE 

efficiency in response to water application (Kondo et al., 2005). Nonetheless, water by N 

application studies should be conducted to find appropriate N and water management 

practices. Low yields are also reported even under high N rates and water level near to 

field capacity level (Kreye et al., 2009).  In rice based systems, urea is preferred over 

nitrate fertilizers due to hydrolysis effect, soil retention of NH4 form less prone to 

dentirification losses under submerged conditions (Dobermann and Fairhurst, 2000). But 

urea application have adverse effects on plant growth including poor and reduced seed 

germination, root growth and seedling growth under aerobic conditions and such effects 

are most commonly observed in alkaline soils when urea is applied in close proximity to 

seed sown (Bremner and Krogmeier, 1988; Bremner, 1995; Fan and MacKenzie, 1995).  

Thus a shift towards aerobic cultivation, encountered such problems and recently in long 

terms aerobic rice experiments at IRRI have shown the relatively poor seedling growth 

than ammonium sulfate due to acidification effects of later applied at seeding (Nie et al., 

2008; Xiang et al., 2009).     

Nonetheless, during early seedling growth, urea applied N effects might be the 

risk of high ammonium concentration rather than nitrite accumulated under aerobic 

conditions (Xue et al., 2008b; Nie et al., 2008; Xiang et al., 2009). Management practices 

involving split application of N, or delayed application of urea 2 weeks after emergence 

may prevent the ammonia toxicity (Dobermann and Fairhurst, 2000; Haden, 2010). N 

when applied in synchronization with crop stage and water application had great impact 
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on rice quality. Xu-hua and Nong-rong (2005) found that NO3
--N application at heading 

reduced kernel chalkiness due to higher root activity and is negatively correlated with 

root activity 10 d after heading when root respiration inhibitors were used. Similarly N 

application had effects on protein, amylose contents and, in turn, cooked rice texture.  

Higher application of N fertilizers reduced the kernel protein contents and negative 

correlation of protein contents was found with starchy coating, slickness and stickiness 

between grains (Xu-hua and Nong-rong, 2005). 

2.4. Rice and Zn 

After nitrogen (N), phosphorus (P) and potassium (K), zinc (Zn) is reported to be 

responsible for reduced rice yields due to widespread occurrence of Zn deficiency. More 

than 30% world's soils are deficient in plant available Zn (Hacisalihoglu and Kochain, 

2003). Deficiency of Zn is more prevalent in rice fields than other crops and more than 

50% of rice crop is prone to this nutrient disorder (Hazra et al., 1987; Neue and Lantin, 

1994; Doberman and Fairhurst, 2000; Quijano-Guerta et al., 2002). As rice is staple food 

for most of the Asians and most percentage of population is at high risk of low dietary Zn 

intake in this reigon (Brown and Wuehler, 2000).  

Symptoms of Zn deficiency in rice were found firstly in northern India with calcareous 

nature of soils (Nene, 1966; Yoshida and Tanaka, 1969) and subsequently it is widely 

occurring phenomenon, and now considered most important nutritional stress limiting 

irrigated rice productivity in Asia (Neue and Lantin, 1994; Quijano-Guerta et al., 2002). 

According to FAO surveys, 50% soil samples collected from 25 countries were found 

deficient in Zn (Graham, 1991). Introduction of high yielding rice genotypes and 

increased use of N and P has resulted in a decreased Zn uptake and its mobility within 

plant. Ultimately it leads to decreased Zn concentration in its edible parts (Loneragan et 

al., 1979; Graham et al., 2007). 

 Application of Zn fertilizers to soils is a general strategy to cope with Zn deficiency but 

this approach is not always optimal from economical and environment perspectives 

(Graham and Rengel, 1993). Only 20% of applied Zn is available and rest of added Zn is 

fixed, adsorbed or precipitated in the soil making it unavailable to plants. Recently water 

crisis has led towards water saving cultivation usually from flooded to alternate wetting 
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and drying or aerobic rice systems and their adoption under aerobic or aerobic-anaerobic 

soil conditions may reduce Zn availability is a new perspective (Gao et al., 2006). 

2.4.1 Zn dynamics 

Water scarcity and increasing labor cost drift rice cultivation from flooding to aerobic 

culture, alternate wetting and drying, raised beds and system of rice intensification. This 

transition towards water saving rice cultivation may reduce water contents which affect 

crop Zn availability with altered soil conditions (Gao et al., 2006). In these few lines, we 

have discussed Zn dynamics in different rice production. 

2.4.2 Zn dynamics in conventional flooded rice system 

Conventional flooded rice soils are puddled which is advantageous to  reduce weeds 

pressure, stable yield and high productivity due to less percolation, ease of transplanting 

and increased nutrient availability (De Datta, 1981; Surendra et al., 2001).  

Zn deficiency in rice occurs after transplanting and is widespread phenomenon to limit 

productivity under lowland conditions (Neue and Lantin, 1994; Quijano-Guerta et al., 

2002). After flooding, rice fields undergo different physical, chemical and biochemical 

changes in the rhizosphere which are considered important in determining soil’s 

suitability for rice production (De Datta, 1981). Generally submergence of a well drained 

paddy soil depletes oxygen, decreases redox potential, increases pH in acidic (Renkou et 

al., 2003) while decrease of pH in alkaline or calcareous soils followed by concomitant 

reduction of macro and micronutrients. While increasing N, P supply and availability 

with decrease in water soluble Zn contents. Nonetheless, extent of these changes is also 

associated with soil physical properties, water regimes and temperature within 

rhizosphere. Zn concentration in the soil solution decreases after flooding with temporary 

increase (Mikkelsen and Kuo, 1976) but equilibrate near 0.3-0.5 μM (Forno et al., 1975).  

This decrease in soil Zn contents is usually associated with high P availability (Lindsay, 

1979), precipitation of Zn(OH)2 with increase in pH, formation of insoluble franklinite 

(ZnFe2O4) (Brar and Sekhon, 1976; Sajwan and Lindsay, 1986), ZnS (Kittrick, 1976; 

Ponnamperuma, 1972) and ZnCO3 (Bostick et al., 2001) which arises from high CO2 

from organic matter decomposition. This further aggravates and reduces Zn absorption by 

oxide minerals such as sesquioxides, carbonates, soil organic matter and clay minerals 

subsequently uptake by the rice roots. The rice seedlings becomes susceptible to Zn 
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deficiency within 2 to 3 weeks after transplantation and show stunted growth after 

recovery, with delayed maturity and reduced yield (Yoshida and Tanaka, 1969; van 

Breemen and Castro, 1980; Neue and Lantin, 1994).  

In addition, low available Zn concentration; high bicarbonate contents, Mg to Ca ratio 

and organic matter with prolonged submergence are soil factors affecting the Zn 

availability to rice plant (Neue and Lantin, 1994). Zn deficiency in rice occurs mainly in 

calcareous, alkaline and gleysols due to high bicarbonate contents or high soil pH (Qadar, 

2002) whereas perennial wetness is the major cause for Zn deficiency on peat soils and in 

coastal saline areas (Neue and Lantin, 1994; Quijano-Guerta et al., 2002). In these soils 

types, Fe oxidation by root released oxygen causes a reduction of the rhizosphere pH and 

limited release of Zn from highly insoluble fractions (Kirk and Bajita, 1995) and reduces 

its availability to the rice plant (Dagar and Hai, 1980; Tisdale et al., 1993). Saleque and 

Kirk (1995) showed that pH fall below neutral in rhizoshpere can increase solubility of P 

and Zn and hence their availability (Kirk and Bajita, 1995). In fact, high soil carbonates 

inhibit root growth in rice (Dagar and Hai, 1980; Yang et al., 1993) and is the primary 

factor inhibiting Zn translocation from roots to shoots (Forno et al., 1975). Dobermann 

and Fairhurst (2000) reported that accumulation of organic acids in root cells through 

stimulation of PEP-carboxylase in cytoplasm appears to inhibit root growth in lowland 

rice with high bicarbonate or pH contents and results in early development of Zn 

deficiency symptoms under reduced soil conditions (Yang et al., 1994). However, high 

rice Zn requirement during early stages is due to poor root-growth which reduces its 

uptake and results in deficiency under anaerobic conditions (Lockard et al., 1972). But 

still it is debatable and mechanisms are poorly understood whether high pH or 

bicarbonates alone or in combination have inhibitory effect on rice root growth and 

accumulation of organic acids. Genotypic variation in rice also exists for Zn deficiency 

(Ponnamperuma and Castro, 1972; Yang et al., 1993) and nutrient imbalance due to 

antagonism effect of Fe, Mn, P and Cu is more important factor than bicarbonate for 

decreased Zn concentration in shoot (Cayton et al., 1985; Qadar, 2002).  

High bicarbonates inhibited Zn uptake and reduced Fe and Mn concentration are found in 

efficient rice genotypes than in-efficient due to fine root growth (Hajiboland et al., 2005). 

But the nutrient imbalance effect on rice plant growth is still unsolved and might be due 
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to reduced activity of Cu/Zn superoxide dismutase (Neue and Lantin, 1994; Cakmak et 

al., 1997). Nonetheless, high organic acids and citrate exudation capacity seems to be 

related for Zn deficiency tolerance in rice genotypes (Hajiboland et al., 2005; Hoffland et 

al., 2006).  

2.4.3. Zn dynamics in aerobic rice system 

Studies on aerobic rice mostly have focused on yield potential and water saving and are 

being practiced in some Asian countries such as China, Phillipine and India (Yang et al., 

2005). Nonetheless evidences have shown that shift towards aerobic cultivation may 

affect the nutrient availability and uptake under new soil plant relationship (Qian et al., 

2004; Gao et al., 2006). Hence, Zn deficiency may be developed and also considered 

most common disorder under upland or aerobic conditions (Fageria, 2001; Gao et al., 

2005).  

Many factors that determine Zn availability are expected to change such as, bulk soil pH 

may either increase or decrease depending on the original soil pH (Liu, 1996),  increase 

in redox potential (Gao et al., 2002), increased nitrification causing plants to take up 

NO3
- instead of NH4

+, resultantly higher risosphere pH (Gao, 2007). This increased 

rhizosphere may cause Fe oxidation, with concomitant acidification, precipitation of 

Fe(OH)3 and adsorption of Zn on these oxides. Additionally, organic matter, onto which 

Zn can be adsorbed, will be oxidized under aerobic system. Furthermore, reduction of the 

water content of the soil may restrict Zn transport towards the plant root (Yoshida, 1981) 

as Zn movement in soil is mainly controlled by diffusion (Marschner, 1995). Decreased 

shoot concentration, grain yield, and Zn harvest index have been observed in recently 

introduced aerobic rice system and introduction of aerobic system on calcareous soils 

with high pH may increase Zn deficiency (Gao et al., 2005; 2006). Soil pH seems to be 

the most limiting factor for aerobic rice production. Subedi et al. (2010) studied the effect 

of three different pH levels and two moisture regimes on biomass accumulation and Zn 

uptake. Significant effect of different moisture regimes and pH was observed on growth 

of genotypes studied. Irrespective of soil pH, increased biomass accumulation and tiller 

number by 36% and 39% was observed under flooded conditions respectively while 

positive effect of high soil moisture contents on uptake and tissue Zn concentration was 

observed at high pH. While similar response was observed at high soil pH irrespective of 
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soil moisture. Nonetheless, soil pH had more substantial effect on biomass accumulation 

and tiller number under aerobic conditions than flooding. Genotypic variation was also 

found for biomass accumulation and tillering and aerobic rice genotypes tended to have 

higher Zn uptake (Subedi et al., 2010).  

Considerable variation among aerobic and lowland rice genotypes has been observed for 

Zn uptake and efficiency on low Zn soils and root uptake may be an important 

determinant of Zn uptake and its translocation from roots to shoot (Gao et al., 2005). 

Nonetheless the mechanisms by which these genotypes thrive on Zn-deficient soils are 

not well understood and further evaluation of rice genotypes in their responses to Zn 

deficiency under different water regimes is required. Rice roots also exude low molecular 

weight organic compounds into the rhizosphere playing role in Zn mobilization and 

citrate exudation is reported to increase lowland rice tolerance to Zn deficiency 

(Hajiboland et al., 2005; Hoffland et al., 2006). Organic acids can increase soil Zn 

availability in two ways; either by exudation of both with protons or as counter ions 

thereby reducing rhizosphere pH. In addition, the anions can chelate and increase Zn 

solubility (Jones and Darrah, 1994). But genotypic variation exists among rice cultivars 

for this and efficient genotypes release more malate than medium or inefficient one but 

no direct evidence indicates for Zn mobilization in rice by increased malate exudation, 

hence variation in plant Zn uptake efficiency cannot be explained by malate exudation in 

response to Zn deficiency among rice genotypes (Gao et al., 2009). In another study, 

(Gao et al., 2007) observed that AMF inoculation in non-mycorrhizal rice genotypes with 

low Zn uptake can be more responsive and increases Zn uptake and plant growth by 

producing more biomass. Hence, large difference exists among aerobic rice genotypes for 

Zn uptake, shoot concentration and use efficiency during early growth stages (Jiang et al., 

2007) and root or foliar Zn application can enhances Zn uptake after flowering (Jiang et 

al., 2008) and geochemical modeling assumes that Zn uptake is controlled by the soil 

soluble fraction (Gao et al., 2009). As the ultimate content of Zn in rice grain is the result 

of soil available Zn, root capacity to uptake Zn, nutrient demand of the growing crop, and 

the partitioning of Zn within the crop (Jiang et al., 2007). Hence, there is need to evaluate 

the existing rice varieties for their Zn-uptake and recovery efficiency at the root level as 

well as their ability to concentrate it into grains.  
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2.4.4. Zn dynamics in alternate wetting and drying system 

Under AWD, usually 2-3 week old seedlings are transplanted into puddle soils and field 

is kept flooded with enough water for 3-5 d, surface is allowed to dry for 2-4 d and then 

re-flooded when groundwater is 15-20 cm below the soil surface (Cabangon et al., 2004). 

Nonetheless, in this system with repeated wetting and drying maintain flooded conditions 

for most of the time (Bouman, 2001) except panicle initiation and flowering. Availability 

of many nutrients such as P and some micro-elements in the soil is increased with the 

reduction of soil pH by raising the NH4 content of N fertilizer. Reduced soil Zn content 

have been observed in soils with alternate waterlogged and saturated moisture regime and 

application of organic matter results in further decrease in Zn contents (Haldar and 

Mandal, 1979). The increased Fe, Mn and P contents and microbiological immobilization 

with high organic matter application might be the possible reasons for these reduced 

contents. In alkaline soils and soils rich in organic matter, Zn and P availability may be 

reduced by adsorption to amorphous Fe hydroxides and carbonates particularly under 

fluctuating water regimes (Kirk and Bajita, 1995). Similarly, Zn deficiency has been 

reported in bed planted and direct seeded rice when irrigated with fluctuating water 

regimes source (Sharma et al., 2002). Nonetheless, along with soil water contents; it 

varies with soil fertility status and plant tolerance and efficiency depends on Zn uptake 

even from low soil levels (Agarwal, 1985).  

Contrastingly, improved Zn uptake and grain concentration has been observed in Zn 

efficient cultivar MS13 and inefficient cultivar IR72 with altered moisture supply and 

soils of low fertility (Nemeno et al., 2010). This indicates the inherent capacity of 

cultivars to absorb Zn from soil and its loading into grains instead of water supply 

(Nemeno et al., 2010).      

AWD is a promising rice production system in the high intensively growing regions of 

the world with reduced water and labor inputs, methane emissions but fluctuating water 

regimes poses a threat to rise in nitrous oxide emissions (Dittert et al., 2002) and also 

require further consideration for Zn availability to the rice plant to be changed with 

alternate soil wetting and drying.  
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2.4.5 Effect of Zn application on rice growth, yield, uptake and quality 

Crop response to Zn application depends upon the source (Takkar and Walker, 1993), 

rate and time of application (Neue and Marmaril, 1985) and varies with soil 

physicochemical properties (Marschner, 1995). ZnSO4 being highly soluble and cost 

effective is most widely used Zn source. Split application of ZnSO4.7H2O have been 

found better over single dose as compared to Zn-EDTA split application without any 

significant effect on yield and yield components in rice over its single dose (Naik and 

Das, 2007).  However, split Zn-EDTA application is found better for rice growth and 

yield and higher maintenance of soil Zn solution than ZnSO4 (Karak et al., 2005). 

Giordano and Mortvedt (1972) on other hand reported ZnSO4 and Zn-EDTA to be 

equally effective in lowland rice. 

The response also varies with soil Zn status and Rashid et al. (2002) reported that 

enrichment of nursery bed by 20 kg Zn ha-1 application produced higher grain yield in the 

rice on zinc-deficient soils compared to application of 10 kg Zn ha-1 by its broadcast on 

the whole field in soils with different zinc status. Khan et al. (2002) reported increased 

rice yield with increasing Zn application in a rice variety IRRI-6 but maximum plant 

response in terms of plant height, productive tillers per plant, spikletes per panicle, 1000-

kernel weight, straw and grain yield was found at 10 kg Zn ha-1 (Khan et al., 2002). 

Recently, increased Zn uptake, grain and straw concentration is reported in rice with 

increased levels of Zn coating onto urea with different Zn sources. The highest crop 

response was observed with 2% ZnSO4-coated urea, higher than with the same rate of 

ZnO-coated urea, which might be due to the higher ZnSO4 water solubility (Shivay et al., 

2008). Nonetheless, a shift from flooded to aerobic rice cultivation have been also 

observed to decrease shoot concentration, grain yield and Zn harvest index and  

introduction of aerobic system on calcareous soils with high pH may increase Zn 

deficiency (Gao et al., 2005; 2006). Soil application is a promising strategy to improve 

plant Zn status, growth and grain yield in rice (Khan et al., 2003) but not effective to 

increase Zn grain concentration (Nattinee et al., 2009) and is not always optimal to apply 

highly costly Zn fertilizers from economic perspective. Foliar application of ZnSO4 is 

effective in correcting Zn deficiency and to improve grain Zn concentration (Yoshida et 
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al., 1970; Wilhelm et al., 1988). The results reported by Duxbury et al. (2006) also 

confirmed that foliar application of Zn is better way to cope with Zn deficiency in rice.  

Yoshida et al. (1970) compared foliar application of ZnSO4 with soil application and 

reported that both methods are comparable in terms of rice yield and Zn uptake. 

However, Savithri et al. (1998) reported that in lowland conditions, Zn application before 

transplanting on surface soil was effective and easy to adopt method compared with 

repeated foliar sprays of 0.5% ZnSO4 or use of Zn enriched seedlings through seed 

soaking in 2-4% ZnSO4 solution, fertilizing the nursery with Zn or seedling dipping in 

2% ZnO slurry. Seed Zn content is an important quality parameter required for human 

nutrition and foliar application is very effective in increasing Zn seed contents. However, 

time of foliar application is important factor to determine effectiveness and increase in 

grain concentration of the foliar applied Zn fertilizer (Cakmak, 2008) and large increases 

in grain Zn usually occurs when foliar application is done at later stages of plant 

development. Jiang et al. (2007) evaluated the Zn translocation towards rice grains when 

Zn was applied through roots or foliar applied and found that high grain Zn contents 

originates from  roots uptake instead of leaves under sufficient Zn conditions when 

applied at flowering. They also suggested that roots available Zn and its uptake after 

flowering may be effective to increase rice grain Zn contents. Foliar application of Zn in 

combination with Se and Fe at optimal concentration has been found to increase rice 

conents (17.4 mg kg-1) (Fang et al., 2008).  Genotypes with high grain Zn density 

accumulates more Zn concentration in grains, stems and leaves, of which more than half 

of grain Zn is remobilized before anthesis. Likely, higher re-translocation of Zn from flag 

leaves to grains occurs when applied at booting or anthesis stage. This indicates that 

higher grain Zn contents are the result of its translocation from older to new tissues at 

vegetative or reproductive growth stages while remobilization of phloem Zn from leaves 

and stems (Wu et al., 2010). On another hand, Zn efficient rice cultivars have also 

relatively low Zn requirements, high Zn translocation to shoots, immobile rhizosphere Zn 

solubilisation, exude low molecular weight organic anions like malate or citrate with 

higher Zn affinity and increased root growth at high soil bicarbonate with increased Zn 

uptake from soils with low Zn availability (Yang et al., 1993; Hajiboland et al., 2003; 

Gao et al., 2007, 2009).  
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Apparently Zn seems to be the most mobile of all micronutrients and can remobilize and 

accumulate into grain from leaves (Marschner, 1995; Uauy et al., 2006) but contribution 

of remobilization to grain Zn in rice is still unclear. Irrespective of other cereals, 

remobilization contributes little for rice grain Zn and mechanism of Zn re-translocation 

from leaves into grains is different in rice and is xylem based. However, uptake during 

grain filling contributes more towards Zn accumulation in grain than re-translocation 

from leaves (Jiang et al., 2007). Enhanced uptake of radioactive Zn was found in rice 

grains when it was applied through roots at flowering than leaves application even under 

low Zn supply (Jiang et al., 2008). These higher grain Zn contents are the result of 

increased re-translocation before anthesis and this accumulation occurs more in higher 

density Zn genotypes (Wu et al., 2010).  

Due to fixation of Zn on binding sites, rice tolerance to Zn deficiency under lowland and 

aerobic conditions is usually associated with increased Zn availability in the rhizosphere, 

improved root uptake and high shoot Zn content (Gao et al., 2005; Wissuwa et al., 2006) 

instead of mechanisms associated with higher internal Zn efficiency (Hacisalihoglu and 

Kochian, 2003). If it is the case for most of the genotypes, and Zn basal application or at 

planting are not so much effective to increase grain Zn due to least persistence of basal 

Zn over the season than Zn added during grain filling stage. Then these studies were 

conducted with the objectives to find an interaction between Zn fertilizer application time 

and water management with respect to growth stage to improve plant Zn status, Zn 

availability and grain Zn contents. Beebout et al. (2010) compared the effects of soil 

drainage and Zn application on Zn grain contents of two cultivars high in grain Zn 

contents. Both genotypes accumulated target Zn levels nearly under all soil conditions 

and Zn application at grain filling stagek increased the grain Zn from 30-39 mg kg-1 in 

one of the tested genotypes. Likely addition of 10 kg Zn ha-1 under field condition at mid 

tillering stage had positive effect on grain Zn contents with soil drainage. Thus it is 

imperative to realize high grain Zn contents that improved genotypes with appropriate 

water and fertilizer management should be used under water saving rice cultivation 

(Beebout et al., 2010). 
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Chapter 3 
 

 
 
 
3.1 Experimental Site 

The studies to monitor N-Zn dynamics under different rice production systems were 

conducted for two consecutive growing seasons during 2008 and 2009 at Agronomic 

Research Area (31°30'N, 73°05'E and 214 m msl), University of Agriculture, Faisalabad 

(UAF), Pakistan. The analytical work for plant, soil analysis (N and Zn) and kernel 

quality was completed in analytical Lab, Department of Agronomy, Soil Chemistry Lab, 

Institute of Soil and Environmental Sciences, Seed Physiology Lab, Department of Crop 

Physiology, University of Agriculture, Faisalabad and Soil and District Water Testing 

Lab Gujranwala, respectively. The details of all experimental work have been given in 

the following pages. 

3.2 Soil Physico-chemical Properties 
 
Before sowing, soil samples were collected from the experimental site using soil augar to 

a depth of 0-30 cm prior to fertilizer application. Collected samples were composited 

after air drying and grounded to pass through 2 mm sieve for determination of soil 

physico-chemical properties (Table 3.1 a & b). 

3.3 Plant Material 
 
Most popular fine rice cv. Super-Basmati (Oryza sativa L.) obtained from Rice Research 

Institite, Kalashah Kakoo, Pakistan was used as experimental material. The net plot size 

was of 7 m x 3.3 m. 

3.4 Crop Husbandry 

General procedures: 

3.4.1 Seedbed preparation 

To achieve the required soil structure, experimental land was ploughed five times each 

followed by leveling with tractor drawn implements. Previous crop was wheat. 
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Table 3.1a: Physio-chemical analysis of the experimental soil during 2008  

Parameter Values Status 

Texture class      Sandy clay loam soil (Medium Hard)

EC (1:2.5) d Sm-1 0.31                                    Non Saline 

pH (1:2.5) 1-14 7.9                                  Slightly alkaline 

)1-(mmolc100 g +Exchangeable Na 0.2                               Adequate 

Organic matter (%) 0.85 Very low 

N (%) 0.053                                Very low 

P (mg kg-1) 5                                Very low 

Exchangeable K (mg kg-1) 152 Medium 

B (mg kg-1) 0.78                                      Adequate 

Zn (mg kg-1) 1.27                                      Adequate 

Fe (mg kg-1) 6.92                                       Adequate 

 

Table 3.1b: Physio-chemical analysis of the experimental soil at final harvest during 

2008-09 

Parameter 2008 2009 

Texture class     

TPR 

 

AWD

 

DSR 

    

TPR 

 

AWD 

 

DSR 

EC (1:2.5) d Sm-1 1.41 1.38 1.83 1.74 1.47 1.44 

pH (1:2.5) 1-14 8.0 8.0 8.1 8.2 8.1 8.1 

Exchangeable Na+ (mmolc100 g-1) 0.21 0.22 0.22 0.23 0.24 0.25 

Organic matter (%) 0.36 0.41 0.52 0.78 0.67 0.52 

N (%) 0.035 0.038 0.042 0.050 0.045 0.043 

P (mg kg-1) 6.55 2.5 7.01 7.38 6.84 2.68 

Exchangeable K (mg kg-1) 270 340 290 200 180 370 

Zn (mg kg-1) 1.38 1.25 1.02 1.28 1.22 1.15 

Source: Soil Chemistry lab, Farm Advisory Centre- Kasur, Fauji Fertilizer  Company 
Limited, Pakistan 
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3.4.2 Nursery husbandry 
 
For transplanting under continuous flooded or alternate wetting and drying (AWD), 

nursery seedlings were raised by wet-bed method. For which, pre-germinated rice seeds 

@ 12 kg ha-1 were broadcasted into well pulverized soil bed for nursery raising at the 

same day when direct seeded in case of aerobic culture. After seedling establishment, 

nursery was irrigated daily in the morning keeping the standing water maintained at 

approximately 5 cm. Nitrogen was applied at 15 g m-2 using urea (46% N) as source. 

3.4.3 Seed priming 
 
For uniform and better crop stand in direct seeded rice (DSR), seeds were subjected to 

osmopriming with CaCl2 (Ψs= -1.25 MPa). The ratio of seed weight to solution volume 

was 1:5 g L-1 (Farooq et al., 2006). After priming, seeds were given three washings with 

tap water and followed by re-drying to their original moisture contents.  

3.4.4 Seeding method and planting geometry 

For direct seeding under aerobic conditions, CaCl2 primed rice seeds were drilled at field 

capacity level in 22.5 cm spaced rows using single row hand drill and seed rate of 75 kg 

ha-1. While under continuous flooded or AWD conditions, nursery nurtured seedlings of 

appropriate age i.e. 30 days were transplanted manually into puddled field with inter row 

and plant distance maintained at 22.5 cm. For nursery transplantation, wet land 

preparation method was followed and field plots were flooded to create puddling 

conditions with the help of tractor drawn implements. In case of direct seeded rice, pre-

saturation irrigation was applied to achieve the field capacity level.  

3.4.5 Fertilizer application 

After soil analysis report (Table 3.1), recommended fertilizer doses of NPK 143-88-68 kg 

ha-1 were applied using urea (46% N), single super phosphate, sulphate of potash (50% 

K2O) as fertilizers source while recommended Zn @ 25 kg ha-1 using ZnSO4 (21% Zn) as 

required for each of the experiment.  

3.4.6 Water management 

For irrigation, all the experimental units were provided with measured amount of 

water on visual observations or based on ETº of 4 cm after seedling establishment in 

aerobic rice and two weeks after transplanting in alternate wetting and drying (AWD) 
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system respectively. While in case of conventional transplanted rice field was kept 

continuously flooded during the whole crop growing season. Each time before irrigation, 

moisture contents of the soil was calculated. Following equation was used to calculate 

amount of water: 

QT = AD 

Where; Q = discharge rate from flume; T = time for which water to be applied; A = area 

to be irrigated; D = depth of irrigation water. 

To avoid water seepage in between the blocks, 2 m wide buffer strips were made. In case 

of aerobic culture, the soil was irrigated to keep the soil moisture at field capacity level 

and was withheld about one week before harvesting at physiological maturity. However, 

in conventional rice under continuous flooded and AWD, after puddling a water layer of 

3-4 cm was maintained at nursery transplanting and to avoid moisture stress at flowering   

under AWD conditions field was also kept flooded.   

3.4.7 Plant protection 

All other agronomic practices like plant protection measures were kept normal and 

uniform in all treatments except those under study while weeds were controlled 

manually. There was no use of synthetic herbicides or pesticides for weeds control and 

diseases respectively.  

3.4.8 Harvesting and threshing 

Harvesting was done manually at maturity with fully ripened panicles at approximate 

moisture of 23%. Threshing of each plot was done separately. 

3.5 Experiment Details 

The experimental procedures adopted for each of the studies conducted during 2008 and 

2009 are briefly described as:  

Experiment No. 1  

3.5.1 N Dynamics as Affected by Split N Application in Different Rice Cultures 

A field experiment was conducted in randomized complete block design (RCBD) with 

split plot arrangement using three replications for two rice seasons during ‘Kharif’ 2008 

and 2009. Rice production systems was laid out into main plots while nitrogen (N) with 

different splits into subplots. Three rice production systems (S1) conventional 

transplanting under flooded conditions (paddy control) (S2) transplanting under alternate 
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wetting and drying (AWD); (S3) direct seeding under aerobic soil conditions were 

compared with five treatments using recommended single dose of urea N (143 kg ha-1) 

with different proportions top dressed as; {N1} half (½) of N as basal and remaining half 

in two equal splits each at (1/3) tillering and (1/3) anthesis; {N2} (1/3) N as basal + (1/3) 

N at tillering + (1/3) N at anthesis; {N3} ½ N as basal dose + ½ N at tillering; {N4} (½) N 

as basal dose + (½) N at anthesis and {N5} (½) N at tillering + (½) at N anthesis.  

In both years, urea N (46% N) was used as fertilizer source and applied to each subplot (7 

m x 3.3 m) separately accordingly for each rice systems. Phosphorus and potassium @ 

88-68 kg ha-1 were applied after transplanting in paddy control or AWD or aerobic 

culture at tillering using single super phosphate, sulphate of potash (50% K2O) as source 

and similar practice was used for ZnSO4 (21% Zn) applied @ 25 kg ha-1. In 2008, for 

direct seeding primed rice seeds were drilled on July 02 at field capacity level and 

nursery seedlings were transplanted into puddle fields on August, 22, 2008 under 

continuous flooding and AWD system. In 2009, primed rice seeds were sown in aerobic 

soil conditions on 18 July while in case of paddy control or AWD system transplanting of 

nursery seedlings was accomplished on August 20, 2009. Irrigation was applied as 

described in water management (3.4.5) of this chapter. To avoid water overflow or 

seepage in between the blocks, 2 m wide buffer strips were made. Other experimental 

details for nursery raising, seeding method, planting geometry and plant protection 

measures adopted are discussed in above sections 3.4.2, 3.4.3 and 3.4.6 respectively.  

Experiment No. 2 

3.5.2 Monitoring Zn Dynamics in Different Rice Production Systems 

The proposed research to study Zn dynamics in different rice production systems was 

conducted in randomized complete block design (RCBD) with split plot arrangement 

using three replications. During both growing seasons in '2008' and '2009' rice production 

systems were laid into main plots with Zn treatments randomized into subplots. The rice 

production system included were (S1) conventional transplanting under flooded 

conditions (paddy control) (S2) transplanting under alternate wetting and drying (AWD); 

(S3) direct seeding under aerobic soil conditions in randomization with five Zn 

treatments. The treatments included were Zn soil application as basal (F1); at tillering 

(F2), panicle initiation (F3) and Zn foliar application at panicle initiation (F4). Subplots 



44 
 

treatment without any Zn application was taken as control (Fo). Basal dose of Zn was 

applied prior to seeding in case of aerobic rice and at transplanting under continuous 

flooded and AWD rice system using ZnSO4 (21% Zn) applied @ 25 kg ha-1 while foliar 

application using 0.5% ZnSO4 at 200 L water ha-1  (Dobermann and Fairhurst, 2000) to 

each subplot (7 m x 3.3 m) separately.  

Recommended fertilizer doses i.e. NPK 143-88-68 kg ha-1 were applied using urea 

(46 % N), single super phosphate, sulphate of potash (50% K2O) as fertilizers source 

during both years. Whole quantity of phosphorous and potash were applied at tillering 

while nitrogen was applied in three splits ½ of the N at sowing and remaining ½ in two 

equal splits each at tillering and panicle initiation under each rice production system. 

All other agronomic practices and plant protection measures for direct seeding and 

transplanting in these rice systems were kept uniform during both years as for 

Experiment No. 1.   

3.6 Procedure for Recording the Data  

Procedures for recording data on various agronomic, physiological and soil observation are 

given below: 

3.6.1 Seedling establishment 

Field was visited daily to count the number of emerged seeds as described in seedling 

evaluation Handbook of Association of Official Seed Analysts (1990). Data were recorded 

following the procedure given below. 

3.6.2 Time to emergence [days] 

Time to start emergence was designated when first seedling started emergence. 

3.6.3 Time taken for 50% emergence “E50” [days] 

Time to get 50% emergence (E50) was calculated using the formulae as described by Coolbear 

et al. (1984) and modified by Farooq et al. (2005): 
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where N is the number of emergence and nj, ni cumulative number of seeds emerged by 

adjacent seed count at times ti and tj when ni < (N+1)/2 < nj. 

3.6.4 Mean emergence time “MET” [days] 

Mean emergence time (MET) was calculated according to the equation of Ellis and 

Roberts (1981): 

 



n

D
MET n     

Where n is the number of seeds, which were emerged on day D, and D is the number of days 

counted from the beginning of emergence. 

3.6.5 Emergence index “EI”  

 The emergence index (EI) was calculated by using the following formula given by 

Association of Official Seed Analysts (1983): 

countfinalofDays

seedsgerminatedofNo.

countfirstofDays

seedsgerminatedofNo.
EI   

3.7 Plant growth and development   

 After stand establishment in aerobic rice and transplanting under continuous 

flooded and alternate wetting and drying (AWD), following observations were measured: 

3.7.1 Growth analysis 

For growth analysis, an area of 100 x 100 cm was randomly selected from each 

replication of the respective treatments in each rice system and harvested at 7 days 

interval. After harvesting samples were immediately weighed for fresh weight and later 

on plants were separated into leaves, stem with leaf sheath and at anthesis into panicles. 

Further measurements for leaf area and dry matter production were taken while for dry 

weight, planting material (leaves, stem and panicles) was mixed with similar ratio and 

oven dried at 70°C till constant weight.          

3.7.2 Total dry matter production (kg ha-1) 

Plants harvested from an area of 100 x 100 cm were taken from each plot of respective 

treatment and oven dried for dry weight and expressed in kg ha-1 for dry matter 

production.     
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3.7.3 Leaf area index (LAI) 

Leaf area was measured using leaf area meter (CL-203, Laser leaf area meter CID, Inc. 

U.S.A) and LAI was calculated following (Watson, 1947): 

LAI = Leaf area / Land area 

3.7.4 Leaf area duration (LAD) 

Leaf area duration was measured and expressed in days (d) using formula given by Hunt 

(1978): 

                           LAD = (LAI1+LAI2) x (t2 – t1)/2 

Where, 

LAI1 = leaf area index at t1  

LAI2 = leaf area index at t2  

t1 = time of first observation of LAI1 

t2 = time of second observation of LAI2                          

3.7.5 Crop growth rate (CGR)  

Crop growth rate was measured and expressed in [g m-2 d-1] using formula as described 

by Hunt (1978); 

CGR = (W2-W1) / (T2- T1) 

Where, 

W2 = dry weight per unit land area (g m-2) at second harvest  

W1 = dry weight per unit land area (g m-2) of first harvest  

t2 = time (d) corresponding to second harvest  

t1 = time (d) corresponding to first harvest 

1. Net Assimilation Rate (NAR)  

Leaf area duration measurements were used to calculate net assimilation rate as given by 

Hunt (1978) and also expressed in g m-2 d-1.  

NAR = TDM / LAD 

Where, 

TDM = Total dry matter (g)  

LAD = Leaf area duration (d) 
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3.7.6 Chlorophyll contents determination  

Chl  a and b contents were determined by procedure as given by Arnon (1949). For this 

purpose, fresh leaves sample of 0.2 g was cut and extracted in 80% acetone for overnight 

at 0-4°C. Then extracted material was centrifuged at 8000  g for 10 min for supernatant 

and to observe the absorbance at 645 nm and 663 nm, the spectrophotometer (UV 4000, 

ORI Germany) was used. Following formulae was applied as described by Nagata and 

Yamashita, (1992) and values for chlorophyll a & b were calculated and expressed in μg 

mL-1 of fresh weight: 

Chlorophyll a (mg/100mL) = 0.999A663 - 0.0989A645 

Chlorophyll b (mg/100mL) = -0.328A663 + 1.77A645 

3.8 Plant water relations 

After 2-3 days of irrigation, when soil moisture contents reached at field capacity level 

plant water relations was measured starting from tillering up to anthesis. 

3.8.1 Leaf water potential (Ψw)  

For water potential, second top most fully expanded leaf was selected randomly from 

each replication using a Scholander type pressure chamber. Leaf was cut 5-7 cm below 

its tip and inserted into the chamber through the rubber stopper. The measurement was 

taken early in the morning between 7 a.m to 9 a.m. in each experiment. The units of 

measurement recorded were pounds per square inch and readings in MPa were obtained 

by dividing with 410 (Turner, 1981).  

3.8.2 Leaf osmotic potential (Ψs) (-MPa) 

Randomly selected 2nd top most leaf harvested was frozen in ultra low temperature 

freezer (MDF, U333, SANYO, Japan) at -30°C for 7 days and frozen leaves were thawed 

and cell sap was extracted using disposable syringe and was used for the measurement of 

osmotic potential with the help of vapor pressure osmometer (VAPRO®, Model 5520) 

and unit of measurement was osmole kg-1 and expressed in MPa by dividing with 410.   

3.8.3 Turgor potential (Ψp)  

Turgor potential was calculated as difference between water potential and osmotic 

potential and expressed in –MPa.  

Ψp= Ψw-Ψs 
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3.9 Mineral Analysis 

3.9.1 Plant nitrogen (N) determination 

Total N contents were determined in each of the separated plant parts i.e. in leaves, shoot and 

panicle (in panicles at panicle initiation stage). Each of this plant material was washed with 

distilled water and oven dried until constant weight and was grinded to fine powder using 

grinder mill (MF 10 IKA, Werke Germany).         

3.9.2 Nitrogen estimation 

Total N was determined following digestion method of Chapman and Parker (1961). It 

involved the digestion of plant material (leaves, shoot, panicle) with concentrated H2SO4 and 

digestion mixture comprising K2SO4: Cu2SO4: Fe2SO4 (10: 0.5: 1). 

3.9.3 Digestion 

 For digestion, 1 g of oven dried leaf or shoot or panicles powder was transferred to 

Kjeldahl digestion flask along with 10 g digestion mixture adding 25 mL conc. H2SO4 and kept 

as such for half an hour. The digestion flasks were shifted to acid proof digestion chamber with 

fume exhaust system and kept on hot plate. In the beginning, temperature was maintained at 

low and then heated on 320oC and digestion was continued until the contents turned into 

transparent green liquid. On cooling, the contents were transferred to a 250 mL volumetric 

flask and volume was made up to the mark. 

3.9.4 Distillation 

 Aliquot (10 mL) from digested material was taken in Kjeldhal flask and placed it on the 

Micro-Kjeldhal ammonium distillation unit using 40% NaOH and immediately flask was 

connected to distillation apparatus. 10 mL 4% boric acid was taken along with mixed methyl 

red indicator and some drops of 0.03% bromocresol green in 100 mL conical flask. The 

nitrogen in the form of ammonia vapours was received as distillate up to 25 mL in flask and 

was titrated against N/10 H2SO4 till the original light pink color of methyl red was restored. 

3.9.5 Quantification of nitrogen 

From the quantity of acid used in titration, the percentage of the element was calculated 

using the following formula: 
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D

1000.0014CB-A
%N  


  

A = Quantity of N/10 H2SO4 used  

B = Blank reading (N/10 H2SO4 used in blank reading) 

C = Volume made after digestion (250 mL) 

D = Vol. of digested sample used 

100 = For percentage  

0.0014= Factor (which is equal to g of N in 1 mL of N/10 H2SO4) 

Blank reading was taken for eliminating the percentage of N present in other chemicals used to 

digest the sample. Similar procedure was adopted for other plant material (shoot, panicles). 

3.9.6 Plant Zn contents determination  

For Zn determination, wet digestion method using HNO3-HClO4 was followed as 

described by Jackson (1973). All plant samples harvested were separated into leaves, 

shoot and panicles when present, washed with distilled water and oven dried at 70°C till 

constant weight and grinded to fine powder using grinding mill (MF 10 IKA, Werke 

Germany).  

For digestion, one gram (1 g) of oven dried leaf or shoot or panicles powder was 

transferred to 100 mL digestion flask and 10 mL of bi-acid mixture (HNO3-HClO4) with 

2:1 ratio was added and allowed to stand overnight. This digests was exposed to slow 

heating at 150°C and then block digester temperature was raised to 235°C and digestion 

was continued for 30 minutes after the appearance of acid dense white fumes. Digestion 

tubes were allowed to cool for few minutes and then distilled water was added to bring 

the desired volume. For blank, each of the samples batch was digested without any plant 

material. After digestion, the aliquots were analyzed for Zn concentration on Atomic 

Absorption Spectrophotometry (Model Thermo S-Series). 

3.10 Soil physico-chemical analysis 

Before irrigation when soil reached at field capacity level, a randomly soil sample was 

collected from 0-20 cm depth using augar before cultivation and after harvesting the crop 

and during the crop growth period starting from tillering to anthesis from each replication 
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of each treatment of three rice systems. The final soil samples were collected after 

harvesting the crop and analyzed for following properties:   

3.10.1 Soil physico-chemical properties 

Collected soil samples were composited and a subsample of 200 g was subjected to total 

N, organic matter contents, available P and exchangeable K, Zn, CEC, pH and soil 

texture analysis.   

3.10.2 Soil mineral nitrogen (N) analysis   

Soil available or absorbed N i.e. NH4-N and NO3-N were determined by Mineral- N 

method as described by Keeney and Nelson (1982). Reagents 2 M KCl, MgO powder, 

Devarda's Alloy, saturated boric acid (2%) and H2SO4 (0.01 N) were used. 

Procedure: For extraction, 10 g of air dried soil was weighed in 250 mL volumetric flask 

and 100 mL of 2 M KCl was added using 1:10 (soil:water) ratio. For homogenizing, 

shaking was done on orbital shaker at 200-300 rpm for 1 h and filtrate was obtained using 

Whatman No. 42 filter paper. For ammonium (NH4
+) determination, 0.2 g of heated MgO 

powder and 10 mL of filtrate was added into distillation flask and immediately was 

attached with distillation unit and continued distillation for 3-4 minutes until 35 mL of 

distillate was collected. The distillate was titrated against 0.01 N H2SO4. For nitrate (NO3
-

-N) determination, similar extract was used and only 0.2 g Devarda's alloy was added to 

the same distillation flask and similar procedure was repeated as for NH4
+-N analysis. 

Two standards and blanks were also distilled using only 2 M KCl extracts without soil 

addition.     

3.10.3 Soil macro (N) and micro element (Zn) analysis 

Total soil N was determined using wet digestion method of Kjeldahl procedure as 

described by Bremner and Mulvaney (1982). For digestion, 1 g air dried soil with 5 g 

digestion mixture (K2SO4 - CuSO4.5H2O – FeSO4; 100:10:1 w/w ratio) and 15 mL of 

0.01 N H2SO4 was added into digestion tube and stayed it overnight. The block digestor 

temperature was raised slowly and maintained at about 370°C for 3 h until solution was 

cleared. After this, tubes rack was removed carefully from the block digester and let it 

cool down. Gradually 15 mL of distilled water added to make up the volume. One blank 

was also run without only standard and no soil. For distillation, 10 mL of extract and 

NaOH was added into 100 mL volumetric flask and continued distillation for 3 minutes 
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until 35 mL distillate was collected. The distillate was then titrated against 0.01 N H2SO4 

using auto-titrator and percent N in soil was calculated using formula. 

For Zn soil status, AB-DTPA extraction method was used (Lindsay and Norvell, 1978). 

Diethylene triamine pentaacetic acid (DTPA) and (NH4)2CO3 were used as reagents. For 

0.005 M DTPA solution in 1 M ammonium bicarbonate (AB) (NH4)2CO3 was made by 

dissolving 1.97 g DTPA and 79.06 g AB into 1000 mL volumetric flask. Vigorously it 

was shaken to completely dissolve and pH was maintained to 7.6 using 1% HCl and 

NH4OH buffer solutions.  

For extraction, 10 g air dried soil was taken into 125 mL volumetric flask and 20 mL 

extraction solution was added. Stopper flasks were shaken on a reciprocal shaker for 15 

min at 180 rpm and suspension was filtered through Whatman No. 42 filter paper. The 

filterate was directly run on atomic absorption spectrophotometer (AAS; Model Thermo 

S-Series) for Zn measurement and expressed into mg kg-1.   

3.11 Agronomic Traits and Yield Components 

3.11.1 Emergence to heading (days)  

Days from emergence to heading were noted when 50% of the plants had panicles out of 

the flag leaf and heading time was recorded from in each plot randomly selected three 

sites and averaged for calculations.   

3.11.2 Heading to maturity (days) 

Days for heading to maturity were recorded when 90% of the rice filled grains were 

turned yellow and data was averaged from three different sites within a plot of each 

treatment of the respective rice systems.  

3.11.3 Plant height at maturity (cm) 

At maturity, plant height of 20 primary tillers randomly selected from each plot was 

measured from soil base to leaf tip with the help of a meter rod. 

3.11.4 Number of tillers per m2 

At maturity, randomly an area of 1 m2 was selected to count number of tillers from three 

different places in each plot at maturity and average number was computed per unit area (m-

2). 
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3.11.5 Panicle bearing tillers (m-2) 

Tillers with fertile panicles were marked as panicle bearing tillers and were separated 

manually from total tillers and averaged for unit area (m-2). 

3.11.6 Panicle length (cm) 

Panicle length was measured from 20 randomly selected primary tillers in each plot and 

length was measured from base (neck) to the panicle tip and expressed in 'cm'.        

3.11.7 No of branches per panicle 

At harvesting, randomly selected twenty panicles of primary tillers from each plot were 

saved in paper bags. Each panicle was sketched properly on a white paper and total number 

of branches per panicle was counted and averaged separately. 

3.11.8 Number of kernels per panicle 

Grains were separated from randomly selected 20 panicles on working board. Afterward 

numbers of grains per panicle were counted and averaged separately for each plot. 

3.11.9 Sterile spikelets number 

Unfilled and unfertile spikelets were distinguished easily on selected panicles and 

computed separately for each plot.    

3.11.10  1000-kernel weight (g) 

1000 kernels weight from each replication was recorded in grams with an automatic electric 

balance in the laboratory.  

3.11.11 Kernel yield (t ha-1) 

For kernel yield, crop from an area of 5 m2 was harvested and threshed manually, and 

then clean rough rice was air dried, bulked, weighed and adjusted to 14% moisture 

contents and expressed in t ha-1.  

3.11.12 Straw yield (t ha-1) 

Straw yield from each plot was determined from sundried samples and expressed in t ha-1. 
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3.11.13 Harvest index (%) 

Harvest index (%) was expressed as the ratio of grain yield to total above ground biomass 

and multiplied with hundred using the formula: 

100
yeild Biological

yeild Kernel
HI   

3.12 Kernel Quality 

To differentiate between different stages of kernel development, a panicle was 

positioned in front of lamp to pass light through it using a common electric lamp with a 

flexible stand for source of light.  

Whole panicle was sketched carefully to differentiate between sterile spikelets, opaque, 

abortive and normal kernels were counted from 20 panicles of primary tillers randomly 

selected from each plot (Nagato and Chaudhry, 1969). 

3.12.1 Opaque kernels  

Opaque kernels attain full size and are bigger than abortive due to continuous 

development at later stage. These do not become translucent due to lack of carbohydrates and 

overall dull chalky structure doesn't permit to pass light.  

3.12.2 Abortive kernels  

Abortive kernels looks dull and light cannot pass through them. Fertilization does take place 

in these kernels but due to retarded growth during early stages of kernel development don't 

attain full size. 

3.12.3 Chalky kernels  

Degree to chalkiness was recorded from 20 panicles de-hulled manually from each 

plot. A seed working board and table lamp was used to sort out the samples and chalky 

kernels were separated visually based on the chalky area in different parts of the kernel using 

high magnifying glass. Chalky kernels of selected panicles were separated, counted and then 

expressed in percentage. 
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3.12.4 Normal kernels 

Normal kernels attain full size, show normal starch compaction and allow light to 

pass through them. These kernels were computed by deducting all the abnormal kernels from 

total spikelets number and were marked as clear translucent and without any chalky spots. 

3.12.5 Kernel dimensions 

Randomly 100-normal kernels were selected to take kernel dimension i.e. length and width 

from each replication using digital caliper. 

3.12.6 Kernel water absorption ratio (WAR) 

The water absorption ratio was determined between weights of cooked rice to weight of raw 

rice as described by Juliano et al. (1965). 

  ricerawofweightricecookedofweightWAR         

3.12.7 Kernel protein contents (%) 

Rice kernel protein contents were determined by similar method as described for plant 

nitrogen contents by Micro-jheldahl digestion, ammonia distillation and titration. For 

protein contents, nitrogen concentration was multiplied with a factor of 5.95. 

3.12.8 Kernel amylose contents (%) 

Amylose contents were determined by using the method as described by Juliano (1971). 

For this, rice grains were grounded on a Restsch mill equipped with 100 mesh sieve. 

Intensity of blue color was read in spectrophotometer at 620 nm. 

3.13. System Analysis 

After harvesting each production system was evaluated for:  

3.13.1 Water productivity  

Water productivity (kg m-3) was expressed as the ratio of grain yield produced from the 

water used to the total water inputs including irrigations and rainfall for each system. 

Total amount of water applied to the crop was measured from number of irrigations and 

the amount applied each time and rainfall data collected over the crop season from the 

nearby agricultural weather station.  
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3.13.2 Economic analysis 

Economic analysis was carried out according to the procedure described by CIMMYT 

(1988). Input costs of seed, machine for land preparation, hired human labor for weed 

control, harvesting, threshing, irrigation application and time to complete for an 

individual field operation per ha, all were taken into account and estimated on approved 

market rates as fixed by Director farm, Agriculture University, Faisalabad –Pakistan. 

Support price as announced for rice by Govt. of Pakistan was used to calculate the gross 

incomes while net income was expressed as the difference between gross income and 

total cost. For system productivity calculation rice grain yield produced each year was 

considered.  

3.14. Weather data 

The weather conditions i.e. temperature, rainfall, relative humidity and pan evaporation 

of the whole crop season collected from nearby metrological station located at 5 Km from 

the experimental location are given in the Fig. 3.1 The weakly mean values for each of 

these have been presented: 

3.15. Statistical Analysis 

Data for Experiment No. 1 was analyzed using statistical software package MSTAT-C 

(Freed and Scott, 1986) by Fisher’s analysis of variance technique to test the significance 

while treatment means were compared by Tukey’s test using honest significant difference 

(HSD) value at P <0.05 (Steel et al., 1997). Microsoft Excel program was used to present 

data graphically and correlation and regression analysis was carried out to establish a 

relationship between various traits. For Experiment No. 2, data was analyzed using 

advanced statistical package R version 3.1.0 (R Core Team, 2012) and analysis was 

conducted for production systems, Zn treatments and their interactions. Pre-determined 

single degree of freedom contrasts were used for mean separation of Zn treatments and 

their interaction with production systems to determine their response.  
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Fig.: 3.1 Meteorological conditions of the paddy during 2008-09; (a) RF; Rainfall (mm 

day-1), (b) PE; Pan Evaporation (mm day-1), (c) Temp; Temperature (°C), (d) RH; 

Relative humidity (%) during whole crop season from sowing up to harvesting.
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Chapter 4 

 

Field experiments were conducted to monitor the N-Zn dynamics in different rice 

production systems in terms of seedling establishment, plant growth, photosynthetic 

pigments, yield, kernel quality, and systems water productivity and benefit: cost ratio. 

Results obtained are presented and discussed in the following lines. 

General weather and agro-hydrological conditions of experimental site: 

The average temperature in July was high (33.3°C/day) during 2009 than 2008 (32.7 

°C/day) concomitantly followed by low humidity (48.1%/day) and high pan evaporation 

(7.7 mm day-1) respectively. Similalry, high rainfall was received during July (1.73 mm 

day-1) than 2008 (1.34 mm day-1). However, temperature was minimum in Oct-Nov (28.6 

& 22.5°C/day) during 2009 than 2008 (29.6 & 26.5°C/day) due to which less solar 

radiations might be received during 2009 than 2008. Total average rainfall received 

during 2008 was also maximum (323.2 mm) than 2009 with average 190.5 mm rainfall 

(Fig. 3.1). Variability for total irrigation supply was also found and water inputs (rainfall 

+irrigation inputs) were high during 2008 i.e. 14146, 12146 and 13732 m3 ha-1 in 

transplanting under continuous flooding conditions (TPR), alternate wetting and drying 

(AWD) and direct seeded rice (DSR) conditions. During 2009, irrigation water inputs in 

rice systems were 11655, 11655 and 9796 m3 ha-1 less than 2008. Based on irrigation 

water supply and weather conditions, 2008 was considered as “wet season”, favorable for 

rice growth and yields than 2009 with low yields and therefore considered as “dry” 

season.  

4.1. Experiment No. 1 

“N Dynamics as affected by Split N Application in Different Rice Cultures” 

4.1.1 Seedling Establishment 

Earlier, uniform and synchronized emergence is pre-requisite for vigorous stand 

establishment in direct seeded rice. Soil incorporation of nitrogen (N) before seeding had 

significant effect on crop stand in direct seeded rice. For rice growing seasons, earlier and 

increased seedling emergence was observed during 2009 than 2008. Application of one-
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half (½) N as basal delayed the seedling emergence and total emergence per unit area was 

observed less than one third (1/3) N but comparatively emerged earlier and improved 

final emergence per unit area (m-2) (personal observation).  

4.1.2 Plant Growth and Development 

4.1.2.1 Total dry matter production (kg ha-1) 

Influence of various N splits on total dry matter (TDM) production was significant 

between the seasons and production systems (Table 4.1 & 4.11 in appendices of 

experiment No. 1). Highest dry matter was produced during 2008 than 2009 and increase 

in TDM was linear with highest recorded in DSR followed by AWD and low in nursery 

transplanted rice during both seasons (Fig. 4.1.1). Among interactions, highest dry matter 

was produced at final harvest (116 days after sowing, DAS) for three N splits 

(1/2B+1/4T+1/4An) in TPR, AWD and for two splits ½ (B+An) in DSR during 2008. 

This increase in TDM was followed by two equal splits (1/2) of N each applied at 

basal+anthesis, tillering+anthesis) in TPR, AWD and for three equal   splits 

1/3(B+T+An) in DSR respectively.  

During 2009, maximum dry matter was recorded for three equal N splits each applied 1/3 

at B, T and An in TPR and for two equal splits ½ (basal+anthesis) in AWD at final 

harvest (104 DAS). Howevere, like 2008, maximum dry matter was recorded for two 

eqial N splits ½ each at basal+anthesis in direct seeded rice (Fig. 4.1.1). 

4.1.2.2 Leaf area index (LAI) 

Effect of N splits on leaf area index (LAI) was found significant at 116 DAS in 2008, at 

76, 90 and 97 DAS during 2009 in each rice production systems and their interactions 

(Table 4.2 & 4.12 in appendices of experiment No. 1). Highest LAI was recorded at 90 or 

96 DAS and then declined to minimum at 116 or 104 DAS for each rice system during 

both years respectively. Between the seasons, higher LAI values were observed in 2009 

than 2008 and among the rice systems, comparatively higher LAI was recorded in direct 

seeding and TPR in 2008 and for TPR and AWD in 2009 respectively. Among different 

N splits, maximum LAI was recorded for three N splits (1/2B+1/4T+1/4An) in TPR and 

for two equal splits each at basal and panicle initation (1/3 B+1/3 An) in AWD and DSR 

respectively. These LAI values were followed by two (1/2), three (1/2+1/4+1/4) and three  
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Fig. 4.1.1 Influence of N split application on total dry matter accumulation (TDM) 
in rice production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the 
difference among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis 
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Fig. 4.1.2 Influence of N split application on leaf area index (LAI) in rice production 
systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference among the 
treatments 
TPR= Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis
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equal (1/3) splits each at tillering and anthesis and at basal, tillering and anthesis in TPR, 

AWD and DSR respectively during 2008. 

During 2009, maximum LAI was recorded for three and two equal N splits each 

applied at 1/3 (B+T+An), ½ (T+An) and ½ (B+An) in TPR, AWD and DSR respectively. 

These LAI values were followed by two (1/2) or three (1/3) equal N splits each applied at 

B+An, B+T+An for TPR and AWD while for three splits (1/2+1/4+1/4) at B+T+An in 

DSR (Fig 4.1.2).   

4.1.2.3 Leaf area duration (LAD) [days] 

Leaf area duration was affected by production systems, different N splits and their 

interaction found significant during both years (Table 4.3 & 4.13 in appendices of 

experiment No. 1). LAD was highest in 2009 than 2008. Among the production systems, 

maximum LAD was recorded in alternate wetting and drying and transplanted rice 

system during 2008 and 2009 respectively (Fig 4.1.3). Among different N splits, 

maximum pre- and post-anthesis LAD was recorded for three N splits 

(1/2B+1/4T+1/4An) in TPR, AWD and for two equal (1/2) splits each applied at B+An in 

DSR during 2008.  

During 2009, maximum LAD was found for three equal N splits 1/3 (B+T+An) at 

90 DAS in TPR and was followed by three N splits (1/2 B +1/4 T +1/4 An) at 90 and 97 

DAS. In AWD and DSR, highest LAD was found for two equal N (1/2) splits each at 

T+An and B+An respectively. However, these LAD values were followed by two equal 

N splits (1/2) B+An at 90 DAS and for three N splits (1/2+1/4+1/4) at 97 DAS in TPR, 

and for three equal (1/3)B+T+An splits from 76 to 97 DAS in AWD and for three N 

splits (1/2B+1/4T+1/4An) at 76, 83 and 90 DAS and was similar for LAD at 97 DAS in 

DSR respectively (Fig 4.1.3). 

4.1.2.4 Crop growth rate (CGR) [g m-2 d-1] 

Application of N splits at different crop stages showed variation over seasons for crop 

growth rate in rice systems and was significant at different crop harvests among systems, 

N splits and their interactions except for 83 DAS for N splits during 2009 (Table 4.4 & 

4.14 in appendices of experiment No. 1). Crop growth rate was high in 2008 than 2009. 

Among the rice systems, highest CGR was found in DSR, AWD and TPR during 2008 

and was similar between AWD and TPR but less in DSR during 2009 respectively (Fig 
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4.1.4).  During 2008, maximum pre- and post-anthesis CGR was found for three N splits 

(1/2+1/4+1/4) in TPR and for two (1/2) or three (1/3) equal N splits each applied at 

B+T+An and B+An in AWD and DSR respectively. However, this increase in CGR was 

followed by two equal N (1/2) B+An splits in TPR, for three splits (1/2+1/4+1/4) applied 

at B+T+An in AWD and (1/3) B+T+An in DSR rice systems. Nonethless, CGR increased 

upto 90 DAS and then decreased after 97 DAS in each rice system during 2009. 

Maximum CGR in TPR was found for three equal (1/3) splits in TPR, two equal (1/2) 

splits each at B+T and B+An in AWD and DSR at 90 DAS. This increase in CGR was 

followed by N splits each at B+T in TPR, for three (1/3) equal splits each at B+T+An in 

AWD and was similar for two ½(T+An) and three (1/2B+1/4T+1/4An) N splits in DSR 

respectively (Fig 4.1.4).  

 4.1.2.5 Net assimilation rate (NAR) [gm-2 d-1] 

Response was variable among N splits at different harvests for NAR in different rice 

production systems and was non-significant among production systems and N splits 

during 2009. However, their interaction was significant during both growing seasons 

(Table 4.5 & Table 4.15 in appendices of experiment No. 1). Crop net assimilation rate 

was high in 2009 than 2008 and among rice systems, maximum NAR at pre- anthesis 

stage was found in TPR and post-anthesis NAR was non-significant in 2008. During 

2009, maximum NAR was also found at 90 DAS in TPR and low in DSR (Fig 4.1.5).  

During 2008, highest pre- and post-anthesis NAR was found for three N splits 

(1/2+1/4+1/4) each at B+T+An in TPR and AWD and for two equal splits each at 

½(B+An) in DSR. These values for NAR were followed by two N splits ½(T+An) in 

TPR, for B+An in AWD and by three equal splits 1/3(B+T+An) in DSR respectively. 

Likely, during 2009, maximum NAR was found at 90 DAS for N applied in three equal 

splits 1/3(B+T+An) in TPR and for two equal splits ½(T+An) and (B+An) in alternate 

wetting and drying and direct seeded rice systems respectively. Nonetheless, this increase 

in NAR was followed by three N splits (½B+1/4T+1/4An) at 76, 83 DAS and for two 

equal (1/2) splits at 90, 97 DAS in TPR, for three splits (1/3) each at B+T+An in AWD 

and for two equal splits (1/2) each at T+An at 76, 83 and 90 DAS in DSR respectively 

(Fig. 4.1.5). 
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Fig. 4.1.3 Influence of N split application on leaf area duration (LAD; days) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis
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Fig. 4.1.4 Influence of N split application on crop growth rate (CGR; g m-2d-1) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis
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Fig. 4.1.5 Influence of N split application on net assimilation rate (NAR; g m-2d-1) in 
rice production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the 
difference among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis
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4.1.2.6 Chlorophyll (Chl) contents "a and b" (μg mL-1 of fresh wt.) 

Chl (a & b) contents were significantly affected by rice production systems when N was 

applied in splits at different crop stages. During both years, effect was significant for Chl 

contents among production systems, Zn treatments and their interaction at different 

harvests except for Chl a when effect was in-significant for production systems at 96 

DAS in 2008 and at 76, 90 DAS in 2009 (Table 4.6, 4.7 & Table 4.16, 4.17 of experiment 

No. 1). Increase in Chl contents was linear and among the rice systems, the order of 

increase was AWD>DSR>TPR in 2008 and TPR>AWD>DSR for 2009 respectively 

(Fig. 4.1.6 a & b).  

Maximum Chl 'a & b' contents were found for N applied in three splits 

(1/2B+1/4T+1/4An) in TPR, AWD and for two N splits one-half each at basal and 

anthesis in DSR respectively during 2008. This increase in Chl contents was followed by 

two equal N splits each at ½ (T+An), ½ (B+An) in TPR, AWD and for three N splits 

each at 1/3(B+T+An) in DSR respectively. During 2009, maximum Chl 'a & b' contents 

were found for three N splits (1/3)B+T+An followed by two N splits ½(B+T) in TPR, for 

½(B+T) in AWD and for two equal N splits ½ (B+An) in DSR respectively (Fig. 4.1.6 a 

& b). 

4.1.2 Discussion 

 Application of N in different splits in rice production systems improved the total dry 

matter accumulation, growth and chlorophyll contents during both the seasons (Fig. 

4.1.1-4.1.6). High dry matter accumulation was observed in direct seeded rice than AWD 

and TPR during both years (Fig. 4.1.1). Improved dry matter production with N applied 

in splits particularly at anthesis stages have been reported in DSR under aerobic 

conditions due to timely availability of N and high nitrogen use efficiency (Sathiya and 

Ramesh, 2009; Mahajan et al., 2011). Earlier start of tillering, strong root activity from 

vigorous crop stand in direct seeded crop might accumulated more biomass than TPR and 

AWD where delayed tillering and reduced root growth occurs due to transplanting shock 

(Sanoh et al., 2004). Direct seeded crop also utilizes nutrients more efficiently (De Datta, 

1986b) and availability of both NO-
3-N and NH+

4-N during early growth stages improve 

the root and shoot growth under aerobic soil conditions and increases tiller formation  
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Fig. 4.1.6a: Influence of N split application on Chl "a" (μg mL-1 of fresh 
weight) in rice production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE 
bars shows the difference among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; 
DSR=Direct seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis
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Fig. 4.1.6b: Influence of N split application on Chl "b" (μg mL-1 of fresh 
weight) in rice production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE 
bars shows the difference among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; 
DSR=Direct seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis
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(Lin et al., 2005) (Table 4.1.3). Increased N uptake under aerobic soil conditions and 

maintainenance of balance between the N demand and supply for leaf growth results in 

rapid leaf expansion in early vegetative stages (Sinclair and Muchow, 1995) and 

utilization of more radiations resulted in increased pre-anthesis crop growth rate and 

accumulation of more dry matter in direct seeded rice of present study (Bouman et al., 

2006; Katsura et al., 2010) (Figs 4.1.4 & Fig. 4.1.1). High dry matter accumulation in 

AWD than TPR (Fig. 4.1.1) might resulted due to increased root growth which favor N 

uptake (Borrell et al., 1997; Takeshi et al., 2005) and rapid growth in pre-anthesis 

produced more tillers and increases photosynthetic activity, reduce leaf conductance, 

increases root cytokinin levels and high activity of starch synthesis metabolism enzymes 

under high soil redox potential in AWD (Yang et al., 2007; Lin et al., 2005). Khind and 

Ponnamperuma (1981) also recorded increased vegetative growth, N uptake with N 

application and reported that soil drying does not reduce tiller formation process under 

AWD conditions. However, our results are contrary to Cabangon et al.  (2004) who 

reported similar biomass production by different split N applications in TPR and AWD 

rice system. Increased tillering density rapidly increased LAI, pre- and post-anthesis 

CGR with less LAD, NAR and Chl contents for two equal (1/2) N splits each at basal and 

anthesis or three splits at basal (1/2), tillering (1/4) and anthesis (1/4) (Fig. 4.1.2 to 4.1.6) 

under direct seeded condition during both seasons. DSR crop had higher LAI due to more 

rapid formation of tillers and split application of N at critical crop stages is reported to 

increase plant N uptake, crop growth rate and chlorophyll contents (Dingkuhn et al., 

1991; Mahajan et al., 2011) as found in our experiments  (Fig. 4.1.6 a & b). However, 

during 2009, TPR crop performance in terms of growth was better for three equal (1/3) N 

splits at basal+tillering+anthesis than DSR. Reduced LAI under aerobic condition is 

associated with reduced biomass, less foliage and chlorophyll contents N than TPR 

(Beldar et al., 2005b; Dingkuhn et al., 1991). Moreover, early and rapid growth under 

DSR might result in excessive vegetative growth with reduced photosynthetic rate at later 

crop stages due to reduced leaf N concentration (Dingkuhn et al., 1991; Schnier et al., 

1990a). Nonetheless, increased dry matter production, LAI, pre-and post anthesis CGR, 

LAD, NAR and Chl in alternate wetting and drying rice system during 2008 with 

application of three splits at basal (1/2), tillering (1/4) and anthesis (1/4) might be the 
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result of  increased NH3
--N contents (Fig. 4.1.8 b) at later growth stages. Improved crop 

performance by three split application in AWD due to increased leaf N contents results 

from high root activity and root sourced cytokinins which might delayed the leaf 

senescence (Pillai and De, 1997; Yang et al., 2002; Soejima et al., 1995; Ookawa et al., 

2004) as indicated by high leaf Chl contents in our study (Fig. 4.1.6 a & b). Improved 

leaf area index, crop growth rate and Chl contents are reported for N split application due 

to high leaf elongation rate and high light interception by the crop canopy (Lin et al., 

2005; Thakur et al., 2011). Qinghua et al. (2002) also found increased Chl contents at 

tillering or panicle initiation stages in rice under intermittent irrigation than direct seeded 

crop with less Chl contents. 

4.1.3 Total plant N contents and its accumulation in different parts (leaf, shoots and 

panicle) 

Total plant, leaf, shoot and panicle N contents were significantly affected by splitting N 

at different developmental stages in rice production systems as evident from interactions 

found between them (Table 4.8 & 4.18 in appendices of experiment No. 1). A decreasing 

trend was observed in plant N after 96 and 97 DAS in 2008 and 2009 respectively (Fig. 

4.1.7). Maximum plant N and in different parts (leaf, shoot and panicle) was found in 

2009 than 2008 and among the production systems, maximum total plant N was found in 

DSR than flooded or alternate wetting and drying system in 2008 and in TPR during 

2009. Among N splits, maximum total plant N was found at 96 DAS for three N splits 

(1/2B+1/4T+1/4An) in TPR and AWD and for two equal splits ½(B+An) in direct seeded 

rice during 2008. However, at 96 DAS these N contents were followed by two equal 

splits T+An and B+T similar to each other and at 106 DAS in TPR, for three equal (1/3) 

splits (B+T+An) in AWD at 96, 106 and at 116 DAS in DSR (Fig. 4.1.7).  

During 2009, maximum plant N was observed for three splits 1/3(B+T+An) at 76, 

83 and 90 DAS and in leaf, shoot and panicles at 97 and 104 DAS in TPR. In AWD and 

DSR, maximum plant, leaf, shoot and panicle N was recorded at different plant harvests 

after 76 DAS for two equal N splits ½(B+T) and (B+An) respectively. This increase in 

plant N was followed by three N splits applied at basal (½), tillering (1/4) and anthesis 

(1/4) in TPR, for two splits (1/2B+1/2An), (1/2B+1/2T) in AWD at 76, 83 and 90 DAS, 

for three splits (1/2B+1/4T+1/4An) at 97 and 104 DAS in DSR respectively (Fig. 4.1.7).            
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4.1.3 Discussion: 

Different N splits had great influence on fertilizer uptake efficiency and crop yield in 

rice. Total plant N was high in DSR than TPR and AWD during 2008; however order 

was reverse in 2009 (Fig. 4.1.7). Establishment of better root system during early growth 

might improve the plant N uptake with basal applied fertilizer due to increased soil N 

contents (Fig. 4.1.7). High plant N uptake during early stages might be reflected in terms 

of rapid increase in LAI and high biomass production (Fig. 4.1.1 & 4.1.2). During early 

vigorous growth period, improved plant N uptake under aerobic conditions maintained 

high soil NO3
--N contents which might reduced the risk of N losses due to dentirification 

or leaching. Moreover, during early growth stages, rice had high capacity to absorb 

NH4
+-N and simultaneously NH4

+-N+NO3
--N than either of NH4

+-N or NO3
--N alone 

improves the plant growth under aerobic condition (Kronzucker et al., 1999; Lin et al., 

2005). Similarly, high plant N uptake have been reported under direct seeded rice when 

applied at anthesis under split N application (Wang et al., 2001; Mahajan et al., 2011). 

The reason might be the rapid uptake and quick utilization of N applied at anthesis due to 

extensive root system (Bufogle et al., 1997) and increased availability of mineral soil N 

i.e. NH4
+-N and NO3

--N  at this stage (Fig. 4.1.8 a & b). Rice crop have high N 

requirement during early to mid tillering and anthesis (Dobermann and Fairhurst, 2000). 

Improved fertilization with three N splits also increased the total plant N contents in 

AWD and TPR but difference duri;ng the seasons might be the result of water stress 

experienced during AWD cycles that restricted the N uptake during late growth stages 

instead of maintenance of high soil NO3
- contents (Fig. 4.1.8b). Application of three N 

splits increased total plant or leaf, stem and panicle N contents in TPR than AWD (Fig. 

4.1.7). Cabangon et al. (2004) reported increased plant N uptake with increasing N splits 

in TPR than AWD but uptake was non-significant at 5% probability (Cabangon et al., 

2004) as found in our experiments with similar plant N contents at 106 or 116 DAS in 

2008 (Fig. 4.1.7). Beyrouty et al. (1994) explained the reasons for difference that 

occurrence of water stress during the drying cycles of AWD might reduced the crop N 

demand and increased redox potential resulted in N losses due to nitrification-

denitrification or volatilization (Cabangon et al., 2004) and this correspond with findings 

in our experiment. While low plant N in DSR than TPR during 2009 (Fig. 4.1.7) also 
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corresponds to Dingkuhn et al. (1991) and Beldar et al. (2005b) in which N application 

improved plant biomass, LAI but reduced leaf or total plant N contents in DSR than TPR 

under flooded conditions. This might be due to limited water availability instead of N in 

their experiments as found in our experiment (Fig. 3.1). Likely the difference between 

TPR and AWD for total plant N and leaf N in 2009 can be explained by high soil NH4
+-N 

contents (Fig. 4.1.8 a). High N uptake, crop recovery and leaf N content at panicle 

initiation and flowering stages under TPR were comparable than alternate wetting and 

drying conditions (AWD) when N was top dressed at these crop stages (Pillai and De, 

1997; Fig. 4.1.7). Nonetheless, split application of N at basal, tillering and anthesis 

ensured the optimum leaf N contents i.e. greater than 2% at panicle initiation or heading 

stages required to maintain higher photosynthetic activity (Yoshida, 1981; Fig. 4.1.7). 

Nonetheless, decreasing order found in total plant or leaf N contents in each of the rice 

system in our experiment corresponds with Beyrouty et al. (1994) and Prasertsak and 

Fukai (1997). They found that maximum N uptake occur at panicle initiation or flowering 

and remain unaffected onwards. The decrease in foliage N concentration in direct seeded 

rice at different developmental stages after crop establishment can be explained due to 

earlier onset of growth and high plant density causing the tissue N dilution (Dingkuhn et 

al., 1990b; Schnier et al., 1990b). 
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Fig. 4.1.7: Influence of N split application on plant N contents (%) and its 
distribution (L=leaf; S=stem; P=Panicle) in rice production systems in 2008 (a, b, c)  
and 2009 (d, e, f). ±SE bars shows the difference among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis
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4.1.4 Soil NH4
+-N and NO3

--N contents 

N application in different splits had significant effect on the soil NH4
+-N and NO3

--N 

contents in different rice systems during both seasons (Table 4.9, 4.10 & 4.19, 4.20). Soil 

NH+
4-N contents were more predominant in 2009 than 2008 in addition to high NO3

--N. 

Among the production systems, soil NH4
+-N contents were high in 2009 than 2008 in 

TPR and soil NO3
--N contents were high under AWD and DSR conditions irrespective of 

N application stage and sampling time (Fig. 4.1.8 a & b). Among N splits, high NH4
+-N 

to NO-
3-N contents were found for three N splits (1/2B+1/4T+1/4An) at 96 or 106 DAS 

and decreased at 116 DAS in TPR, for two equal N splits ½(B+An) in AWD, high NO3
--

N to NH4
+-N ratio was found at 96 DAS and high NO-

3-N contents for three equal N 

splits 1/3(B+T+An) at 106 DAS. High and equal ratio of NO3
--N/NH4

+-N with two N 

splits 1/2(B+An) at 96 DAS and high NO3
--N contents for all N splits were found in 

direct seeded rice at 106 and 116 DAS during 2008 (Fig. 4.1.8 a & b).     

Similarly, high soil NH4
+-N and NO3

- -N contents were found for three N splits 

1/3(B+T+An) at 83, 90 and 97 DAS followed by three splits (1/2B+1/4T+1/4An) in TPR, 

and high NO3
—N contents for two equal N splits ½(B+T) followed by three splits 

1/3(B+T+An) in AWD.  Howevere, high NO3
--N and NH4

+-N were recorded in direct 

seeded rice when N was applied in two equal splits at ½ (B+An) and ½(T+An) at 76, 83 

and 90, 97 DAS for 2009 respectively (Fig. 4.1.8 a & b).                 

4.1.4 Discussion 

Split application of N increased the nitrogen use efficiency (NUE) in different rice 

systems by synchronizing soil supply with crop demand. High soil NH4
+-N contents were 

found for TPR in 2009 than 2008 as compared to AWD and DSR having high soil NO3
--

N contents. Nonetheless, NO3
--N/NH4

+-N was also produced in considerable amount 

under TPR, AWD and DSR conditions (Fig. 4.1.8 a & b). Under submerged conditions, 

more NH4
+ is produced than field capacity with NO3

--N but its availability under altered 

water supply fluctuates (Tusneem and Patrick, 1971). The formation of respective N 

forms depends on irrigation supplies to flooded rice (Buresh and De Datta, 1991; George 

et al., 1992) but due to dwindling water supplies across the seasons (Fig. 3.1), the 

experimental soils were exposed to shallow water depths. If there is longer the duration 

of flooding or re-flooding, likely there will be higher accumulation of respective mineral 
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N form provided the crop or soil N losses are minimal. Increased availability of NO3
--N 

was found under TPR in our experiment might be the result of increased nitrification 

process (Duan et al., 2007) and the applied N fertilizer due to increased soil aeration 

might converted into NO3
--N (Ponnamperuma, 1985). But residual soil fertilizer N under 

TPR, AWD or DSR at harvesting was low (Table 3.2) which indicates that most of 

applied N fertilizer might be lost through leaching or other gaseous emissions (Tao, 

2004). While high NO3
--N contents under AWD (Fig. 4.1.8 a & b) showed that aerobic-

anaerobic conditions depressed the soil NH4
+ contents (Khind and Ponnamperuma, 1981). 

Moreover the presence of NH4
+ contents under AWD or DSR conditions indicate that 

experimental soils were not aerobic or remained at field capacity or under shallow water 

tables. Nonetheless, topdressing of N in different splits increased the soil mineral or NO3
-

-N/NH4
+-N contents in all the three rice systems (Fig. 4.1.8 a & b). High NH4

+-N to NO3
-

-N or NO3
--N to NH4

+-N contents in TPR or AWD by three splits at transplanting (1/2), 

tillering (1/4) and anthesis (1/4) and for two equal (1/2) splits at basal and anthesis  under 

DSR conditions indicates improved NUE (Tao, 2004) and its availability with crop 

demand. Our results are in accordance with Tao (2004) in which they reported that 

application of split N and reduction of basal dose and then its application at tillering and 

panicle initation improves the mineral N contents, plant uptake and its utilization 

efficiency under lowland conditions. Pillai and De (1997) also found that high soil 

ammonical and mineral N content under shallow submergence than AWD with 

comparatively high nitrate contents. Moreover, N uptake and apparent recovery was also 

high with topdressing of N at tillering or anthesis (Table 3.2 Materials & Method 

Section). The decreased N recovery at final harvest under direct seeded rice is also in 

accordance with Beldar et al. (2005b) in which they reported low apparent N recovery 

under aerobic conditions.  However, the measurement of soil water potential or redox 

potential may explain the actual N transformation pathways under these rice systems. 
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Fig. 4.1.8a: Influence of N split application on soil NH4
+-N contents (mg kg-1) in rice 

production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis
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Fig. 4.1.8b: Influence of N split application on Soil NO3
--N contents (mg kg-1) in rice 

production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis
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4.1.5 Plant Water Relations 

4.1.5.1 Leaf water potential (Ψw) {-MPa} 

Leaf water potential varied with N split application in rice production systems and 

between the seasons. Water potential was high during 2008 than 2009 and among the 

production systems; little variation was found for leaf water potential in TPR with 

different N treatments and more reduction of water potential occurred in AWD and DSR 

in both seasons (Fig. 4.1.9 a). Leaf water potential was reduced for three N splits applied 

at (1/2B+1/4T+1/4An) in AWD and in DSR for two N splits each applied at 1/2(B+An) 

at 96 DAS. These reduced leaf water potential was followed by N top dressed at 

1/2(B+An) and at 1/3(B+T+An) in AWD and DSR respectively. During 2009, consistent 

and uniform but decreased water potential in TPR was observed at each sampling when 

three N splits 1/3(B+T+An) were applied in AWD and for two N splits each 1/2(B+T) 

and 1/2(T+An) with decrease at 83 DAS in DSR respectively. However, this decreased 

leaf water potential was similar for N splits applied at basal (1/2) and tillering (1/2) in 

TPR, for all other N splits in AWD at 97 DAS while for N applied at seeding (1/2), 

tillering (1/4) and anthesis (1/4) each at 90 and 97 DAS in DSR respectively (Fig. 4.1.9 

a). 

4.1.5.2 Osmotic potential (Ψs) {-MPa} 

Response to osmotic potential also varied by N application at different crop stages and 

rice production systems in both seasons. More decrease in osmotic potential was 

observed in 2008 than 2009. Among the production systems, decrease in osmotic 

potential was in order of AWD>DSR>TPR and TPR>DSR>AWD respectively (Fig. 

4.1.9 b). During 2008, decrease in osmotic potential was more for two N splits applied at 

basal, tillering and basal, anthesis in TPR, for N applied (1/3) each at basal, tillering and 

anthesis, and tillering, anthesis in AWD. And in case of DSR for two N splits each 

applied at basal, tillering and tillering, anthesis at 96, 106 and 116 DAS respectively. 

Likely, decreased osmotic potential was recorded in N applied at transplanting (1/3), 

tillering (1/3) and anthesis (1/3) at 90 and 97 DAS and were similar to each other and 

remaining treatments at 76, 83 DAS in TPR. In case of AWD, osmotic potential 

decreased to minimum for three N splits 1/3 each applied at basal, tillering and anthesis 

and for two equal (1/2) splits at basal and anthesis at 83, 90 and 97 DAS while for three 
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N splits each at 1/3(B+T+An), for two splits 1/2(B+T) and (1/2(T+An) at 76, 83, 90 and 

with more decrease in osmotic potential at 97 DAS in DSR respectively (Fig. 4.1.9 b).       

4.1.5.3 Turgor potential (Ψp) {-MPa} 

Turgor potential varied with N applications and rice production systems and response 

was significant between the years. Turgor potential values were high during 2008 and 

decline was observed in 2009 (Fig. 4.1.9 c). Among the production systems, decrease in 

turgor potential was found for TPR, DSR and high for AWD during 2008 and high for 

TPR and low in case of AWD and DSR during 2009. More decrease in turgor potential in 

TPR was recorded for three N splits (1/2B+1/4T+1/4An), two splits (1/2T+1/2An), 

applications as 1/2B+1/4T+1/4An, 1/2B+1/2An in AWD and for two N splits 

1/2B+1/2An in DSR during 2008 at 96, 106 and 116 DAS. However, in 2009, decrease in 

turgor potential was recorded for two N splits 1/2B+1/2An at 76, 90 and 97 DAS in TPR, 

for 1/2B+1/2T from 76 to 97 DAS in AWD and for two splits 1/2B+1/2An at 76 to 97 

DAS in DSR respectively (Fig. 4.1.9 c) 

4.1.5 Discussion: 

Plant water relations were affected by N split application at different crop stages in rice 

production systems. Water potential was lower in AWD or DSR than TPR with 

application of N in different splits (Fig. 4.1.9 a). Soil drying with repeated wetting and 

drying reduces leaf water potential in DSR under aerobic or saturated soil conditions than 

TPR under flooded conditions (Nguyen et al., 2009). Matsuo and Mochizuki (2009) also 

found more decrease in water potential under aerobic soil conditions than TPR or AWD 

which had average high values for water potential. Low leaf water potential was 

decreased with N application under irrigated and water stress condition in rice. However, 

this decrease was less without N application and occurred more with low or high N 

application (Yang et al., 2001). Decrease in leaf water potential and high osmotic 

adjustment with N split application had been reported in rice (Yambao and O'Toole, 

1984; Prasertsak and Fukai, 1997) similar as found in our experiments with more 

decrease in ψs and ψp with three or two N split applications due to maintenance of  
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Fig. 4.1.9a Influence of N split application on leaf water potential (-M Pa) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis
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Fig. 4.1.9b Influence of N split application on osmotic potential (-M Pa) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis 
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Fig. 4.1.9c: Influence of N split application on turgor potential (M Pa) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; An=Anthesis
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 high soil NH4
+-N or NO3

--N contents (Fig. 4.1.9 b & c). High osmotic adjustment might 

reflect the accumulation of solutes in plant tissues (Prasertsak and Fukai, 1997) and 

maintenance of turgor under water limited conditions as reported for wheat with N 

application (Morgan, 1986). However, Yang et al. (2001) reported that water use was 

more with better N nutrition in rice and the difference might be due more water loss with 

high N inputs and more surface area for transpiration. Nonetheless, better explanation of 

plant water relation for different rice systems in our experiments can be provided by 

findings of Li et al. (2009) in rice when grown with different ratios of   NH4
+-N or NO3

--

N. They reported that under irrigated conditions NH4
+-N nutrition increases more water 

uptake in rice seedlings than NO3
--N nutrition and decrease in water uptake and xylem 

sap flow was more when supplied with both N forms (Li et al., 2009). This also 

corresponds with our findings with availability of both N forms under AWD or DSR 

conditions due to maintenance of shallow water depths in our experiments in 2008 and 

2009 (Fig. 4.1.8 a & b)  but was high when supplied with ammonium alone. Moreover, 

decreased root hydraulic conductance under nitrate nutrition was more with water stress 

reducing the root water transport in response to transpiration rate (Steudle and Peterson, 

1998). This reduced water uptake and xylem sap flow rate with N nutrition might be the 

result of reduced aquaporins activities and apoplastic barriers development in rice under 

water stress conditions (Li et al., 2009). 

4.1.6. Agronomic and Yield Related Traits 
4.1.6.1 Plant height at maturity (cm) 

Response of plant height to N splits at different crop stages was significant among the 

rice production systems and between the years. Maximum plant height was recorded in 

2008 than 2009 with plants of less height (Table 4.1.1). Interaction (N x PS) showed that 

maximum plant height was recorded for three equal N splits 1/3(basal+tillering+anthesis) 

in DSR and for three splits (½N basal+1/4tillering+1/4anthesis) in TPR and AWD during 

2008. This increase in plant height was followed by two equal (1/2) splits each at basal 

+tillering in TPR and DSR and statistically similar for all other treatments in AWD 

system respectively. Similarly, in 2009, maximum plant height was recorded for three N 

splits (½ basal+1/4 tillering+1/4 anthesis) in TPR and two equal (1/2) N splits each at 
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basal +tillering or basal+anthesis and tillering+anthesis in AWD and DSR respectively 

(Table 4.1.1).  

4.1.6.2 Total number of tillers (m-2) 

Significant difference was found among the production systems (P), N split applications 

(T) and their interaction (T x P) for total tillers produced per unit area (m-2) during 2008 

and 2009 (Table 4.1.2). Higher total tillers per unit area were recorded in DSR followed 

by AWD and TPR during both seasons. Interaction (T x P) showed that maximum total 

tillers were recorded for two equal splits each applied at basal+anthesis in DSR and three 

N splits (½ basal+1/4 tillering+1/4 anthesis) in TPR and AWD rice systems during 2008. 

These increased number of total tillers were followed by three equal N splits 1/3(basal+ 

tillering+anthesis) for AWD and DSR and for two splits (½) each at tillering+ anthesis in 

TPR respectively. During 2009, increased number of tillers were recorded for two equal 

splits ½ (B+An) or ½ (B+T) in DSR and AWD and N applied in three equal splits (1/3) 

(B+T+An) in TPR rice system. This increase in total tillers was followed by three N 

splits (½ basal+1/4 tillering+1/4 anthesis) in TPR, DSR and likely for three equal (1/3) 

splits (basal+tillering+anthesis) in AWD respectively (Table 4.1.2).        

4.1.6.3 Total number of fertile tillers (m-2) 

Influence of N split applications on productive tillers was significant between the N 

treatments, production systems and their interaction for both seasons (Table 4.1.3). 

Between the seasons, higher total fertile tillers were produced during 2008 than 2009 and 

among the rice production systems, significantly maximum productive tillers per unit 

area were recorded for DSR, AWD and TPR during both years respectively.  

Among the interactive effects (T x P), highest fertile tillers were produced when N was 

applied in two equal splits 1/2(basal+anthesis) in DSR, for three N splits (½ basal+1/4 

tillering+1/4 anthesis) in TPR and AWD during 2008. However, in 2009, response was 

somewhat different and higher total fertile tillers were produced when N was applied in 

three equal (1/3) splits each at basal+ tillering+anthesis in TPR, for two equal (1/2) splits 

at basal+tillering and basal+anthesis in AWD and DSR respectively. These were also 

followed by two equal (1/2) splits at basal+tillering in TPR, for three equal (1/3) splits 

each at basal+ tillering+anthesis in AWD and statistically at par with three equal splits (½ 

basal+1/4 tillering+1/4 anthesis) in DSR (Table 4.1.3).  
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Table:4.1.1 Influence of nitrogen application time on plant height (cm) in 

rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

96.00 cd 93.83 e 88.62 g 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

90.92  f 90.83 f 100.2 a 

½ N basal + ½ N tillering 94.81 de 89.67 fg 98.63 ab 

½ N basal dose + ½ N anthesis 88.53 g 91.50 f 94.75 de 

½ N tillering + ½ N anthesis 
90.41 fg 90.67 f 97.22 bc 

HSD at 0.05 T x P=0.36 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

87.89 a 82.48 bcd 80.61 def 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

85.42 ab 82.41 bcd 78.57 ef 

½ N basal + ½ N tillering 83.57 bcd 84.48 abc 77.67  f 

½ N basal dose + ½ N anthesis 85.73 ab 84.25 bc 81.48 cde 

½ N tillering + ½ N anthesis 
82.91 bcd 83.33 bcd 82.40 bcd 

HSD at 0.05 T x P=0.65 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Table: 4.1.2 Influence of nitrogen application time on total number of tillers 

(m-2) in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

385.70 f 416.00 c 435.00 b 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

363.70 i 408.30 d 439.30 b 

½ N basal + ½ N tillering 370.70 gh 383.00 f 403.00 de 

½ N basal dose + ½ N anthesis 365.70 hi 407.70 d 493.00 a 

½ N tillering + ½ N anthesis 
376.00 g 396.30 e 403.30 d 

HSD at 0.05 T x P=1.30 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

271.00 e 244.30 g 293.70 b 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

284.70 c 275.30 d 244.30 g 

½ N basal + ½ N tillering 263.30 f 281.00 c 282.70 c 

½ N basal dose + ½ N anthesis 240.70 gh 242.30 g 301.70 a 

½ N tillering + ½ N anthesis 
237.00 h 273.00 de 274.70 de 

HSD at 0.05 T x P=0.70 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Table: 4.1.3 Influence of nitrogen application time on total number of fertile 

tillers (m-2)  in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

339.30  gh 353.30 e 414.00 b 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

292.70 k 342.30 fg 410.70 b 

½ N basal + ½ N tillering 311.00  j 335.70 h 383.30 d 

½ N basal dose + ½ N anthesis 276.00 l 346.70 f 451.30 a 

½ N tillering + ½ N anthesis 
327.30 i 340.70 fgh 391.00 c 

HSD at 0.05 T x P=1.15 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

233.30 f    226.70 g   263.30 a       

1/3 N basal dose + 1/3 N tillering + 1/3 
N anthesis 

253.70 b      247.00 d      220.70 i 

½ N basal + ½ N tillering 236.00 ef   253.30 bc      238.00 e     

½ N basal dose + ½ N anthesis 225.70 gh  222.70 ghi 264.00 a       

½ N tillering + ½ N anthesis 222.00 hi 249.30 bcd    249.00 cd     

HSD at 0.05 T x P=0.86 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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 4.1.6.4 Panicle length (cm) 

 Effect of split N application on panicle length differed significantly among the 

production systems and N treatments during both years. Maximum panicle length was 

recorded in 2008 than 2009 and among the production systems, maximum and similar 

panicle length was recorded in TPR and DSR followed by AWD in 2008 and for TPR 

and AWD following TPR in 2009 (Table 4.1.4). Effect of N splits on panicle length was 

significant in 2008 than 2009 with non-significant difference. 

Interaction (T x P) showed that maximum panicle length was recorded for three N 

splits (½ basal+1/4 tillering+1/4 anthesis) in TPR and AWD and for two equal splits (1/2) 

at basal+anthesis in DSR statistically similar with each other. In 2009, significantly 

maximum panicle length was found for three N splits (½ basal+1/4 tillering+1/4 anthesis) 

in TPR and for two (1/2) equal splits each at tillering+anthesis in AWD statistically at par 

with other two splits ½(basal+anthesis) or tillering+anthesis in DSR respectively (Table 

4.1.4). 

4.1.6.5 Number of branches per panicle 

Number of branches per panicle was significantly affected by N split applications, 

production systems and their interaction over the seasons. Higher number of branches per 

panicle was found in 2008 than 2009 and among the production systems, more number of 

branches recorded for DSR followed by TPR and AWD in 2008 and maximum for TPR, 

AWD and minimum for DSR in 2009 (Table 4.1.5).  

Among the interactions (T x P), maximum number of branches per panicle were recorded 

when N was applied in two equal (1/2) splits at tillering and anthesis in DSR and for            

three splits (½ basal+1/4 tillering+1/4 anthesis) in TPR and AWD.  This increase in 

number was followed by three equal (1/3) splits at basal+ tillering+anthesis in three 

production system. In 2009, maximum number of branches was found for two N splits 

(1/2) basal+ tillering in AWD that were statistically at par with three N equal splits (1/3) 

each in TPR and for two (1/2) equal splits at basal+anthesis in DSR (Table 4.1.5).                

4.1.6.6 Number of kernels per panicle 

Effect of N split application on number of kernels per panicle was significant among the 

N treatments, production systems and their interaction over the seasons. Higher kernel 

numbers per panicle were recorded in 2008 than 2009 and among the production systems, 
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maximum number of kernels per panicle was found for TPR followed by AWD and DSR 

in both 2008 and 2009 (Table 4.1.6).  

Among different interactions, maximum number of kernels were recorded when 

N applied in two equal (1/2) splits each at basal+anthesis and statistically at par for three 

N splits (½ basal+1/4 tillering+1/4 anthesis) in TPR and followed by three splits (½ 

basal+1/4 tillering+1/4 anthesis) in AWD and two equal (1/2) splits each at 

basal+anthesis in DSR during 2008. During 2009, maximum number of kernels was 

recorded for two equal N splits at ½ (basal+tillering) in TPR and AWD and for two equal 

splits ½ (basal+anthesis) in DSR respectively. However, increased number of kernels for 

two splits were statistically similar to three N splits (½ basal+1/4 tillering+1/4 anthesis) 

in TPR (Table 4.1.6). 
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Table: 4.1.4 Influence of nitrogen application time on panicle length (cm) in 

rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

27.17  a 25.50 abc 24.38 bcd 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

25.67 ab 23.50 cde 25.46 abc 

½ N basal + ½ N tillering 26.07 ab    20.33 f 25.47 abc 

½ N basal dose + ½ N anthesis 25.63 ab 22.67 de 26.13 ab 

½ N tillering + ½ N anthesis 
25.72 ab 21.67 ef 25.29 abc 

HSD at 0.05 T x P=0.38 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

25.57 a 24.49 abcd 21.87  f 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

25.24 ab 24.35 abcd 22.98 def 

½ N basal + ½ N tillering 24.45 abcd 24.93 abc 22.27 ef 

½ N basal dose + ½ N anthesis 23.20 cdef 24.20 abcd 24.32 abcd 

½ N tillering + ½ N anthesis 
23.69 bcde 24.92 abc 24.04 abcd 

HSD at 0.05 T x P=0.32 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Table: 4.1.5 Influence of nitrogen application time on number of branches per 

panicle in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

9.77 bcde 9.67 bcde 9.40 bcdef 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

9.30 cdef 9.33 cdef 10.30 ab 

½ N basal + ½ N tillering 9.00  ef 8.67 f 10.07 abcd 

½ N basal dose + ½ N anthesis 9.45 bcdef 9.17 def 10.10 abc 

½ N tillering + ½ N anthesis 
8.63 f 8.67 f 10.93 a 

HSD at 0.05 T x P=0.17 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

8.47 abc 8.00 abc 7.73 bc 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

8.60 ab 7.80 abc 7.63 c 

½ N basal + ½ N tillering 8.08 abc 8.73 a 7.76 bc 

½ N basal dose + ½ N anthesis 8.24 abc 8.07 abc 8.33 abc 

½ N tillering + ½ N anthesis 
7.90 abc 8.20 abc 7.63 c 

HSD at 0.05 T x P=0.18 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Table: 4.1.6 Influence of nitrogen application time on number of kernels per 

panicle in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

130.30 ab 123.30 de 118.00 fg 

1/3 N basal dose + 1/3 N tillering + 1/3 
N anthesis 

126.60 cd 119.30 fg 118.70 fg 

½ N basal + ½ N tillering 127.00 bcd 117.30 g 117.80 g 

½ N basal dose + ½ N anthesis 131.40  a 121.70 ef 120.30 efg 

½ N tillering + ½ N anthesis 
129.90 abc 118.70 fg 117.80 g 

HSD at 0.05 T x P=0.69 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

114.40 a 103.50 de 97.27 gh 

1/3 N basal dose + 1/3 N tillering + 
1/3 anthesis 

108.70 b 101.50 ef 95.90 h 

½ N basal + ½ N tillering 116.50 a 116.90 a 97.27 gh 

½ N basal dose + ½ N anthesis 106.50 bc 103.70 cde 104.8 cd 

½ N tillering + ½ N anthesis 
105.10 cd 101.80 ef 98.97 fg 

HSD at 0.05 T x P= 0.53 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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 4.1.6.7 Number of sterile spikelets per panicle 

Effect of N split applications on spikelet sterility was variable among treatments, rice 

cultivation systems and interaction for both years. Between the years, reduced spikelet 

sterility was recorded in 2008 than 2009. Among rice production systems, less number of 

sterile spikelets per panicle were found in AWD during 2008 and for DSR in 2009 while 

similar number of spikelets for DSR and TPR in 2008 and for AWD and TPR in 2009. 

Interaction between N splits and rice production systems was non-significant during 2008 

and spikelet sterility was reduced when two N splits were applied at basal+anthesis in 

DSR and for three equal N splits 1/3(basal+tillering+anthesis) in TPR and no significant 

difference was found for sterile spikelets in N splits for AWD during 2009 (Table 4.1.7). 

4.1.6.8 1000-kernel weight (g) 

Effect of N split applications on 1000-kernel weight varied between the treatments, 

production systems and their interaction for both seasons. 1000-kernel weight was 

highest during 2008 than 2009 and among the production systems; maximum 1000- 

kernel weight was found in TPR during both years and was followed by AWD, DSR with 

significantly similar during 2008 and 2009 (4.1.8).  

Interaction (T x P) showed that although maximum 1000-kerenl weight was 

recorded for N applied in three splits (½ basal+1/4 tillering+1/4 anthesis) in TPR, AWD 

and for two N splits at basal+anthesis in DSR during 2008 but statistically it was 

statistically at par among different N treatments. In 2009, maximum 1000-kernel weight 

was recorded for two equal N splits applied at basal+tillering in TPR, at tillering+anthesis 

in AWD and at basal+anthesis in DSR (Table 4.1.8).     

4.1.6.9 Kernel yield (t ha-1) 

Effect of N application in different splits on kernel yield in rice production systems was 

significant in both years as evident from the interaction (Table 4.1.9). Between the 

seasons, higher kernel yield was recorded in 2008 than 2009. Among the production 

systems, maximum kernel yields was harvested for DSR and was followed by TPR and 

AWD in 2008 while in 2009, higher kernel yield was recorded for TPR following AWD 

and DSR respectively (Table 4.1.9).     

Interactive effect (T x P) was more pronounced for N applied in two splits ½ 

(basal+anthesis) in direct seeded rice and for three splits (½ basal+1/4 tillering+1/4 
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anthesis) in TPR and AWD respectively. Yield response to these N splits was followed 

by two equal splits ½ (tillering+anthesis) in TPR, for two ½ (basal+anthesis) in AWD 

and three equal splits 1/3 (basal+tillering+anthesis) in DSR during 2008. During 2009, 

maximum kernel yield was recorded for three equal N splits 1/3 

(basal+tillering+anthesis) in TPR, AWD and for two N splits at ½ (basal+anthesis) in 

DSR. Nonetheless, yield response to these N splits was followed by to two or three equal 

splits at basal+tillering or basal+tillering+anthesis in TPR, AWD and DSR respectively 

(Table 4.1.9).  
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Table: 4.1.7 Influence of nitrogen application time on number of sterile 

spikelets per panicle in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N anthesis 8.66 7.66 9.36 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

10.26 9.33 9.73 

½ N basal + ½ N tillering 9.54 8.66 9.73 

½ N basal dose + ½ N anthesis 9.63 9.00 8.96 

½ N tillering + ½ N anthesis 
9.61 9.83 9.93 

HSD at 0.05 T x P= n.s. 

2009 

½ N basal + 1/4 N tillering + 1/4 N anthesis 9.63 
abcde 

10.52 ab 
9.60   
bcde 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

9.30 bcde 
9.80 
abcd 

9.67 
abcd 

½ N basal + ½ N tillering 9.73 abcd 
9.87 
abcd 

9.17 cde 

½ N basal dose + ½ N anthesis 10.93 a 
9.68 
abcd 

8.33 e 

½ N tillering + ½ N anthesis 
9.40 bcde 

10.23 
abc 

8.83 de 

HSD at 0.05 T x P=0.24 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Table: 4.1.8 Influence of nitrogen application time on 1000 kernel weight (g) 

in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

20.93 a 20.87 a 19.07 b 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

20.32 ab 19.73 ab 20.17 ab 

½ N basal + ½ N tillering 20.13 ab 19.92 ab 20.33 ab 

½ N basal dose + ½ N anthesis 19.67 ab 19.52 ab 20.71 a 

½ N tillering + ½ N anthesis 
20.30 ab 19.69 ab 19.98 ab 

HSD at 0.05 T x P=0.27 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

19.10 ab 17.13 h 17.72 fgh 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

19.08 ab 17.33 gh 18.00 defg

½ N basal + ½ N tillering 19.78 a 
18.08 
Cdefg 

17.90 efgh

½ N basal dose + ½ N anthesis 18.92 bc 17.43 gh 18.82 bcd 

½ N tillering + ½ N anthesis 18.43   
bcdef 

18.57bcde 17.75 efgh

HSD at 0.05 T x P=0.16 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Table: 4.1.9 Influence of nitrogen application time on kernel yield (t ha-1) 
in rice under different production systems 
 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

3.06 d 2.88 g 3.13 c 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

2.76 h 2.66  i 3.21 b 

½ N basal + ½ N tillering 2.97 ef 2.50  j 2.90 fg 

½ N basal dose + ½ N anthesis 2.38 k 2.70  hi 3.53 a 

½ N tillering + ½ N anthesis 
3.03 de 2.56  j 2.49 j 

HSD at 0.05 T x P=0.01 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

2.78 b 2.24 fg 2.32 ef 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

2.93 a 2.65 bc 2.15 g 

½ N basal + ½ N tillering 2.78 b 2.66 bc 2.25 fg 

½ N basal dose + ½ N anthesis 2.52 cd 2.20 fg 2.72 b 

½ N tillering + ½ N anthesis 
2.44 de 2.33 ef 2.30 f 

HSD at 0.05 T x P=0.03 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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 4.1.6.10 Straw yield (t ha-1) 

 Like kernel yield, significant effect of different N splits was found on straw yield in 

different rice production systems during both years. Between the years, straw yields were 

higher in 2009 than 2008 while among the production systems, maximum straw yield 

were found for DSR and TPR in 2008 and 2009 and was followed by TPR and AWD in 

2008 and AWD and DSR in 2009 respectively (Table 4.1.10). Interactive effect between 

the N splits and rice production systems was significant and maximum for straw yield 

when N applied in three splits (½ basal+1/4 tillering+1/4 anthesis) in TPR and similarly 

for three equal splits 1/3 (basal+tillering+anthesis) in AWD and DSR during 2008. 

However, maximum straw yield was statistically similar to three N splits (½ basal+1/4 

tillering+1/4 anthesis) or two equal splits ½ (basal+anthesis) in all three rice systems. 

During 2009, maximum and statistically similar straw yield was recorded for two N splits 

½ (basal+tillering) in TPR, AWD and for two splits ½ (basal+anthesis) in DSR. This 

increased straw yields was followed by three N splits 1/3 (basal+tillering+anthesis) in 

TPR, AWD and also for three splits (½ basal+1/4 tillering+1/4 anthesis) in DSR 

respectively (Table 4.1.10). 

4.1.6.11 Harvest index (H.I)                

 Harvest index also varied significantly among N splits and rice production systems over 

the seasons. Maximum harvest index was found during 2008 than 2009 and among the 

rice systems; highest HI was recorded in TPR, AWD and followed by DSR in 2008 and 

in 2009, it was maximum for TPR during 2009 and followed by AWD and DSR 

respectively (Table 4.1.11).  

Among different interactions (T x P), higher HI was recorded for two equal splits 

at ½ (basal+tillering) or ½ (tillering+anthesis) and two splits ½ (basal+anthesis) in TPR 

and DSR and for three splits (½ basal+1/4 tillering+1/4 anthesis) in AWD. However, 

maximum HI was followed by three splits (½ basal+1/4 tillering+1/4 anthesis) in TPR, 

two splits ½ (basal+tillering) in AWD and three splits in DSR system. Similarly, high HI 

was found for three splits (½ basal+1/4 tillering+1/4 anthesis) in TPR, AWD and for two 

equal splits at ½ (basal+anthesis) in DSR respectively during 2009. This increase in 

harvest index was also followed by three splits (½ basal+1/4 tillering+1/4 anthesis) or 1/3 

(basal+tillering+anthesis) in each of the rice system respectively (Table 4.1.11). 
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4.1.6 Discussion: 

Application of N in different splits significantly influenced the yield and yield attributing 

traits in rice production systems during both seasons (Table 4.1.1-4.1.11). Plant height, 

total and panicle bearing tillers, straw and kernel yield and harvest index were maximum 

in DSR with application of two equal N splits (basal+anthesis) in both seasons. During 

early growth stages, availability of both NO-
3-N and NH+

4-N improves the root and shoot 

growth under aerobic soil conditions and increased tillering formation (Lin et al., 2005) 

(Table 4.1.2). Nonetheless, Qian et al. (2004) also reported that supply of NO-
3-N 

produced more fertile tillers than NH+
4-N but response was more pronounced when both 

of N forms were provided. High Due to better utilization of nutrients, rapid increase in 

LAI and more dry matter accumulates before anthesis (Fig. 4.1.1). While application of N 

at anthesis might meet the crop N demand with increased soil availability before anthesis 

for grain filling and accumulated more dry matter from more photosynthesis after 

anthesis (Fig. 4.1.1). Positive relationship between LAI and grain yield while between 

grain N uptake and grain yield and straw N and straw yield had been reported in DSR 

(Fageria and Baligar, 2001; Mahajan et al., 2011). Due to increase number of panicles per 

m-2 and filled grains increased the sink size and increased N translocation resulted in 

more kernel yield in DSR in 2008 in comparison to TPR (Fig. 4.1.7). Zhang et al. (2009) 

and Mahajan et al. (2011) reported that increased sink size are important determinant of 

kernel yield in aerobic DSR and translocation of more assimilates towards panicles 

during anthesis increases spikelet fertility. Likely accumulation of pre-anthesis reserves 

as indicates from high dry matter due to more pre-anthesis LAD, CGR and Chl contents 

(Fig. 4.1.3, 4.1.4 & 4.1.6 a &b) corresponds with the earlier findings. Split application 

increased N uptake in shoots and its higher translocation towards grain increases grain 

yield (Mahajan et al., 2011) and positive relationship between N translocation and grain 

yield was also found (Koutroubas et al., (2004). Increased yield in DSR and small harvest 

index than TPR during 2008 are supported by Dingkuhn et al. (1992) that direct seeded 

rice produced more grain yield than TPR when N is applied in splits which improved the 

higher agronomic recovery due to lower N volatilization and immobilization under direct 

seeded conditions (Schnier et al., 1988) and translation of pre-anthesis dry matter into 

yield due to post-anthesis photosynthetic activity with increased foliage N (Zhang et al., 
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2009; Mahajan et al., 2011). Improvement in panicle length, number of branches and 

number of kernels per panicle also contributed to increased yield in DSR by application 

of two N splits during 2008 than 2009 (Fig. 4.1.7). Increased in yield attributes might be 

associated with more translocation efficiency and improved nutrition, plant growth and 

nutrient uptake with split N application (Kumar and Rao, 1992; Thakur, 1993) which had 

stimulatory effects on plant growth as observed with increased LAI and dry matter 

accumulation at anthesis (Fig. 4.1.1 & 4.1.2). Nonetheless, effect on 1000-kernel was 

non-significant in different production system during 2008 and similar response was 

reported by Ali et al. (2006) that despite the variation in plant density between the TPR 

or DSR, 1000-kernel weight remain unaffected by N application.   

Interaction between N split applications and production systems was non-

significant during 2008 but split application of N reduced spikelet sterility per panicle 

and less number of sterile spikelet per panicle were found with application of N in two 

splits (Table 4.1.8). Close relationship between sterility and N application is reported in 

rice (Ota and Yamada, 1965). However, yields remained less during both seasons in 

AWD than TPR and DSR are in accordance with Bouman and Tuong (2001) that might 

be due to prolonged drying cycle of water stress experienced the crop in AWD. Khind 

and Ponnamperuma (1981) reported that soil drying does not suppress the plant growth, 

yield and N uptake and adverse effects were attributed to nitrification-denitrification 

process with high N losses. Cabangon et al. (2004) that increasing splits increased the N 

uptake under AWD than TPR with no significant difference for grain yield between 

AWD and TPR. However, limited sink size, reduced post-anthesis translocation of 

assimilates towards the panicle and low N translocation efficiency as found from less 

1000 kernel weight might be the possible reason in our experiment (Fig. 4.1.7). Pillai and 

De (1997) found high apparent N recovery, high soil mineral and ammonical contents, 

total plant and leaf N contents and reported positive relationship between high soil 

ammonical contents and yield along with leaf N under TPR and reported opposite 

response in alternate wetting and drying condition.  

Nonetheless, less yields response during 2009 than 2008 (Table 4.1.9) can be 

attributed to dry weather and agro-hydrological conditions. Due to reduced availability of 

irrigation water and poor rainfall distribution, crop might experienced the water stress 
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due to increased soil drying for most of the period brought about by transpiration of 

vigorously growing plants (Fig. 3.1). Moreover high temperature and irradiation also 

induced nitrification-dentrification which reduced the plant total N demand during the 

later crop stages.  

In addition to water stress, crop performance in terms of reduced LAI, LAD, NAR 

and CGR with low leaf N reduced the sink size and decreased N translocation towards 

panicle reduced panicle size, less number of branches and kernels per panicle and floret 

fertility contributed the low yields under DSR than TPR (Fig.; 4.1.2, 4.1.3, 4.1.4, 4.1.5 

Tables 4.1.4, 4.1.5, 4.1.6). High tillering density due to increased competition for 

resources also reduced the tillering assimilates translocation efficiency towards panicle 

(Dingkuhn et al., 1990b; Hasanuzzaman et al., 2009). Nonetheless, variable response for 

kernel yield in TPR, AWD or DSR is reported. Yadav et al. (2011) reported similar 

yields under AWD and DSR when irrigation water was applied at field capacity while on 

other hand reduced yields under DSR are reported when irrigated at field capacity level 

than TPR when practiced in sand loam and loam soils (Choudhury et al., 2007). 
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Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 

 
 
 

Table: 4.1.10 Influence of nitrogen application time on straw yield (t ha-1)  

in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

6.57 b 6.00 fg 7.45 a 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

6.39 bc 6.25 cde 7.50 a 

½ N basal + ½ N tillering 6.18 def 5.36 h 7.47 a 

½ N basal dose + ½ N anthesis 5.86 g 6.06 ef 7.44 a 

½ N tillering + ½ N anthesis 
6.32 cd 5.85 g 6.40 bc 

HSD at 0.05 T x P=0.03 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

6.75   d 6.29  fg  6.57  e 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

6.96   c 6.98  c  5.83  h 

½ N basal + ½ N tillering 7.19   b 7.29  a 6.25  g 

½ N basal dose + ½ N anthesis 6.54   e 5.85  h 7.21  ab 

½ N tillering + ½ N anthesis 
6.36   f 6.73  d 6.35  fg 

HSD at 0.05 T x P=0.01 
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Table: 4.1.11 Influence of nitrogen application time on Harvest index (HI) in 

rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

0.46 c 0.48 a; 0.42 f 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

0.43 f 0.42 f 0.43 f 

½ N basal + ½ N tillering 0.48 a 0.47 bc 0.39 h 

½ N basal dose + ½ N anthesis 0.41 g 0.45  d 0.48 ab 

½ N tillering + ½ N anthesis 
0.48 a 0.44  e 0.39  h 

HSD at 0.05 T x P=0.001 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

0.41 b 0.36  ef 0.35   fg 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

0.42 a 0.38  c 0.37  d 

½ N basal + ½ N tillering 0.39 c 0.37 de 0.36   ef 

½ N basal dose + ½ N anthesis 0.39 c 0.38  c 0.38  c 

½ N tillering + ½ N anthesis 
0.38 c 0.35  g 0.36  ef 

HSD at 0.05 T x P=0.001 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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4.1.7. Kernel Quality 

4.1.7.1 Abortive kernels (%) 

N split applications reduced the percentage of abortive kernels in rice production systems 

during both seasons , however, difference among production systems, N splits and their 

interaction was non-significant in 2008 (Table 4.1.12). Comparatively reduced abortive 

kernels were observed during 2008 than 2009 with higher percentage and among the 

production systems; significantly reduced kernel abortiveness was recorded for TPR 

during both seasons and was high in DSR rice system (Table 4.1.12).  

Although interaction was non-significant for abortive kernels with different N splits in 

2008 but reduced abortive kernels was found for N applied in three splits (½ basal+1/4 

tillering+1/4 anthesis) or two splits at basal+anthesis in TPR, AWD and DSR 

respectively. In 2009, two N splits at ½ (basal+tillering) reduced abortive kernels in TPR, 

AWD and for two splits at basal+anthesis in DSR respectively.  This less percentage of 

abortive kernels was found statistically similar with three N splits (½ basal+1/4 

tillering+1/4 anthesis) or basal+tillering+anthesis in TPR and AWD respectively (Table 

4.1.12).       

4.1.7.2 Chalky kernels (%) 

Response of N split applications to kernel chalkiness was significant and percentage of 

chalky kernel was reduced with N application in rice production systems as evident from 

the interaction found (Table 4.1.13). Comparatively lower chalky kernels were recorded 

during 2009 than 2008 and among the production systems, no significant difference was 

found for kernel chalkiness during 2008 and significantly reduced kernel percentage was 

found for AWD and was followed by TPR and DSR respectively (Table 4.1.13). 

Interactive effect (T x P) was non-significant for kernel chalkiness in 2008 but percentage 

was reduced with N splitting three times at (½ basal+1/4 tillering+1/4 anthesis) in TPR or 

AWD while for two (1/2) splits at basal+anthesis in DSR. In 2009, less chalky kernels 

were found with three N splits (½ basal+1/4 tillering+1/4 anthesis) in TPR and for two 

equal splits each at ½ (basal+anthesis) in AWD and DSR respectively (Table 4.1.13).  

4.1.7.3 Opaque kernels (%); 

Variable response was found for opaque kernels with N split application among the 

production systems over the years (Table 4.1.14). Between the seasons, reduced opaque 
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kernels were observed in 2008 than 2009 and among the production systems, reduced 

opaque kernels were found in TPR followed by AWD and DSR in 2009 while difference 

was non-significant during 2008. Response to N split applications in rice production 

systems (T x P) was non-significant in both rice seasons (Table 4.1.14).       

4.1.7.4 Normal kernels (%)   

Application of N in different splits improved the percentage of normal kernel in all three 

rice systems and significant interaction was also found between N splits and rice systems 

(Table 4.1.15). Comparatively, higher normal kernel were produced during 2009 than 

2008 with less number of kernels and among the production systems, order of increase of 

normal kernel percentage was AWD>TPR>DSR in 2009 while non-significant difference 

was found in 2008 respectively (Table 4.1.15).    

Interactive (T x P) was also significant for normal kernels and maximum normal kernels 

were recorded for three N splits (½ basal+1/4 tillering+1/4 anthesis) in TPR, AWD and 

for two N splits (basal+anthesis) in DSR during 2008. Response for normal percentage 

was also similar with two N splits (basal+tillering) or (tillering+anthesis) in TPR and 

followed by three splits (½ basal+1/4 tillering+1/4 anthesis) in AWD and DSR rice 

systems. However, in 2009, highest normal kernels was found with three N splits (½ 

basal+1/4 tillering+1/4 anthesis) in TPR and for two N splits ½ (basal+tillering) or 

(basal+anthesis) in AWD and DSR respectively. However, response in AWD was similar 

to two or three equal N splits (Table 4.1.15). 
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Table: 4.1.12 Influence of nitrogen application time on abortive kernels 

(%) in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

7.33 7.67 8.67 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

8.00 8.33 8.00 

½ N basal + ½ N tillering 8.33 8.33 8.67 

½ N basal dose + ½ N anthesis 7.67 8.33 7.67 

½ N tillering + ½ N anthesis 
8.00 9.00 9.00 

HSD at 0.05 T x P=n.s 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

7.33 bcd 8.67  abc 9.67  ab 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

8.33 abc 6.00    cd 10.00  ab 

½ N basal + ½ N tillering 6.33 cd 5.33     d 9.33  ab 

½ N basal dose + ½ N anthesis 8.33 abc 8.33 abc 7.33 bcd 

½ N tillering + ½ N anthesis 
9.33 ab 9.67  ab 10.33  a 

HSD at 0.05 T x P=0.50 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Table: 4.1.13 Influence of nitrogen application time on chalky kernels 

(%) in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

8.00 ab 7.67 b 8.67 ab 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

9.78 a 9.33 ab 9.00 ab 

½ N basal + ½ N tillering 8.89 ab 8.67 ab 9.33 ab 

½ N basal dose + ½ N anthesis 8.67 ab 7.89 ab 8.33 ab 

½ N tillering + ½ N anthesis 
8.67 ab 8.67 ab 9.33 ab 

HSD at 0.05 T x P= 0.36 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

5.33 de 6.33 cde 9.67 a 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

7.33  
abcde 

6.67 bcde 9.33 ab 

½ N basal + ½ N tillering 8.67 abc 5.67 de 8.67 abc 

½ N basal dose + ½ N anthesis 7.67 abcd 4.67 e 7.67 abcd 

½ N tillering + ½ N anthesis 
9.33 ab 

7.33  
abcde 

9.00 abc 

HSD at 0.05 T x P=0.54 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Table: 4.1.14 Influence of nitrogen application time on  opaque kernels rice 

(%) under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

18.33 ab 19.00 ab 17.67 b 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

19.33 a 18.67 ab 19.00 ab 

½ N basal + ½ N tillering 19.00 ab 19.33 a 17.67 b 

½ N basal dose + ½ N anthesis 18.00 ab 19.00 ab 18.00 ab 

½ N tillering + ½ N anthesis 
18.00 ab 18.33 ab 18.67 ab 

HSD at 0.05 T x P=0.29 

2009  

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

8.33 9.33 10.33 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

8.67 9.00  10.33 

½ N basal + ½ N tillering 8.30 8.67 9.67 

½ N basal dose + ½ N anthesis 9.33 8.67 9.33 

½ N tillering + ½ N anthesis 
7.33 9.67 10.33 

HSD at 0.05 T x P=n.s. 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Table: 4.1.15 Influence of nitrogen application time on normal kernels (%) 

in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

66.33 a 65.67 abc 
65.00  
abcde 

1/3 N basal dose + 1/;3 N tillering + 1/3 
N anthesis 

62.89 e 63.67 cde 
64.67  
abcde 

½ N basal + ½ N tillering 63.78   
bcde 

64.00 
bcde 

64.50  
abcde 

½ N basal dose + ½ N anthesis 65.67 abc 
64.78  
abcde 

66.00 ab 

½ N tillering + ½ N anthesis 65.33 
abcd 

64.00   
bcde 

63.17 de 

HSD at 0.05 T x P=0.43 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

79.00 ab 75.67 bcd 70.33 f 

1/3 N basal dose + 1/3 N tillering + 1/3 
N anthesis 

75.67 bcd 78.33 abc 70.33 f 

½ N basal + ½ N tillering 75.33 
bcde 

80.33 a 72.33 def 

½ N basal dose + ½ N anthesis 74.67   
bcdef 

78.33 abc 75.67 bcd 

½ N tillering + ½ N anthesis 74.00    
cdef 

73.33 def 71.00 ef; 

HSD at 0.05 T x P=0.87 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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4.1.7.5 Kernel dimension  

4.1.7.5a Kernel length (mm) 

Kernel length was significantly affected by N split applications among rice production 

systems over the seasons (Table 4.1.16). Between the seasons and production systems, no 

remarkable difference was found for kernel length (Table 4.1.16).  

Interactive effect showed that maximum kernel length was recorded when N was 

applied in two equal splits at ½ (basal+tillering) in TPR, for three equal splits in AWD 

and with two equal splits at ½ (basal+anthesis) in DSR respectively. This improved 

kernel length was also statistically at par or followed by three N splits (½ basal+1/3 

tillering+1/3 anthesis) in TPR, AWD and DSR respectively. Similarly, improved kernel 

length was recorded for two N splits ½ (basal+tillering) in TPR, AWD and for two splits 

½ (basal+anthesis) in DSR respectively. This improved kernel length was similar or 

followed by to three N splits applied at (½ basal+1/4 tillering+1/4 anthesis) in all three 

rice systems (Table 4.1.16).              

4.1.7.5b Kernel width (mm) 

N splkit applications had significant affect on kernel width in rice production systems as 

evident from the interaction found between them. Improved kernel width was observed in 

2008 than 2009 and in rice systems, maximum kernel width was recorded in DSR and 

was followed by AWD and TPR respectively and no significant difference was found in 

2009 among the rice systems (Table 4.1.17).  

Among the interactions, improved kernel width was recorded for three N splits (½ 

basal+1/4 tillering+1/4 anthesis) in TPR, AWD and for two splits ½ (basal+anthesis) in 

DSR system respectively. Nonetheless, improved kernel width in TPR was also similar to 

two N splits (tillering+anthesis) in TPR, three splits 1/3(basal+tillering+anthesis) or (½ 

basal+1/4 tillering+1/4 anthesis) in AWD and DSR. Likewise, in 2009, improved kernel 

width was observed for two equal splits at basal+tillering and basal+anthesis in TPR and 

DSR while for three splits 1/3(basal+tillering+anthesis) in AWD (Table 4.1.17).                

4.1.7.6 Kernel water absorptive ratio (KWAR) 

Variable response was also found for kernel water absorption ratio among different N 

split applications, rice systems and seasons. High KWA ratio was found during 2008 than 

2009 and among the rice systems, highest KWA ratio was calculated for DSR followed 
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by AWD and TPR with similar ratio in 2008 while highest was for DSR and TPR 

following AWD in 2009 correspondingly (Table 4.1.18).  

Among interactions, statistically little difference was found among different N 

splits for kernel water absorption ratio in 2008. However, maximum ratio was observed 

for three splits (½ basal+1/4 tillering+1/4 anthesis) in TPR and for two splits ½ 

(basal+anthesis) in DSR and response was similar among different splits for KWAR in 

AWD. In 2009, highest KWAR was recorded for three (1/3) splits 

(basal+tillering+anthesis) in TPR and for two splits (1/2) applied at basal+tillering or 

basal+anthesis in AWD and DSR respectively. However, this improved KWAR was also 

statistically at par with two splits basal+tillering in TPR and three (1/3) splits 

(basal+tillering+anthesis) in AWD (Table 4.1.18).      

4.1.7.7 Kernel protein contents (%) 

Response of N splits was significant for kernel protein contents in rice production 

systems over the seasons. High kernel protein contents were found in 2009 than 2008 and 

in rice systems, difference was significant (Table 4.1.19).  

Among the interactions, kernel protein contents were statistically similar in 

different N splits, however, it was improved with three N splits (½ basal+1/4 

tillering+1/4 anthesis) in TPR, AWD and for two splits at basal+anthesis in DSR during 

2008 respectively. Likewise, maximum protein contents were found for two equal splits 

at ½ (basal+tillering) in TPR, AWD and for ½ (basal+anthesis) in DSR during 2009 

(Table 4.1.19).       

4.1.7.8 Kernel amylose contents (%) 

Application of N in different splits significantly affected the kernel amylose contents in 

rice production systems during both seasons (Table 4.1.20). Among the production 

systems, no significant difference was observed for kernel amylose contents during both 

growing seasons.  

Among interactions, reduced amylose contents were observed for three N splits 

(½ basal+1/4 tillering+1/4 anthesis) in TPR, for two equal splits (basal+anthesis) in 

AWD and DSR respectively. In 2009, reduced amylose contents were measured for two 

equal N splits ½ (basal+tillering) and ½ (basal+anthesis) in TPR, AWD and DSR 
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respectively. However, response to amylose contents was also similar to three (1/3) equal 

N splits in TWD during 2009 (Table 4.1.20). 

4.1.7. Discussion: 

Variable response for kernel quality traits was found among the rice production systems 

between the seasons (Table 4.1.12-4.1.20). Kernel quality was reduced in DSR than TPR 

or AWD with better quality traits while application of N at different developmental 

stages of the crop improved the kernel quality characteristics among the three systems. 

Application of N in three splits i.e. at basal (1/2) +tillering (1/4) +anthesis (1/4) reduced 

opaque, chalky and abortive kernels and produced high normal kernels in TPR and AWD 

and similar response was found with application of two equal (1/2) splits at 

basal+anthesis in DSR. Nonetheless, response was more pronounced during 2009 than 

2008. Plant density had least effect on kernel quality while N application had close 

relationship with spikelet fertilization and enhanced translocation of pre-anthesis 

assimilates and N toward panicle with split application at anthesis increased the normal 

kernels and reduced abortive, chalky and opaque kernels in TPR and AWD than DSR 

(Fig. 4.1.7, Tables 4.1.12-4.1.15). Our results correspond with Ahmad et al. (2009) that 

optimum N supply improved the kernel quality irrespective of the plant density. 

Increased kernel chalkiness under DSR with N nutrition had been reported by Ya-Jie et 

al. (2009) might be the reasons of impeded N translocation during grain filling (Fig. 

4.1.7). Strong correlation is reported between soil NO3
--N contents and root activity (Xu-

hua and Nong-rong, 2005) and increased root growth supplied more assimilates to 

spikelet producing better grains with better quality under AWD (Pan et al., 2009) also 

corresponds with our findings. 
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Table: 4.1.16 Influence of nitrogen application time on kernel length (mm) in 

rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

10.30 abcd 10.53 ab 10.31 abc 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

9.967 bcd 10.70 a 10.17 abcd 

½ N basal + ½ N tillering 10.40 abc 9.900 cd 9.700  d 

½ N basal dose + ½ N anthesis 9.867 cd 9.967 bcd 10.37 abc 

½ N tillering + ½ N anthesis 
10.10 abcd 10.20 abcd 10.07 bcd 

HSD at 0.05 T x P=0.11 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

10.97 ab 10.59 bcde 
10.69  
abcd 

1/3 N basal dose + 1/3 N tillering + 1/3 N 
anthesis 

10.26 def 10.45 cdef 
10.62  
abcde 

½ N basal + ½ N tillering 11.09 a 10.81 abc 
10.34    
cdef 

½ N basal dose + ½ N anthesis 10.57 bcde 10.03  f 11.11 a 

½ N tillering + ½ N anthesis 
10.58 bcde 10.15 ef 10.15 ef 

HSD at 0.05 T x P=0.09 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 

  



114 
 

Table: 4.1.17 Influence of nitrogen application time on kernel width (mm) in 

rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

1.74 bc 1.80 a 1.78 a 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

1.69 ef 1.72 bcde 1.70 def 

½ N basal + ½ N tillering 1.56  g 1.69 def 1.72 bcd 

½ N basal dose + ½ N anthesis 1.69  f 1.72 bcde 1.78 a 

½ N tillering + ½ N anthesis 
1.75 b 1.69 def 1.71 cdef 

HSD at 0.05 T x P=0.0003 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

1.55  abc 1.65 abc 1.54  abc 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

1.52   bc 1.74  a 1.50    c 

½ N basal + ½ N tillering 1.72  ab 1.67  abc 1.60  abc 

½ N basal dose + ½ N anthesis 1.65  abc 1.58  abc 1.71  abc 

½ N tillering + ½ N anthesis 
1.59  abc 1.58  abc 1.62  abc 

HSD at 0.05 T x P=0.04 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Table: 4.1.18 Influence of nitrogen application time on kernel water 

absorption ratio (KWA) in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

2.73 a 2.62 abc 2.64 abc 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

2.55 abc 2.61 abc 2.68 abc 

½ N basal + ½ N tillering 2.70 abc 2.63 abc 2.71 ab 

½ N basal dose + ½ N anthesis 2.52bc 2.51 c 2.72 a 

½ N tillering + ½ N anthesis 
2.66 abc 2.69 abc 2.60 abc 

HSD at 0.05 T x P=0.03 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

2.57 abc 2.59 ab 2.54 abcd 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

2.73 a 2.50 bcd 2.58 abc 

½ N basal + ½ N tillering 2.72 a 2.58 abc 2.51 bcd 

½ N basal dose + ½ N anthesis 2.47 bcd 2.11 e 2.65 ab 

½ N tillering + ½ N anthesis 
2.37  d 2.39 cd 2.50 bcd 

HSD at 0.05 T x P=0.03 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Table: 4.1.19 Influence of nitrogen application time on kernel proteins 

(%) in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

8.46 a 7.92 ab 7.45 ab 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

7.22 b 7.45 ab 7.46 ab 

½ N basal + ½ N tillering 7.32 ab 7.22  b 7.56 ab 

½ N basal dose + ½ N anthesis 7.29 b 7.26  b 8.15 ab 

½ N tillering + ½ N anthesis 
7.97 ab 7.57 ab 7.37 ab 

HSD at 0.05 T x P=0.21 

2009 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

7.81 bc 7.80 bc 7.68 bc 

1/3 N basal dose + 1/3 N tillering + 
1/3 N anthesis 

7.56 c 8.05 abc 7.79 bc 

½ N basal + ½ N tillering 8.15 ab 8.18 ab 7.83 bc 

½ N basal dose + ½ N anthesis 7.83 bc 7.77 bc 8.51 a 

½ N tillering + ½ N anthesis 
7.77 bc 7.71 bc 7.75 bc 

HSD at 0.05 T x P= 0.09 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Table: 4.1.20 Influence of nitrogen application time on kernel amylose 

contents (%) in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 1/4 
N anthesis 

20.97 c 22.00 a 22.33 a 

1/3 N basal dose + 1/3 N tillering 
+ 1/3 N anthesis 

22.17 a 22.48 a 22.05 a 

½ N basal + ½ N tillering 21.99 a 22.33 a 22.50 a 

½ N basal dose + ½ N anthesis 21.92 a 21.79 ab 21.05 bc 

½ N tillering + ½ N anthesis 
22.33 a 22.17 a 22.53 a 

HSD at 0.05 T x P=0.15 

2009 

½ N basal + 1/4 N tillering + 
1/4 N anthesis 

22.21 ab 22.53 a 22.30 ab 

1/3 N basal dose + 1/3 N 
tillering + 1/3 N anthesis 

22.60  a 21.63 c 22.40 a 

½ N basal + ½ N tillering 21.54  c 21.77 bc 22.70 a 

½ N basal dose + ½ N 
anthesis 

22.40  a 22.57 a 20.87 d 

½ N tillering + ½ N anthesis 
22.60  a 22.50 a 22.77  a 

HSD at 0.05 T x P=0.10 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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Non-significant difference was found for kernel length and width in rice systems except 

for 2008 with more kernel length in DSR than TPR with less value (Table 4.1.16 & 

4.1.17). While significant interaction and improved kernel length and width was found 

with application of three (1/2B+1/4T+1/4An) or two splits (1/2B+1/2An) in TPR, AWD 

and DSR respectively in both seasons (Table 4.1.16 & 4.1.17). Ahmad et al. (2009) 

reported that kernel length and width don’t differ between irrigation regimes and plant 

density and were improved with N nutrition. These might be the reason of increased pre- 

and post-anthesis NAR with N applied at anthesis which contributed more assimilates 

and N towards panicle at post-anthesis stage (Fig. 4.1.7). Similar trend was found for 

kernel proteins with non-significant difference among the production systems but 

significant interaction. Increased kernel water absorption and proteins were the result of 

improved kernel length and width by split of N at different developmental stages (Table 

4.1.18-4.1.19). Nitrogen nutrition had positive effect on protein contents in rice and also 

influenced by N application (Islam et al., 1996; Perez et al., 1996) supports our findings. 

Ya-Jie et al. (2009) also found similar protein contents between dry seeding and 

continuous flooded system with application of N. However, increased protein contents 

during 2009 might be the result of more soil N contents, plant uptake and translocation 

towards the panicle as found in our experiment (Fig. 4.1.7 & 4.1.7). Pan et al. (2009) also 

reported similar findings that kernel protein contents improves under AWD condition 

than TPR with application of N and argued strong root activity with increased sink size 

might increase the plant N distribution towards panicle. Increased protein contents 

decreased the kernel amylose contents and more decrease was observed where N was 

applied in three or two splits with concomitant increase of protein contents in each of the 

rice system (Table 4.1.19 & 4.1.20). Our results are similar with Nagato and Ebata 

(1961), Won et al. (2005) and Zhang et al. (2008) in which they reported no significant 

affect of water treatments on kernel amylose contents. Pan et al. (2009) and Ya-Jie et al. 

(2009) also reported similar results that application of N decreased the amylose contents 

with increase in protein contents in AWD and DSR. Emes et al. (2003) reported the 

possible reason for such decrease in amylose contents that protein synthesis require large 

sink than starch and mechanism within endosperm control the supply of substrates to 

continue protein synthesis at the expense of starch production.  
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4.1.8. System Analysis 

After harvesting each production system was also evaluated for water productivity. 

Results have been presented and discussed in the following lines. 

4.1.8.1 Water productivity (kg m-3)  

Along with water inputs, water productivity was also affected by N splits among different 

rice production systems over the years (Table 4.1.21). Water productivity values were 

higher in 2008 than 2009 and among the production systems; productivity was high and 

similar for DSR and AWD than TPR with lowest values in 2008 and was high only for 

AWD in 2009 and similar between TPR and DSR (Table 4.1.21).  

Among different interactions, highest water productivity was found for three 

splits (½ basal+1/4 tillering+1/4 anthesis) in TPR, AWD and for two equal splits ½ 

(basal+anthesis) in DSR during 2008. In 2009, water productivity was high for three 

equal N splits 1/3 (basal+tillering+anthesis) in TPR, AWD and for two splits 

(basal+anthesis) in DSR respectively (Table 4.1.21). However, maximum water 

productivity in AWD was statistically similar to two N splits ½ (basal+tillering). 

4.1.8. Discussion 

Water productivity increased with application of different N splits in rice systems and 

values were high during 2008 than 2009 and interaction was also significant (Table 

4.1.21). N management play key role to improve water productivity in terms of water 

inputs used to produce grain yield (Cabangon et al., 2004; Beldar et al., 2005a, b; Pan et 

al., 2009). Higher water productivity in DSR and AWD was obtained with application of 

two equal (1/2) splits (basal+anthesis) and three splits at basal (1/2), tillering (1/4) and 

anthesis (1/4) respectively. However, our findings are in contrast to Cabangon et al. 

(2004) in which they found similar water productivity between AWD and continuous 

flooding with two or four and 6 N splits and reported that water productivity can be 

increased with N application instead of different splits and timings. However, increased 

water productivity in aerobic DSR and AWD corresponds with Beldar et al. (2005a, b) 

and Pan et al. (2009) in which they found increased water productivity in AWD and DSR 

and reported AWD can save irrigation water with improving grain yield with reduced 

evapotranspiration and small variation between the systems reflects difference in yield 

and LAI (Beldar et al., 2005a). While high water productivity values with AWD during 
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2009 was the result of less irrigation water inputs due to prolonged irrigation cycles of 

AWD while similar values for water productivity between TPR and DSR is also reported 

by Beldar et al. (2005b) and was due to small affect of N on water productivity between 

the systems. Nonetheless, improved water productivity by split applications in our 

experiments during both seasons was the result of difference in yield, and less harvest 

index due to reduced partitioning of post-anthesis photassimilates and crop establishment 

period during both seasons (Table 4.1.21).             
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Table: 4.1.21 Influence of nitrogen application time on water 

productivity (kg m-3) in rice under different production systems 

2008 

N Split application (T) / 

Production systems (P) 

*TPR AWD DSR 

½ N basal + 1/4 N tillering + 
1/4 N anthesis 

0.21 ef 0.24 b 0.23 cd 

1/3 N basal dose + 1/3 N 
tillering + 1/3 N anthesis 

0.19 h 0.22 e 0.23 bc 

½ N basal + ½ N tillering 0.21 fg 0.21 fg 0.21 fg 

½ N basal dose + ½ N anthesis 0.17  j 0.22 e 0.26 a 

½ N tillering + ½ N anthesis 
0.22 de 0.20 gh 0.18 i 

HSD at 0.05 T x P=0.001 

2009 

½ N basal + 1/4 N tillering + 
1/4 N anthesis 

0.20 d 0.23 b 0.20 d 

1/3 N basal dose + 1/3 N 
tillering + 1/3 N anthesis 

0.21 c 0.27 a 0.18 f 

½ N basal + ½ N tillering 0.20 d 0.27 a 0.19 e 

½ N basal dose + ½ N 
anthesis 

0.18 f 0.22 b 0.23 b 

½ N tillering + ½ N anthesis 
0.20 d 0.22 b 0.20 d 

HSD at 0.05 T x P=0.005 

Figures sharing same letter did not differ significantly at P=0.05. 
*TPR=Transplanting under continuous flooding; AWD=Alternate wetting  
and drying system; DSR=Direct seeding under aerobic condition 
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4.2. Experiment No. 2 

“Monitoring Zn dynamics in different rice production systems” 

4.2.1 Seedling Establishment 

Rapid, uniform and synchronized emergence indicates vigorous crop stand and higher 

field emergence to achieve target population. Data regarding emergence of seeds in rice 

direct seeding under aerobic conditions indicate that Zn application had significant effect 

on stand establishment as evident from reduced time to 50% emergence (E50), mean 

emergence time (MET) while higher emergence index (EI) and final emergence (FE) 

(Table 4.2.1). Zn application at seeding reduced the seedling emergence time and 

improved the vigor as compared to control and other treatments without Zn basal 

application. Among all treatments higher final emergence was recorded for Zn basal dose 

for both years, however, maximum (359.30) seedling emergence was recorded for 2009 

than 2008 with less (223.70) seedling count per unit area (Table 4.2.1). Similarly, during 

both seasons (2008 and 2009), Zn basal application reduced the seedling emergence time 

i.e. E50, MET and higher EI than all other treatments including control with less value of 

these traits (Table 4.2.1).  

4.2.1 Discussion  

In case of direct seeded rice (DSR) primed seeds were drilled at field capacity level and 

Zn was applied as basal. During both seasons, rice seedlings emerged earlier with high 

final emergence and soil Zn application at seeding reduced the seedling emergence time 

and have higher field emergence in comparison to other treatments without Zn 

fertilization. Primed seeds usually have high vigor levels and produce earlier and uniform 

crop stand (Rehman et al., 2011) and it is also indicated from the less time to 50% 

emergence (E50) and mean emergence time (MET) (Table 4.2.1). Zn fertilization is 

recommended in silt and sandy loam soils before emergence and soil Zn application at 

seeding is superior for earlier growth and Zn uptake in direct seeded rice (Giordano and 

Mortvedt, 1972; Slaton et al., 2002). Soil fertilization had also positive effect on Zn 

uptake rate (Rengel and Graham, 1995) and 70% of the seed Zn is water extractable and 

is readily mobilized from seed reserves for seedling growth on availability of soil 

moisture resulting in earlier germination  
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Table:4.2.1 Influence of zinc application on stand establishment in direct seeded 

rice under aerobic condition 

2008 

Zn application 

 

E50 

(days) 

MET 

(days) 

EI FE 

(m-2) 

No Zn (control) 8.46 a 9.45 a 57.87 e 152.30 e 

ZnSO4 as basal { (21% Zn) @ 25 kg ha-1} 7.80 e 9.14 e 97.92 a 223.70 a 

ZnSO4 at tillering (21% Zn) @ 25 kg ha-1} 7.89 d 9.20 d 88.89 b 214.00 b 

ZnSO4 at panicle initiation (21% Zn) @ 25 kg 
ha-1} 

8.10 c 9.26 c 77.72 c 181.30 c 

Zn Foliar application at panicle initiation 
{0.5% ZnSO4 at 200 L water ha-1} 

8.26 b 9.36 b 59.76 d 160.30 d 

HSD at 0.05 0.018 0.006 0.166 0.415 

2009 

No Zn (control) 5.94 b 7.72 a 114.50 c 252.00 e 

ZnSO4 as basal { (21% Zn) @ 25 kg ha-1} 5.07 d 7.05 c 143.40 a 359.30 a 

ZnSO4 at tillering (21% Zn) @ 25 kg ha-1} 5.93 b 7.71 a 116.10 b 278.00 b 

ZnSO4 at panicle initiation (21% Zn) @ 25 kg 
ha-1} 

6.12 a 7.79 a 105.30 e 274.70 c 

Zn Foliar application at panicle initiation 
{0.5% ZnSO4 at 200 L water ha-1} 

5.76 c 7.45 b 107.00 d 256.30 d 

HSD at 0.05 0.006 0.018 0.267 0.477 

Figures sharing same letter did not differ significantly at P=0.05. 
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(Marschner, 1993). Zn is considered an index of high vigor and increased germination 

percentage is reported in Zn primed maize (Shukla and Parsad, 1974) and rice seeds 

(Slaton et al., 2005). Zn increases hypocotyle enhancing metabolites events for initiation 

of early seedling growth and high endosperm Zn levels promotes shoot and root growth 

through auxin metabolism for cell enlargement (Srinivsan and Naidu, 1986). Better root 

establishment under water limited conditions improve seedling nutrient uptake capability 

and growing seedling nutrient status from the soil (Srinivsan and Naidu, 1986; Ajouri et 

al., 2004; Rehman et al., 2011). High vigor levels usually results from increased 

endosperm Zn levels (Srinivsan and Naidu, 1986) and its correlation is found for high 

final emergence in direct seeded rice (Rehman et al., 2011). Otherwise no report is 

available for the similar effects with soil applied Zn in rice.  

4.2.2 Plant Growth and Development 

4.2.2.1 Total dry matter production (kg ha-1) 

Total dry matter (TDM) produced varied between the seasons and production systems. 

During 2008, TDM was significant among production systems, Zn applications and their 

interaction than 2009 when interaction was non-significant at different harvests except at 

97 DAS (Table 4.3 & 4.12 in appendices of experiment 2). Highest dry matter was 

produced during 2008 than 2009 and among the production systems, TDM was in the 

order of DSR>AWD>TPR during both seasons (Fig. 4.2.1). Maximum TDM was 

recorded at final harvest at 116 days after sowing (DAS) in 2008 and at 104 DAS in 2009 

for each of the producti;on system. During 2008, among Zn applications, maximum TDM 

was recorded for foliar Zn at panicle initiation, soil applied Zn at basal and tillering at 

different harvests in transplanted rice followed by alternate wetting and drying (AWD) 

and direct seeded rice (DSR) respectively (Fig. 4.2.1). However, in TPR, total dry matter 

(TDM) produced by foliar application was similar to Zn applied at tillering and followed 

by Zn applied at tillering and panicle initiation in AWD and DSR respectively (Fig. 

4.2.1).  

During 2009, maximum dry matter was produced by Zn applied at tillering in 

TPR at 83, 97 and 104 DAS, in AWD subsequently at each harvest and at 90, 97 and 104 

DAS with soil applied Zn at panicle initiation in DSR respectively (Fig. 4.2.1). 
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4.2.2.2 Leaf area index (LAI) 

Leaf area index (LAI) varied among rice production systems by different Zn applications; 

however, interaction was non-significant at different harvests during both years except at 

106 DAS during 2008 with significant interaction (Table 4.4 & 4.12 see appendices of 

experiment 2).  

LAI increased until 90 or 96 DAS linearly and then started to decline and 

minimum was at 116 or 104 DAS in each rice system. Higher LAI values were found for 

2009 than 2008 and among the rice systems, LAI was highest for direct seeding followed 

by alternate wetting and drying in 2008 and 2009 respectively. Among Zn treatments, 

maximum LAI was achieved by foliar applied Zn in TPR, soil Zn at basal in AWD and 

for tillering in DSR respectively. These LAI values were followed by Zn applied at 

tillering in TPR, AWD and for Zn at panicle initiation in DSR respectively and minimum 

for control without any Zn application in each rice system. Similar trend was observed 

for LAI in 2009 when it reached highest at 90 DAS for Zn applied at tillering in TPR and 

AWD and for panicle initiation in DSR. LAI was at par with Zn applied at basal or 

panicle initiation in AWD and minimum was attained in case of control in each rice 

system (Fig. 4.2.2). 

4.2.2.3 Leaf area duration (LAD) [days] 

Effect of Zn application on leaf area duration was significant in rice cultures as depicted 

interaction between them during both seasons (Table 4.5 & 4.13 in appendices of 

experiment 2). Zn applied increase in LAD was more in 2009. Among the production 

systems, higher LAD was found in direct seeded rice and alternate wetting and drying 

during 2008 and 2009 respectively (Fig. 4.2.3). Among Zn treatments, maximum pre- 

and post-anthesis LAD was recorded for foliar applied Zn at panicle initiation in TPR, for 

basal Zn in AWD and for Zn applied at tillering in DSR during 2008 respectively.  

During 2009, LAD increased until 83 DAS and then declined up to 97 DAS. 

Maximum LAD was found for Zn applied at tillering in transplanted rice and was 

followed by Zn basal or panicle initiation with similar LAD.  
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Fig. 4.2.1: Influence of Zn application on total dry matter accumulation (TDM) in 
rice production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the 
difference among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation

0    

1000    

2000    

3000    

4000    

5000    

6000    

7000    

96 106 116

T
D

M
 (k

g 
ha

-1
)

TPR

(a)

No Zn Zn Basal
Zn at T Zn at PI
Zn Foliar at PI

0    

1000    

2000    

3000    

4000    

5000    

6000    

7000    

96 106 116

T
D

M
 (k

g 
ha

-1
)

AWD

(b)

0

2000

4000

6000

8000

10000

12000

14000

96 106 116

T
D

M
 (k

g 
ha

-1
)

Days after sowing (DSR)

(c)

0    

1000    

2000    

3000    

4000    

5000    

6000    

7000    

76 83 90 97 104

T
D

M
 (k

g 
ha

-1
)

TPR

(d)

No Zn Zn Basal
Zn at T Zn at PI
Zn Foliar at PI

0    

1000    

2000    

3000    

4000    

5000    

6000    

7000    

76 83 90 97 104

T
D

M
 (k

g 
 h

a-1
)

AWD

(e)

0    

1000    

2000    

3000    

4000    

5000    

6000    

7000    

76 83 90 97 104

T
D

M
 (k

g 
ha

-1
)

Days after sowing (DSR)

(f)



127 
 

 

Fig. 4.2.2: Influence of Zn application on leaf area index (LAI) in rice production 
systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference among the 
treatments  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation
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Fig. 4.2.3: Influence of Zn application on leaf area duration (LAD; days) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation
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In AWD and DSR, highest LAD was recorded at 83 DAS with Zn applied at tillering and 

panicle initiation and followed by Zn applied at panicle initiation and tillering with 

similar LAD values at different harvests in AWD and at 90 DAS in DSR. Nonetheless, 

during both seasons lowest LAD was found in control with no Zn application (Fig. 4.2.3). 

4.2.2.4 Crop growth rate (CGR) [g m-2 d-1] 

Zn applied at different growth stages in different rice systems showed significant 

variation over seasons for CGR. During 2008, effect of Zn application on crop growth 

rate was significant in rice production systems, among treatments and their interaction 

than 2009 where interaction was found non-significant at 83 and 90 DAS (Table 4.6 & 

4.15). Between the seasons, higher crop growth rates were found during 2008 than 2009 

while among rice systems order of increase in CGR was DSR>AWD>TPR respectively 

for both seasons (Fig. 4.2.4). During 2008, maximum pre- and post-anthesis crop growth 

rate was found for foliar Zn at panicle initiation, basal Zn at seeding and tillering in TPR, 

AWD and DSR respectively. These CGR values were followed by Zn applied at tillering 

and panicle initiation in TPR, AWD and DSR (Fig. 4.2.4). During 2009, there was linear 

increase in CGR until 90 DAS and then decreased at 97 DAS. Zn applied at tillering in 

TPR, AWD and for Zn at panicle initiation in DSR had maximum CGR at 90 DAS and 

was followed by similar CGR values at 83 and 90 DAS for Zn applied at basal and 

panicle initiation in TPR and at 97 DAS in AWD respectively. Nonetheless, lower CGR 

was found for control in each rice system (Fig. 4.2.4). 

4.2.2.5 Net assimilation rate (NAR) [g m-2 d-1] 

Unlike CGR, LAD, trend response for Zn applied to NAR varied among rice production 

systems between two growing seasons. During 2008, NAR was significant among 

production systems, among Zn treatments and their interaction except for post-anthesis 

NAR which was in-significant. In 2009, response was significant only for Zn treatments, 

production systems and in-significant for interaction (Table 4.7 & 4.16).  NAR was high 

in 2009 than 2008 and among rice systems; maximum pre- and post-anthesis net 

assimilation rate was recorded at 90 DAS for TPR and low for DSR during both seasons 

(Fig. 4.2.5). Maximum pre- and post-anthesis NAR was recorded for foliar applied Zn at 

panicle initiation with similar post-anthesis NAR for soil applied Zn at tillering and basal 

in TPR, for basal Zn in AWD and for soil Zn at panicle initiation in direct seeded rice 
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during 2008. Likewise, maximum NAR was found at 90 DAS for soil applied Zn at 

tillering in TPR, AWD and Zn at panicle initiation in DSR for 2009 respectively. This 

increase in NAR was followed by Zn applied at panicle initiation in TPR and was similar 

to Zn applied at panicle initiation in AWD at 90 and 97 DAS and followed by Zn at 

tillering in DSR respectively. Lowest NAR was recorded in control plots with no Zn in 

each rice production system (Fig. 4.2.5). 

4.2.2.6 Chlorophyll (Chl) contents "a and b" (μg mL-1 of fresh wt.) 

Significant variation was found for chlorophyll contents (a and b) among rice production 

systems with Zn fertilization. During 2008, effect was significant among production 

systems for Chl a & b but non-significant for Zn treatments at 96 and 106 DAS and their 

interactions for Chl a. During 2009, both Chl a & b contents were significant    among 

production systems, Zn treatments and their interactions at different harvests except for 

Chl b for which interaction was found in-significant at 76 and 97 DAS (Table 4.8, 4.9 & 

4.17, 4.18 in appendices of experiment 2). Increase in Chl contents was linear and among 

the rice systems, the order of increase was TPR>AWD>DSR and AWD>TPR>DSR in 

2008 and 2009 respectively (Fig. 4.2.6 a & b). Among the Zn treatments, maximum Chl 

'a and b' contents were found for Zn applied at panicle initiation, for Zn applied at basal 

and tillering in TPR, AWD and DSR at 116 DAS respectively during 2008. During 2009, 

maximum Chl 'a & b' contents were found for soil applied Zn at tillering till 97 DAS and 

for foliar Zn at panicle initiation at 104 DAS in TPR with no difference for Chl contents 

at 76 DAS between control and foliar applied Zn. Likely, maximum Chl 'a & b' contents 

were found for soil applied Zn at tillering followed by foliar Zn at panicle initiation at 

104 DAS in AWD and DSR respectively. Nonetheless, minimum Chl 'a & b' contents 

were found for control without Zn application (Fig. 4.2.6 a & b). 

4.2.2 Discussion 

Zn application at different developmental stages improved the total dry matter 

accumulation, growth and 'Chl' contents in rice production systems between the two 

seasons (Figs 4.2.3 to 4.2.6). Highest dry matter was accumulated in direct seeded rice as 

compared to AWD and TPR in both seasons. These increases in TDM accumulation 
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Fig. 4.2.4: Influence of Zn application on crop growth rate (CGR; g m-2d-1) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation
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Fig. 4.2.5: Influence of Zn application on net assimilation rate (NAR; g m-2d-1) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation
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Fig. 4.2.6a: Influence of Zn application on Chl "a" (μg mL-1 of fresh weight) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation
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Fig. 4.2.6b: Influence of Zn application on Chl "b" (μg mL-1 of fresh weight) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation
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was less at later crop growth stages in DSR and higher in TPR and AWD cultivation 

systems during 2008 and high in 2009 (Fig. 4.2.1). High biomass accumulation in direct 

seeded crop might resulted from vigorous growth and earlier start of tillering, stronger 

root activity and the effect was absent in TPR and AWD due to transplanting shock and 

delayed start of tillering and reduced root growth (Sanoh et al., 2004). High seed Zn 

reserves in DSR could result in the better and extensive establishment of root system and 

high nutrient uptake and utilization during the early stages (De Datta, 1986b; Wissuwa et 

al., 2008) and high dry matter production as found in our study. Early and better seedling 

growth also resulted in high LAI, LAD, CGR and less NAR and Chl 'a' and 'b' in DSR 

than AWD or TPR with improved growth and higher values for these indexes (Fig. 4.2.3-

4.2.6). Increased seedling density and LAI during early stages with Zn application might 

be the result of increased cell division and enlargement due to auxin metabolism 

(Babikar, 1986). With Zn applied at critical stages improved dry matter production, 

growth and chlorophyll contents have been reported in rice and maize (Babikar, 1986; 

Khan et al., 2008; Zhoori et al., 2009). However, during later crop growth stages, less 

TDM accumulation in DSR was due to reduced NAR (Fig. 4.2.5) and LAI (Fig. 4.2.2) 

which might be result of reduced photosynthetic rate and early senescence (Lu et al., 

2000). High LAI in TPR by foliar Zn at panicle initiation resulted in increased TDM, 

maintenance of post anthesis LAD, high CGR, NAR and Chl contents (Figs 4.2.3-4.2.6). 

Zn foliar application is effective to improve Zn plant status and ameliorate Zn constraints 

in rice soils with high immobilization (Duxbury et al., 2006). Improved dry matter yield 

and crop growth have been reported in transplanted rice under flooded conditions by 

foliar applied Zn that might be the result of high plant Zn contents (Wissuwa et al., 2008; 

Li et al., 2011) as found in our case (Fig. 4.2.7). Likely increased crop growth and dry 

matter accumulation in DSR or AWD by soil applied Zn at tillering or panicle initiation 

might be the result of increased soil Zn uptake and shoot Zn contents, maintenance of 

high LAD and Chl contents resulting in high photosynthetic capacity (Chen et al., 2008; 

Zhoori et al., 2009). Higher Chl contents by foliar or soil applied Zn at different stages 

might be the result of high root activity (Qinghua et al., 2002) and increased soil and 

plant available Zn at tillering or panicle initiation (Fig. 4.2.7 & 4.2.8) under AWD or 

DSR condition but the effect was absent in TPR during 2008 (Fig. 4.2.6 a & b). Increased 
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Chl contents have been reported at tillering or panicle initiation stages in rice under 

intermittent irrigation (Qinghua et al., 2002) while less in direct seeded rice under aerobic 

conditions and high Chl stability index is also found during tillering, flowering or grain 

filling stages in rice (Reddy et al., 2010). Similarly, Zn applied improved LAI, RGR and 

Chl contents have been reported in maize and rice under water limited conditions (Wang 

et al., 2009; Qinghua et al., 2002).  However, between the seasons better crop 

performance in terms of growth during 2008 might be the result of high irrigation supply 

and rainfall received during critical crop stages (Fig. 3.1a & Table 4.2.22).   

4.2.3 Plant Zn and its distribution in different plant parts 

Plant Zn and its distribution in different plant parts varied with Zn application time 

among the rice production systems over the seasons (Table 4.10 & 4.19). Plant Zn was 

highest in 2008 than 2009 and among rice systems, maximum plant Zn was observed for 

AWD and TPR in 2008, 2009 and minimum for DSR during both seasons respectively. 

Effect of applied Zn also varied for its accumulation pattern during both seasons (Fig. 

4.2.7). During 2008, maximum plant Zn was recorded in TPR for foliar Zn at panicle 

initiation at 106 DAS followed by soil applied Zn at panicle initiation at 96 DAS. In 

AWD and DSR, maximum Zn was recorded for soil applied Zn at panicle initiation 

followed by Zn applied at tillering at 96 DAS respectively (Fig. 4.2.7).  

During 2009, Zn accumulation at different stages of plant harvests varied and 

maximum plant Zn was recorded for soil applied Zn at panicle initiation at 76 and 83 

DAS and for Zn at tillering at 90 DAS in TPR. Among plant parts, higher Zn contents 

were found in leaves for Zn applied as basal at 97 DAS and for Zn at panicle initiation in 

stem and panicles at 97 and at 104 DAS in all three parts (leaves, stem and panicle) 

followed by Zn applied at tillering respectively (Fig. 4.2.7). Under AWD condition, 

maximum Zn was accumulated for Zn applied at panicle initiation followed by Zn 

applied at tillering at 76, 83 and 90 DAS respectively. However, at 97 and 104 DAS, high 

leaf, stem and panicle Zn contents were found for soil Zn at panicle initiation followed by 

basal applied Zn and Zn at tillering at 104 DAS respectively. And no significant 

difference was found for soil applied Zn at basal and foliar at panicle initation at 76, 83 

and 90 DAS. Likely in DSR, higher plant Zn was observed for soil Zn at panicle 

initiation followed by Zn applied at tillering at 76, 83 and 90 DAS respectively. 
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However, at 104 DAS, high Zn was observed in leaves, stem and panicles for soil applied 

Zn at panicle initiation followed by Zn at tillering at 97 DAS with no difference for Zn 

contents at 104 DAS. Nonetheless, minimum plant Zn was recorded in control without 

any Zn supply in each of the rice production systems for both seasons (Fig. 4.2.7). 

4.2.3.1 Grain Zn contents 

Zn fertilization at different crop stages had significant effect on Zn grain contents which 

varied with time of Zn application and rice production system during both season (Table 

4.10 & 4.21). Among the production systems, high grain Zn contents were observed in 

AWD and lower in DSR during both seasons. Among Zn treatments, high grain Zn 

contents were found for foliar applied Zn at panicle initiation followed by soil applied Zn 

at same stage in TPR, for soil applied Zn at panicle initiation followed by Zn at tillering 

in AWD and DSR during 2008, respectively. During 2009, high grain Zn concentration 

was found for Zn soil at panicle initiation in TPR, AWD and followed by soil Zn at 

tillering stage respectively. However, in DSR, Zn applied at maximum tillering had high 

grain Zn followed by Zn applied at panicle initiation. Soil applied Zn increased more 

grain Zn during 2009 as compared to foliar application particularly under water saving 

cultivation and lower grain Zn was found in control without any Zn application in each 

rice system and both seasons (Fig. 4.2.8). 

4.2.3 Discussion: 

Zn application at different growth stages increased the total plant Zn uptake in different 

plant parts including grain Zn contents in different rice production systems during both 

seasons (Fig. 4.2.7 & 4.2.8). During 2008, foliar applied Zn resulted in maximum total 

plant and grain Zn in TPR, soil applied Zn at panicle initiation in AWD and DSR 

respectively (Fig. 4.2.7 & 4.2.8).    
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DW) and its  1-lant Zn contents (mg kgInfluence of Zn application on p: 4.2.7 Fig.
distribution (L=leaf; S=stem; P=Panicle) in rice production systems in 2008 (a, b, c) 

and 2009 (d, e, f). ±SE bars shows the difference among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation
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Fig. 4.2.8: Influence of Zn application on grain Zn contents (mg kg-1) in rice 
production systems in 2008 (a) and 2009 (b). ±SE bars shows the difference among the 
treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation 

0    

10    

20    

30    

40    

50    

60    

TPR AWD DSR

G
ra

in
 Z

n 
co

nt
en

ts
 (m

g 
kg

-1
)

(b)

0    

10    

20    

30    

40    

50    

60    

TPR AWD DSR

G
ra

in
 Z

n 
co

nt
en

ts
 (m

g 
kg

-1
)

(a)

No Zn Zn Basal
Zn at T Zn at PI
Zn Foliar at PI



140 
 

During 2009, variation was found for total plant Zn or its distribution in leaves, stem and 

panicles among the production systems and high plant Zn contents were found for soil 

applied Zn at panicle initiation following Zn fertilization at tillering (Fig. 4.2.7 & 4.2.8). 

However, high grain Zn contents were found for soil applied Zn at panicle initiation in 

TPR, AWD and soil applied Zn at tillering in DSR (Fig. 4.2.8). Foliar Zn fertilization 

under flooded conditions is considered superior due to soil Zn immobilization effects 

(Beebout et al., 2009) and increased plant Zn status as well distribution in shoots, leaves 

or culms and grain is reported for foliar applied Zn at panicle initiation or during grain 

filling period in rice (Wissuwa et al., 2008; Fageria et al., 2008; Wu et al., 2010; Li et al., 

2011). While total plant Zn accumulation and grain contents for soil applied Zn at panicle 

initiation under AWD or DSR is consistent with Jiang et al. (2008), Wu et al. (2010) and 

Beebout et al. (2010, 2011). Jiang et al. (2008) reported that high plant Zn or grain 

accumulation in aerobic rice occurs from root or foliar applied Zn at flowering or grain 

filling period instead of its mobilization from leaves.  Beebout et al. (2010; 2011) also 

found that basal applied Zn becomes less available to support the plant growth and grain 

Zn until flowering and Zn application at maximum tillering or early heading stages under 

non-flooded condition with concomitant soil drainage results in increased root Zn uptake 

finally result in high plant and grain Zn contents. This also correspond to increased soil 

available Zn with soil Zn fertilization at panicle initiation (Fig. 4.2.9) as reported by 

Beebout et al. (2010, 2011). Although Zn accumulation was decreased after 96 DAS but 

this decrease was found for soil Zn but more in DSR under aerobic condition. Rice 

cultivation from flooding to aerobic reduces soil available Zn and plant shoot Zn 

accumulation than flooded (Gao et al., 2006) or AWD conditions as found in our study. 

However, difference for grain Zn contents for flooded or aerobic rice was absent in case 

of Gao et al. (2006) due to calcareous soil types with occurrence of Zn deficiency and 

plant Zn sufficient levels were above critical (20 mg kg-1) in our study. Under aerobic 

conditions, many soil factors which determine Zn availability are changed i.e. pH may 

increase or decrease, or increased nitrification processes and redox potential and 

decreased plant Zn contents under aerobic condition might be the result of decreased 

plant transpiration and phloem sap Zn reduces the high plant Zn accumulation or loading 

into grain (Gao et al., 2006). Our study also provide evidence that high grain Zn contents 
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under AWD results from high native soil Zn contents and time of Zn application had 

great contribution for increasing plant Zn and grain loading through root uptake or leaf 

Zn mobilization. Findings of Wissuwa et al. (2008) and Beebout et al. (2010, 2011) also 

support our results. Nonetheless, very little variation was found for plant Zn contents 

under different rice production systems for control without Zn fertilization (Fig. 4.2.7 & 

4.2.8). 

4.2.4 Soil Zn dynamics 

Soil Zn availability varied with rice cultivation system and seasons while Zn fertilization 

at different crop stages increased the soil Zn status as evident from significant interaction 

found between them (Table 4.11 & 4.20). Among the rice production systems, order of 

increase in soil Zn was TPR>AWD>DSR during both years, however, higher soil Zn was 

found in TPR and lower in case of DSR. There was decreasing trend in soil Zn as the 

crop attained the maturity and soil fertilization at tillering and panicle initiation improved 

the soil Zn status (Fig. 4.2.9).  

In 2008, high soil Zn was found with Zn applied at panicle initiation in all 

cultivation systems and followed by Zn applied at tillering stage at 96, 106 and 116 DAS 

respectively. Decreased in soil Zn was observed in control or foliar treatment without any 

soil Zn fertilization in all the three cultivation systems (Fig. 4.2.9). Likely high soil Zn 

was found for TPR and AWD with application of Zn fertilizer at panicle initiation and 

there was a decrease in soil Zn from 76 to 90 DAS during 2009.  For DSR, during 2009, 

high soil Zn was measured with fertilization at panicle initiation at 76 DAS, with 

decrease at 83 DAS and increase with Zn applied at tillering and thereafter was high for 

Zn at panicle initiation at 90 and 97 DAS in comparison to soil applied Zn at tillering 

respectively.    
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Fig. 4.2.9: Influence of Zn application on soil Zn contents (mg kg-1) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation
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Nonetheless decreased soil Zn was found in control and Zn foliar treatment where no soil 

Zn fertilization was done (Fig. 4.2.9). 

4.2.4 Discussion: 

Zn application at different crop stages improved the soil available Zn in different 

production systems with maximum soil Zn found in TPR and minimum in DSR during 

both seasons. Decreasing trend in soil Zn was found but maximum Zn contents around 

flowering or grain filling period was found with soil application at tillering or panicle 

initiation. Decrease in availability of soil Zn application at seeding was more when 

applied during later crop stages. However, decrease in soil available Zn were less than 

critical level of deficiency (<0.8 mg kg-1) in DSR under aerobic conditions and under 

AWD or TPR soil Zn levels were also less or equal to critical levels in control or foliar 

applications (Fig. 4.2.9). Soil Zn fertilization temporarily increased available Zn is found 

in flooded rice but such increases are high if applied prior to soil drainage irrespective to 

the time of application whether during beginning or later crop stages (Beebout et al., 

2010, 2011) as found in our study for AWD or DSR (Fig. 4.2.9). High soil available Zn is 

reported with Zn fertilization under flooded conditions than dry or moist rice soils 

(Giordano and Mortvedt, 1974). Karak et al. (2005) found that split Zn application is 

considered superior in terms of maintenance of high soil Zn. Decrease in the soil Zn 

contents in TPR might be the result of submergence and depletion by the crop (Karak et 

al., 2005) and results are in accordance with earlier reports of Prasad et al. (1991), 

Giordano and Morvedt (1974) and Beebout et al. (2009). Zn applied under flooded 

conditions become unavailable immediately due to its greater absorption or fixation on 

soil particles due to oxidized soil layers and high soil available Zn under TPR in our 

experiment might be the result of Zn measurements on air dried soils rather than on 

reduced soil for rice at low redox potential (Beebout et al., 2009). Increase in soil 

available Zn under TPR condition with Zn fertilization at tillering or panicle initiation is 

in accordance with previous findings that rice recovers from Zn deficiency after 2-8 

weeks after submergence due to alkaline soil pH effects (Forno et al., 1975). While Zn 

deficiency also have been reported under aerobic rice and decreased in soil available Zn 

under DSR might be the result of changes in factors determining Zn bioavailability such 

increase or decrease of soil pH, increased nitrification and oxidation of organic matter 
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and Zn adsorption on reduced soil particles (Gao et al., 2006).  However, high DTPA-AB 

extractable Zn with fertilization at tillering or panicle initiation under AWD or DSR is 

according to Jiang et al. (2007) and Beebout et al. (2010, 2011). According to their 

reports, soil Zn availability increases under oxidized soil conditions and soil drainage at 

late season prior to Zn application might be the result of increased redox potential with 

concomitant increase in soil pH (Beebout et al., 2009, 2010, 2011).  

4.2.5 Plant water relations 

4.2.5.1 Leaf water potential (Ψw) {-MPa} 

Leaf water potential varied with Zn fertilization and rice production systems between the 

two seasons. Water potential values were higher during 2009 than 2008. Among the 

production systems, leaf water potential did not varied in TPR with or without Zn supply 

during both seasons, however, more decrease in water potential was observed in AWD at 

96 DAS with no significant difference for soil or foliar applied Zn during 2008. However, 

more decrease in LWP i.e. from -0.41 to -0.42 MPa was measured for soil applied Zn at 

tillering at 96 DAS and was followed by Zn application at panicle initiation at 106 DAS 

in case of DSR. During 2009, a decrease in LWP was observed at 76 DAS with or 

without Zn supply in AWD and DSR respectively. This decrease in LWP was more at 90 

DAS and 97 DAS in soil or foliar applied Zn at all crop stages in AWD and DSR with 

more decrease in foliar applied Zn in case of AWD respectively (Fig. 4.2.10). Leaf water 

potential was higher and less decrease in plants without Zn fertilization occurred in all the 

production systems during both seasons.      

4.2.5.2 Osmotic potential (Ψw) {-MPa} 

Response to osmotic potential also varied by Zn applications and rice production systems 

in both seasons. More decrease in osmotic potential was observed in 2008 than 2009. 

Among the production systems decrease in osmotic potential was more with Zn soil or 

foliar application than no Zn application. This decrease in osmotic potential was in order 

of DSR>AWD>TPR in both seasons respectively (Fig. 4.2.11). During 2008, no 

significant difference was observed with or without Zn application in TPR, in case of 

AWD, osmotic potential decreased was more with soil applied Zn at seeding and reached 

to -2.32 MPa following soil or foliar application at tillering and panicle initiation at 106 

DAS. While for DSR, more decrease in osmotic potential was observed with soil Zn 
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application at tillering at 106 DAS. Likely in 2009, no significant difference was found 

with or without Zn supply in TPR, in case of AWD, decrease in osmotic potential 

occurred at 76 to 90 DAS with all Zn applications but this decrease was more in soil 

applied Zn at seeding and response was similar at 90 DAS with soil or foliar applied Zn 

at tillering and panicle initiation and then a small increase in osmotic potential was 

observed with all Zn applications at 97 DAS. Similar response for osmotic potential was 

measured in DSR with decrease until 90 DAS with more declines for Zn application at 

tillering and then with small rise for soil or foliar Zn application (Fig. 4.2.11).       

4.2.5.3 Turgor potential 

Turgor potential varied with Zn applications and rice production systems and response 

was significant between the years. Turgor potential remained high with no Zn supply and 

decline was observed soil or foliar Zn applications and more decline were observed 

during 2009 than 2008 (Fig. 4.2.12). Among the production systems, more decrease in 

turgor potential was for TPR, DSR and high for AWD during 2008 while high for DSR in 

2009. More decrease in turgor potential in TPR was for foliar applied Zn at panicle 

initiation, for soil applied Zn at seeding in AWD and then for soil Zn application at 

tillering in DSR respectively during both seasons. However, in 2008, more decrease in 

values for turgor potential occurred at 106 DAS in TPR, AWD and DSR while at 76 to 96 

DAS in TPR, untill 90 DAS in AWD and DSR respectively (Fig. 4.2.12). 

4.2.5 Discussion: 

Plant water relations were affected by Zn applications at different crop stages in different 

rice production systems. Decrease in water potential was more under AWD or DSR than 

TPR hich decreased further with soil or foliar Zn fertilization at tillering or panicle 

initiation. Nonetheless, leaf water potential was high with no Zn application in all rice 

systems (Fig. 4.2.10). Lower water potential have been reported under DSR in aerobic 

rice or saturated soil conditions than TPR under flooded conditions as the soil drying 

occurs during repeated wetting and drying (Nguyen et al., 2009). Matsuo and Mochizuki 

(2009) found more decrease in water potential under aerobic soil conditions than TPR or 

AWD with average high values for water potential. Similar leaf water potential values 

with or without Zn application were found under well water watered condition in 

chickpea and decreased are observed as the soil drying occurred with water stress. Zn 
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supply maintained ψw for few days after water stress, however, more reduction occurred 

in Zn supplied plants than without Zn application (Khan et al., 2004). Similar 

observations were found for our experiments as reported by Khan et al. (2004) and Zn 

applied plants at tillering or panicle initiation had greater Zn accumulation in plant tissues 

and also high soil Zn contents was maintained (Fig. 4.2.7 and Fig. 4.2.9). Zn deficiency 

reduces the ability of plants for osmotic adjustment and therefore changes the water 

availability and cultivar response to Zn supply under water stress conditions also exist 

(Khan et al., 2004). The difference for leaf water potential under water saving rice might 

be the result of reduced plant growth and poor root functions by lowland rice cultivar 

used limited water absorption by rice plant and restricted soil Zn transport towards roots 

and thus less Zn uptake lowered the leaf water potential under AWD or DSR (Gao et al., 

2006; Nguyen et al., 2009). Without Zn fertilization, reduced root growth limited water 

uptake had been also reported by Nable and Webb (1993). Likely lowered osmotic 

potential and turgor pressure found with Zn fertilization at seeding, tillering or panicle 

initiation in AWD or DSR (Fig. 4.2.11 and Fig. 4.2.12) is also supported by Khan et al. 

(2004) and Sharma et al. (1984). Zn application decreased osmotic potential and turgor 

potential have been reported in chickpea and cabbage under water stress or well water 

conditions as found in our study under AWD or DSR condition (Fig. 4.2.11 and Fig. 

4.2.12) but this lowering of ψs and ψp increases the plant osmotic adjustment than in 

plants without Zn application having less maintenance of osmotic potential and lower 

water use efficiency (Khan et al., 2004; Sharma et al., 1984). Nonetheless, reduction in 

osmotic potential of control without any Zn application might be associated with 

increased accumulation of sugars and other soluble nitrogenous compounds (Sharma et 

al., 1984). 
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Fig. 4.2.10: Influence of Zn application on leaf water potential (-M Pa) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation 
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Fig. 4.2.11: Influence of Zn application on osmotic potential (-M Pa) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation 
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Fig. 4.2.12: Influence of Zn application on turgor potential (M Pa) in rice 
production systems in 2008 (a, b, c) and 2009 (d, e, f). ±SE bars shows the difference 
among the treatments 
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition; B=Basal; T=Tillering; PI=Panicle initiation   
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4.2.6. Agronomic and Yield Related Traits 

4.2.6.1 Plant height at maturity (cm) 

Differential response was found for plant height among the rice production systems with 

Zn applications for both years (Table 4.2.2). Plants with maximum height were produced 

with Zn application than without Zn during both years and maximum plant height was 

recored in 2008 than 2009 (Fig. 4.2.13). Among the production systems, maximum plant 

height was recorded for direct seeded rice followed by transplanting under flooding and 

alternate wetting drying in 2008. While in 2009, nursery planted seedlings with flooding 

produced maximum plant height and was followed by AWD and DSR. Among the Zn 

treatments, highest plant height was recorded with Zn fertilization at tillering in TPR and 

DSR followed by foliar applied Zn at panicle initation during 2008. No difference of 

plant height was found among Zn treatments than control in AWD rice system. During 

2009, plant height was maximum for foliar or soil applied Zn at panicle initation in TPR 

and AWD while for basal applied Zn in DSR system (Fig. 4.2.13). 

4.2.6.2 Total number of tillers (m-2) 

Total number of tillers was affected by production systems, Zn application and PS x Zn. 

Total tillers produced were higher in 2008 than 2009. Contrast analysis showed that Zn 

application affected the total number of tillers as compared to no Zn in all production 

systems of both years (Table 4.2.3, Fig. 4.2.14). Among Zn treatments, Zn applied at 

panicle initiation had maximum total number of tillers in all production systems and 

followed by foliar applied Zn at panicle initiation in TPR, Zn applied as basal in AWD 

and Zn applied at tillering in DSR during 2008. During 2009, among Zn treatments, 

response was variable for production systems and maximum total tillers were recorded 

for Zn applied at tillering or panicle initiation in TPR, DSR and for Zn at basal in AWD 

rice system (Fig. 4.2.14).           

4.2.6.3 Total number of fertile tillers (m-2) 

There was significant influence of Zn application on fertile tillers among production 

systems (Table 4.2.4). Total fertile tillers produced were highest in 2008 than 2009. Zn 

application produced more productive tillers in 2008 than 2009 when increased fertile 

tillers were recorded only for AWD than DSR and TPR with less numer of tillers. Among 

the Zn applications, maximum number of productive tillers was found for soil applied Zn 
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at panicle initiation in all production systems and followed by folair applied Zn in TPR, 

Zn as basal in AWD and for Zn applied at tillering in DSR during 2008. During 2009, 

response varied among Zn treatments and highest fertile tillers were recorded for Zn 

applied at tillering in both TPR and AWD and for soil Zn at panicle initation in DSR 

(Fig. 4.2.15) 

4.2.6.4 Panicle length (cm) 

Response for panicle length was significant among production systems, Zn treatments 

and non-significant when compared to control without Zn and among interactions, trend 

was similar for PS × among Zn and PS × control vs Zn during 2008 (Table 4.2.5). Panicle 

length values were maximum in 2008 than 2009 and among the production systems, 

panicle length recorded was similar and higher for TPR and AWD in 2008 and for TPR 

and DSR in 2009 with maximum for AWD (Table 4.2.5). Among the Zn treatments, no 

significant increase in panicle length was observed in conventional transplanted and 

direct seeded rice system and improved panicle length was recorded for basal Zn during 

2008. During 2009, panicle length was improved for soil Zn applied Zn at tillering or 

panicle iniatation in TPR and DSR and for foliar applied Zn in AWD (Fig. 4.2.16). 
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Fig.: 4.2.13 Influence of zinc application on plant height (cm) in rice under different 
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   
 

Table 4.2.2 Mean squares for influence of Zn application on plant height (cm) 
in rice production systems  

SOV DF 
Plant height 

2008 2009 
Blocks 2 0.10822NS 0.20441NS 
Production systems (PS) 2 528.70689** 29.39634** 
Error (PS) 4 0.23556 0.05416 
Treatments 4 12.70278** 33.26049** 
Control vs Zn 1 0.67222NS 115.76068** 
Among Zn Treatments 3 16.71296** 5.76042** 
PS x Treatments 8 13.76661** 14.81577** 

PS: (Control vs Zn) 2 16.86006** 4.70207** 
PS: (Among Zn 

Treatments) 
6 

12.73546** 18.18700** 

Among Zn at TPR 3 15.38972** 17.44901** 
Among Zn at AWD 3 3.52083** 22.00914** 
Among Zn at DSR 3 23.27333** 2.67628** 

Error (PS x T) 24 0.16367 0.14486 

*=Significant;     **=Highly Significant;  NS=Non-significant, at  p=0.05, 0.01, 0.001 
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) in rice under different 2-mtotal tillers (Influence of zinc application on  14: 4.2.Fig.
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   
 

Table 4.2.3 Mean squares for influence of Zn application on total tillers (m-2) 
in rice production systems  

SOV DF 
Total tillers 

2008 2009 
Blocks 2 0.15556 NS 1.86667 NS 
Production systems (PS) 2 347030.42222**  30024.80000** 
Error (PS) 4 0.25556 0.66667 
Treatments 4 2975.30000** 655.25556** 
Control vs Zn 1 5622.42222** 276.27222** 
Among Zn Treatments 3 2092.92593** 781.58333** 
PS x Treatments 8 684.61667** 484.60556** 

PS: (Control vs Zn) 2 179.93889** 260.17222** 
PS: (Among Zn 

Treatments) 
6 

852.84259** 559.41667** 

Among Zn at TPR 3 708.30556** 223.41667** 
Among Zn at AWD 3 1218.75000** 123.77778** 
Among Zn at DSR 3 1871.55556** 1553.22222** 

Error (PS x T) 24 1.77778 1.53889 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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) in rice under different 2-Influence of zinc application on fertile tillers (m : 4.2.15Fig.
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.4 Mean squares for influence of Zn application on fertile tillers (m-2) 
in rice production systems  

SOV DF 
fertile tillers 

2008 2009 
Blocks 2 2.95556NS 1.35556 NS 
Production systems (PS) 2 375216.62222** 13634.82222** 
Error (PS) 4 0.68889 0.88889 
Treatments 4 2457.63333** 232.80000** 
Control vs Zn 1 5379.20000** 26.45000** 
Among Zn Treatments 3 1483.77778** 301.58333** 
PS x Treatments 8 783.73333** 780.01667** 

PS: (Control vs Zn) 2 365.85000** 245.81667** 
PS: (Among Zn 

Treatments) 
6 

923.02778** 958.08333** 

Among Zn at TPR 3 1424.55556** 1226.30556** 
Among Zn at AWD 3 629.41667** 26.44444** 
Among Zn at DSR 3 1275.86111** 965.00000** 

Error (PS x T) 24 2.75000 0.71111 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Unlike, significant maximum panicle length was found for Zn applied at tillering, foliar 

or soil applied Zn at panicle initiation in DSR, AWD and TPR respectively during 2009 

(Table 4.2.5). 

4.2.6.5 Number of branches per panicle 

Number of branches per panicle varied significantly among production systems, Zn 

treatments and their interaction for the growing seasons (Table 4.2.6). Higher number of 

branches per panicle was found in 2008 than 2009 and among the production systems, 

maximum branches were recorded in DSR followed by TPR and AWD in 2008 and 

similar for TPR, AWD and minimum for DSR in 2009 (Table 4.2.6). Improved number 

of branches per panicle was found with soil or foliar applied Zn than control without any 

Zn application. Among the Zn treatments, maximum number of branches was found for 

soil or foliar Zn at panicle initiation in conventional transplanted and direct seeded ric 

systems and for Zn applied at basal for AWD system during 2008. During 2009, response 

varied among Zn treatments and maximum number of branches was found for Zn applied 

at tillering in tranditional transplanted and direct seeded rice and for folair applied Zn in 

alternate wetting and drying rice system (Fig. 4.2.17).                

4.2.6.6 Number of kernels per panicle 

Number of kernels per panicle was significant among the production systems, treatments 

with Zn or without Zn and their interaction between growing seasons. Higher kernel 

numbers per panicle were recorded in 2008 than 2009 and among the production systems, 

maximum number of kernels per panicle were recorded for TPR, DSR and AWD in 2008 

and order of increase in kernels numbers was AWD>DSR>TPR in 2009 respectively 

(Table 4.2.7). Among soil or foliar Zn treatments, maximum number of kernels per 

panicle were found for Zn applied at basal in traditional transplanted and water saving 

alternate wetting and drying rice system and for soil or foliar applied Zn at panicle 

initataion in direct seeded rice in 2008. During 2009, among Zn treatments, soil applied 

Zn at tillering had maximum number of branches per panicle in all rice growing system. 

However, this increase number of branches by Zn applied at tillering were similar to Zn 

at basal in AWD rice system (Fig. 4.2.18). 
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4.2.6.7 Number of sterile spikelets per panicle 

Zn fertilization reduced the spikelet sterility and significant effect was found for sterile 

spikelets among rice cultivation systems, Zn treatments and their interaction for both 

years. Reduced spikelet sterility was recorded in 2008 than 2009. Among rice systems, 

less sterile spikelets per panicle were found in direct seeded rice during both years 

following AWD and TPR in 2008 and similar number of sterile spikelets in TPR and 

AWD during 2009 (Table 4.2.8). Zn application reduced spikelet sterility during both rice 

growing season as compared to treatment where no Zn was applied. Among Zn 

treatments, reduced sterile spikelets were found for soil applied Zn at panicle initation in 

TPR, Zn applied at tillering in AWD and DSR rice system during 2008. Interaction 

between Zn treatments and rice systems showed that spikelet sterility was reduced when 

Zn was applied at tillering in TPR and AWD and for soil applied Zn at panicle initiation 

in DSR during 2009 (Fig. 4.2.19).  

4.2.7.8 1000-kernel weight (g) 

Variable response was found for 1000-kernel weight among production systems, Zn 

treatments and their interaction for both seasons (Table 4.2.9). Maximum 1000-kernel 

weight was recorded in 2008 than 2009 and among the production systems; maximum 

1000- kernel weight was recorded in DSR during both years and was followed by AWD, 

TPR in 2008 and TPR, AWD in 2009 respectively (Table 4.2.9). Zn application improved 

1000-kernel weight than without Zn in control. Among Zn treatments, maximum 1000 

kernel weight was recorded for foliar applied Zn in traditional transplanted and Zn 

applied at basal for AWD and Zn at tillering in DSR during 2008. Intesrestingly, in 2009, 

improved 1000-kernel weight was found for Zn applied at tillering among all rice 

growing systems (Fig. 4.2.20).  
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Fig.: 4.2.16 Influence of zinc application on panicle length (cm) in rice under different 
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.5 Mean squares for influence of Zn application on panicle length 
(cm) in rice production systems 

SOV DF 
Panicle length 

2008 2009 
Blocks 2 0.03756 NS 0.03116 NS 
Production systems (PS) 2 18.26156** 0.80602** 
Error (PS) 4 0.22556 0.00478 
Treatments 4 0.80722** 1.48093** 
Control vs Zn 1 0.05000 NS 0.06385 NS 
Among Zn Treatments 3 1.05963* 1.95329** 
PS x Treatments 8 2.03406** 3.22282** 

PS: (Control vs Zn) 2 6.77817** 1.34673** 
PS: (Among Zn 

Treatments) 
6 

0.45269** 3.84818** 

Among Zn at TPR 3 0.40333 NS 1.44182** 
Among Zn at AWD 3 1.55417** 7.82741** 
Among Zn at DSR 3 0.00750NS 0.38042** 

Error (PS x T) 24 0.16844 0.06583 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Fig.: 4.2.17 Influence of zinc application on number of branches per panicle in rice under 
different production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.6 Mean squares for influence of Zn application on number of 
branches per panicle in rice production systems 

SOV DF 
No. of branches per panicle 

2008 2009 
Blocks 2 0.02489 NS 0.03738 NS 
Production systems (PS) 2 16.91622**  2.01460** 
Error (PS) 4 0.01356 0.01849 
Treatments 4 0.42533** 0.91385** 
Control vs Zn 1 0.06050 NS 2.53472** 
Among Zn Treatments 3 0.54694** 0.37356** 
PS x Treatments 8 0.73233** 0.42506** 

PS: (Control vs Zn) 2 1.16017** 0.13734** 
PS: (Among Zn 

Treatments) 
6 

0.58972** 0.52097** 

Among Zn at TPR 3 0.33444** 0.45763** 
Among Zn at AWD 3 0.11417* 0.86963** 
Among Zn at DSR 3 1.27778** 0.08823* 

Error (PS x T) 24 0.02483 0.02006 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Fig.: 4.2.18 Influence of zinc application on number of kernels per panicle in rice under 
different production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.7 Mean squares for influence of Zn application on number of 
kernels per panicle in rice production systems 

SOV DF 
No. of kernels per panicle 

2008 2009 
Blocks 2 0.29422 NS 0.04169 NS 
Production systems (PS) 2 1813.89956** 753.40869** 
Error (PS) 4 0.17422 0.07295** 
Treatments 4 57.00411** 92.55568** 
Control vs Zn 1 165.12089** 221.71141** 
Among Zn Treatments 3 20.96519** 49.50377** 
PS x Treatments 8 35.51428** 38.31949** 

PS: (Control vs Zn) 2 14.44739** 30.01742** 
PS: (Among Zn 

Treatments) 
6 

42.53657** 41.08685** 

Among Zn at TPR 3 33.07667** 77.52889** 
Among Zn at AWD 3 70.17861** 48.49663** 
Among Zn at DSR 3 2.78306** 5.65194** 

Error (PS x T) 24 0.18006** 0.12363** 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Fig.: 4.2.19 Influence of zinc application on sterile spikelets per panicle in rice under 
different production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.8 Mean squares for influence of Zn application on sterile spikelets 
per panicle in rice production systems 

SOV DF 
Sterile spikelets per panicle 

2008 2009 
Blocks 2 0.00689 NS 0.05068 NS 
Production systems (PS) 2 6.95089** 1.69038** 
Error (PS) 4 0.00322 0.00808 
Treatments 4 3.66356** 5.68177** 
Control vs Zn 1 13.83339** 21.20427** 
Among Zn Treatments 3 0.27361** 0.50760** 
PS x Treatments 8 0.33172** 0.48486** 

PS: (Control vs Zn) 2 0.44606** 0.62601** 
PS: (Among Zn 

Treatments) 
6 

0.29361** 0.43781** 

Among Zn at TPR 3 0.05444* 0.47576** 
Among Zn at AWD 3 0.15639** 0.63330** 
Among Zn at DSR 3 0.65000** 0.27417** 

Error (PS x T) 24 0.01333 0.01483 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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 4.2.6.9 Kernel yield (t ha-1) 

Response of Zn fertilization to kernel yield in rice production systems was significant in 

both years (Table 4.2.10). Kernel yield was high in 2008 than 2009 and among the 

production systems, maximum kernel yield was recorded for traditional transplanted rice 

followed by AWD and DSR having similar yield in 2008 while in 2009, no significant 

difference for kernel yield was found among production systems (Table 4.2.10).  

Among interactions, PS: control vs Zn showed that Zn application increased kernel yield 

than control without Zn supply. Among Zn treatments, higher kernel yield was produced 

by foliar applied Zn in tradiational transplanted, Zn at basal in alternate wetting and 

drying system and Zn applied at tillering in DSR during 2008. In 2009, improved but 

similar yield was recorded for Zn applied at tillering in traditional transplanted and AWD 

rice systems and also for Zn applied at tillering or panicle initiation in direct seeded rice 

system (Fig. 4.2.21).   

4.2.6.10 Straw yield (t ha-1) 

 Like kernel yield, significant effect of Zn fertilization was found on straw yield in 

different rice production systems during both years. Relatively higher straw yield was 

found in 2008 than 2009 and among the production systems, higher straw yields were 

found for DSR during both seasons and these increased straw yields were followed by 

TPR and AWD in 2008 and AWD and TPR in 2009 respectively (Table 4.2.11). 

Contrasts showed that Zn application improved the straw yield than control without Zn in 

both seasons except for 2009 in which no improvement was found in straw yield for Zn 

application over control in AWD rice system. Among Zn treatments, highest straw yield 

was recorded for foliar Zn in transplanted rice, for Zn at basal in AWD and Zn at tillering 

or panicle initiation in DSR during 2008. Likely, Zn applied at tillering or panicle 

initiation produced highest straw yield in all rice cultivation systems during 2009 (Fig. 

4.2.22). 

4.2.6.11 Harvest index (H.I)                

 Harvest index also varied significantly among the Zn treatments and rice production 

systems over the seasons. High harvest index values were found in 2008 than 2009 and 

among the rice systems, highest HI was recorded in TPR and minimum for DSR in both 

seasons (Table 4.2.12). Among contrasts, Zn application improved harvest index than 
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control during both growing seasons except for DSR in 2009 when no improvement was 

recorded over control.  Among Zn applications, highest HI was found for soil applied Zn 

at tillering or foliar Zn at panicle initiation in tradiational transplanted and alternate 

wetting and drying rice system and for Zn at tillering in direct seeded rice in 2008. 

Likely, Zn applied at tillering in TPR, soil or foliar applied Zn at panicle initiation in 

AWD and DSR respectively recorded maximum harvest index in 2009 (Fig. 4.2.23). 

4.2.6 Discussion: 

Zn fertilization at different crop stages improved the plant height, total number of tillers 

and fertile tillers, panicle length, number of branches per panicle and kernel numbers, 

1000-kernel weight, biological and economic yield and harvest index while decreased 

panicle sterility in different rice production systems during both seasons respectively 

(Fig.s 4.2.13-4.2.23). Crop performance in terms of yield and its related traits for rice 

systems varied between the seasons, however, for Zn treatments variation was found only 

with TPR and AWD during 2008 than 2009 with small or no variation in crop 

performance. Higher total and fertile tillers and biological yield were found in DSR for 

both seasons followed by AWD and TPR in 2008 and 2009 respectively. High tillers and 

biological yield in direct seeded rice might be the result of increased field emergence per 

m2 (Table 4.2.1). Zn applied at basal in DSR resulted in earlier emergence and high 

tillering density with vigorous crop growth (Fig. 4.2.14). Better root system development 

due to high seed Zn reserves improved plant nutrient uptake and enhanced the number of 

tillers with vigorous growth (De Datta, 1986b; Wissuwa et al., 2008). Increase in tillering 

might also be the result of improved enzymatic activity and enhanced auxin metabolism 

as evident from earlier findings (Ghani et al., 1990). Vigorous seedling growth due to Zn 

effect on root proliferation enhanced nutrients uptake from soil and when supplied to 

aerial plant parts they triggered the plants to grow taller (Rattan and Shukla, 1991; Fig. 

4.2.13). Increased LAI and CGR by soil applied Zn at tillering or panicle initiation was 

the result of enhanced shoot Zn contents increasing accumulation of dry matter and had 

maximum biological yield under direct seeded condition (Fig. 4.2.1). Low soil pH and 

high redox potential improves Zn uptake under aerobic rice condition and high tillers and 

biomass accumulation occur (Gao et al., 2006; Subedi et al., 2010) as found in our study 

for soil applied Zn at tillering or panicle initiation (Fig. 4.2.14). Positive correlation is 
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also found between Zn uptake and biomass production in aerobic as well in flooded rice 

(Subedi et al., 2010). Enhanced total and fertile tillers density, biological yield and 

maximum plant height by soil applied Zn at tillering or panicle initiation or foliar Zn at 

panicle initiation in TPR or AWD might be due to increased soil Zn availability (Fig. 

4.2.9) and its uptake at acidic soil pH (Subedi et al., 2010; Hafeez et al., 2010) or high 

redox potential under AWD (Beebout et al., 2010). Significant positive relationship for 

effect of Zn application and tillering is found in rice under flooded conditions (Subedi et 

al., 2010; Hafeez et al., 2010).  Similarly, non-significant effect for plant height in 

flooded (Hafeez et al., 2010) and significant in AWD (Nemeno et al., 2010) has been 

also found for Zn applied in our study and improved plant height with soil or foliar 

applied Zn in TPR or AWD (Fig. 4.2.13). Zn fertilization improved plant height might be 

the result of increased Zn uptake and its translocation to shoot for dry matter production 

(Graham and Rengel, 1993; Yaseen et al., 2000) as compared to control without any Zn 

application having reduced plant growth, LAI, CGR and dry matter production. 

Improved number of panicle bearing tillers and panicle length by Zn application might be 

the result of increased Zn use efficiency as reported by Cheema et al. (2006).  

 In addition to fertile tillers, improved panicle length, number of branches and 

kernels per panicle, 1000 kernel weight and reduced panicle spikelet sterility with soil or 

foliar applied Zn in TPR, AWD and DSR increased the kernel yield. Foliar or soil Zn 

application improves panicle growth at reproductive growth stages and findings of Li et 

al. (2011) support our results in which they found improved rice kernel yield and related 

components that might be the result of enhanced total plant Zn accumulation at booting 

or maturity stages. They also reported that foliar Zn application was the most effective to 

increase Zn uptake in shoot grain and straw (Li et al., 2011). Increased straw and kernel 

yield have been also reported in rice by foliar applied Zn in TPR under flooded 

conditions (Karak et al., 2006). Likewise, Beebout et al. (2010) reported high Zn uptake 

and accumulation in straw by soil applied Zn at seeding or active tillering stage prior to 

soil drainage when redox potential was high. This increased Zn uptake might resulted in 

high kernel yield by soil applied Zn at seeding or tillering in AWD (Fig. 4.2.9).   
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Fig.: 4.2.20 Influence of zinc application on 1000-kernel weight (g) in rice under 
different production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.9 Mean squares for influence of Zn application on 1000-kernel 
weight (g) in rice production systems 

kSOV DF 
1000-kernel weight (10-3) 
2008 2009 

Blocks 2 14.22000 NS 0.55000 NS 
Production systems (PS) 2 395.82200** 419.87000** 
Error (PS) 4 7.89000 0.98000 
Treatments 4 986.11000** 1098.73000** 
Control vs Zn 1 211.25000** 2140.76000** 
Among Zn Treatments 3 610.65000* 751.38000** 
PS x Treatments 8 147.04400** 238.16000** 

PS: (Control vs Zn) 2 743.17000* 317.18000** 
PS: (Among Zn 

Treatments) 
6 

171.28700** 211.82000** 

Among Zn at TPR 3 100.88900** 514.76000** 
Among Zn at AWD 3 116.66700** 502.56000** 
Among Zn at DSR 3 186.08300** 157.70000** 

Error (PS x T) 24 98.33000 0.54000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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) in rice under different 1-Influence of zinc application on kernel yield (t ha : 4.2.21Fig.
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.10 Mean squares for influence of Zn application on kernel yield (t 
ha-1) in rice production systems 

SOV DF 
kernel yield (10-3)  

2008 2009 
Blocks 2 1.15000 NS 0.19000 NS 
Production systems (PS) 2 164.85000** 2.41000* 
Error (PS) 4 0.76000 0.19000 
Treatments 4 303.15000** 11.46000** 
Control vs Zn 1 1140.83000** 27.13000** 
Among Zn Treatments 3 23.92000** 6.24000** 
PS x Treatments 8 118.00000** 1.89000** 

PS: (Control vs Zn) 2 21.24000** 0.72000* 
PS: (Among Zn 

Treatments) 
6 

150.25000** 2.28000** 

Among Zn at TPR 3 75.50000** 5.13000** 
Among Zn at AWD 3 87.92000** 2.19000** 
Among Zn at DSR 3 161.01000** 3.47000** 

Error (PS x T) 24 0.65000 0.09000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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) in rice under different 1-Influence of zinc application on straw yield (t ha 2: 4.2.2Fig.
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.11 Mean squares for influence of Zn application on straw yield  
(t ha-1) in rice production systems 

SOV DF 
straw yield (10-3) 

2008 2009 
Blocks 2 1.07000 NS 0.30000 NS 
Production systems (PS) 2 2783.38000** 15317.27000** 
Error (PS) 4 0.83000 1.27000 
Treatments 4 513.20000** 159.67000** 
Control vs Zn 1 1715.03000** 0.53000 NS 
Among Zn Treatments 3 112.59000** 212.71000** 
PS x Treatments 8 317.36000** 53.24000** 

PS: (Control vs Zn) 2 27.91000** 59.51000** 
PS: (Among Zn 

Treatments) 
6 

413.84000** 51.14000** 

Among Zn at TPR 3 620.59000** 17.43000** 
Among Zn at AWD 3 291.44000** 232.14000** 
Among Zn at DSR 3 28.23000** 65.43000** 

Error (PS x T) 24 1.71000 1.46000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Fig.: 4.2.23 Influence of zinc application on harvest index in rice under different 
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.12 Mean squares for influence of Zn application on harvest index  
in rice production systems  

SOV DF 
Harvest index (10-3) 

2008 2009 
Blocks 2 0.01000 NS 0.01000 NS 
Production systems (PS) 2 16.71000** 43.36000** 
Error (PS) 4 0.01000 0.01000 
Treatments 4 1.58000** 0.63000** 
Control vs Zn 1 5.56000** 1.23000** 
Among Zn Treatments 3 0.25000** 0.43000** 
PS x Treatments 8 0.94000** 0.40000** 

PS: (Control vs Zn) 2 0.70000** 0.28000** 
PS: (Among Zn 

Treatments) 
6 

1.02000** 0.44000** 

Among Zn at TPR 3 0.20000** 0.23000** 
Among Zn at AWD 3 0.16000** 1.01000** 
Among Zn at DSR 3 1.93000** 0.08000** 

Error (PS x T) 24 0.02000 0.01000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Zn application decreases maturity time, unfilled kernels and sterile spikletes and 

increases number of panicles in rice (Dutta and Rahman, 1987; Yakan et al., 2000). 

Increased availability of nutrients under alternate wetting and drying conditions improves 

nutrient uptake and grain yield in rice even under low Zn soils (Nemeno et al., 2010). 

This increase in Zn uptake results in enhanced metabolic activities and translocation of 

photosynthates (Sharma et al., 1990) and due which high maintenance of post- anthesis 

LAD, CGR and NAR resulted in more accumulation of reserves as found by high values 

of these traits at 90 DAS in all rice systems by soil or foliar applied Zn (Fig. 4.2.3-4.2.5). 

Zn application at post-anthesis might increased the activity of carbonic anhydrase and 

photosynthesis which produced more photoassimilates as evident from high values of 

chlorophyll contents, LAD and NAR during later plant growth stages (Fig. 4.2.4 & 4.2.5). 

Reduced spikelet sterility by soil or foliar Zn application might be the result of enhanced 

photo-assimilates partitioning towards developing grains due to increased activity of Zn 

activated enzymes (Pandey et al., 2001). While increased spikelet sterility, reduced 

panicle length, less number of branches and kernels in control without Zn application or 

with basal Zn might be due to reduced pollen germination, pollen tube growth, limited 

fertilization and seed setting and poor grain growth (Pandey et al., 2001, 2005). High 

harvest index was also found by Zn application in different rice systems with maximum 

values in TPR, AWD and DSR respectively. Among different Zn applications, highest 

harvest index by Zn applied at tillering or panicle initiation might be the result of high 

dry matter partitioning towards the panicle that resulted in increased kernel yield as 

observed from maintenance of post-anthesis LAD and high NAR (Fig. 4.2.3 and 4.2.5). 

High harvest index has been reported in TPR with continuous flooding than aerobic rice 

(Cheema et al., 2006; Gao et al., 2006).  

Kernel yields were less during 2009 than 2008  (Fig. 4.2.21) which might be the 

result of water stress conditions experienced by crop due to reduced availability of 

irrigation water and poor distribution of rainfall that resulted in increased soil drying 

during most of the growing period (Fig. 3.1 in Materials & Method section). High 

temperature (Fig. 3.1 in Materials & Method section) might to increase floret sterility per 

panicle during 2009 and high tillering mortality due to increased tillering density with 

more resource competition i.e. light, temperature, space and nutrients and therefore 
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comparatively similar yield were observed in DSR than TPR and AWD during second 

season. Similarly instead of high tillering density higher kernel yields were observed for 

TPR than AWD or DSR in 2008 while significantly small difference between the TPR, 

AWD and DSR in 2009 respectively was found (Fig. 3.1 in Materials & Method section). 

Similar response for high plant density effect on tillering mortality has been (Dingkuhn et 

al., 1990b; Hasanuzzaman et al., 2009). In our experiments, similar yields have been 

reported for AWD, DSR and higher for TPR. Yadav et al. (2011) reported similar yields 

under AWD and DSR when irrigation water was applied at field capacity while on other 

hand, reduced yields under DSR are reported when irrigated at field capacity level than 

TPR when grown in sandy loam and loam soils (Choudhury et al., 2007). Likewise, 

similar rice yields are reported with conventional TPR and DSR at field capacity when 

cultivated on range of soils from sandy loam to clay loam (Bhushan et al., 2007; 

Saharawat et al., 2009).  

Our study concludes that soils with adequate Zn, Zn application is not necessary 

as in case of our experiment, however, to fulfill the crop requirement of rapidly growing 

plants, it is imperative to supply adequate Zn during early vegetataive and reproductive 

development to overcome yield constraints and high grain contents.  

4.2.7. Kernel Quality        

4.2.7.1 Abortive kernels (%) 

Abortive kernels were affected by production systems and Zn treatments but interaction 

for control vs Zn treatments and among Zn treatments were non-significant during both 

seasons (Table 4.2.13). Between the seasons, higher abortive kernels were noted for 2009 

than 2008 and among production systems, reduced abortive kernels were observed in 

TPR and AWD for 2008 and for AWD only in 2009. Higher abortiveness was found in 

direct seeded rice for both years. Among the Zn treatments, no significant difference was 

found between soil or foliar Zn applications at crop different stages. However, Zn 

fertilization reduced kernel abortiveness than control having high percentage of abortive 

kernels (Fig. 4.2.24).  

4.2.7.2 Chalky kernels (%) 

Kernel chalkiness varied among production systems, Zn treatments and their interactions 

was non-significant among Zn treatments in both years (Table 4.2.14). Among the 
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production systems, no difference was found for kernel chalkiness during 2008 and 2009. 

Among contrasts, Zn fertilization at different crop stages reduced the kernel chalkiness as 

compared to control with maximum chalky kernels. However, no significant difference 

was found for soil or foliar applied Zn at different crop stages in both seasons (Fig. 

4.2.25). 

4.2.7.3 Opaque kernels (%) 

Intensity of opaque kernels varied in rice production systems, among Zn treatments and 

their interaction (Table 4.2.15). During 2008, less opaque kernels were recorded than 

2009. Among the production systems, there was reduced number of opaque kernels in 

TPR and similar number of opaque kernels were found in AWD and DSR system in 2008 

while no significant difference was found for opaque kernls among the rice systems in 

2009 (Table 4.2.15). Among contrasts, Zn fertilization reduced percentage of opaque 

kernels than control without Zn in both seasons. Among Zn treatments, reduced percent 

of opaque kernels was found for foliar applied Zn in tradiational transplanted rice, soil Zn 

at basal in water saving AWD and Zn at tillering in DSR during 2008. In 2009, 

interaction for control vs Zn treatments with PS was non-significant and among Zn 

treatments, effect was non-significant in TPR while all Zn treatments reduced opaque 

kernels in AWD and DSR systems (Fig. 4.2.26).            

4.2.7.4 Normal kernels (%)   

Effects of Zn nutrition on normal kernel percentage in production systems was non-

significant in 2009 and significant for Zn treatments and their interaction with production 

system in both years except for PS: control vs Zn interaction which was non-significant 

in 2008. Normal kernels produced in 2008 were higher than 2009 and among the 

production systems, order of increase of normal kernels was TPR>AWD>DSR in 2008 

(Table 4.2.16).    

Interaction (PS:Trt) indicated that Zn application improved  percentage of normal kernels 

in rice cultivation systems than control without any Zn. Among Zn treatments, highest 

percentage of normal kernel was found for foliar applied Zn in tradiational TPR, Zn at 

basal in AWD and for soil Zn at tillering in DSR during 2008.  For 2009, highest normal 

kernels were recorded for Zn at tillering in traditional transplanted system and effect was 
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non-significant among Zn treatments in AWD while highest normal kernels were for Zn 

at panicle initiation in DSR system (Fig. 4.2.27). 
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Fig.: 4.2.24 Influence of zinc application on abortive kernels (%) in rice under different 
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.13 Mean squares for influence of Zn application on abortive kernels 
(%) in rice production systems  

SOV DF 
abortive kernels 

2008 2009 
Blocks 2 0.14600NS 0.15556 NS 
Production systems (PS) 2 0.52867** 0.42222 NS 
Error (PS) 4 0.02067 0.15556 
Treatments 4 5.77744** 6.47778** 
Control vs Zn 1 23.04089** 24.93889** 
Among Zn Treatments 3 0.02296 NS 0.32407 NS 
PS x Treatments 8 0.42561** 0.64444 NS 

PS: (Control vs Zn) 2 0.15439* 0.77222 NS 
PS: (Among Zn 

Treatments) 
6 

0.51602 NS 0.60185 NS 

Among Zn at TPR 3 0.52083** 0.30556 NS 
Among Zn at AWD 3 0.38889** 0.66667 NS 
Among Zn at DSR 3 0.14528* 0.55556 NS 

Error (PS x T) 24 0.03439 0.32222 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Fig.: 4.2.25 Influence of zinc application on chalky kernels (%) in rice under different 
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.14 Mean squares for influence of Zn application on chalky kernels 
(%) in rice production systems  

SOV DF 
chalky kernels 

2008 2009 
Blocks 2 0.00556 NS 0.68889 NS 
Production systems (PS) 2 0.08622 NS 0.82222 NS 
Error (PS) 4 0.02889 0.12222 
Treatments 4 3.68478** 1.74444** 
Control vs Zn 1 14.56356** 5.33889** 
Among Zn Treatments 3 0.05852 NS 0.54630 NS 
PS x Treatments 8 0.40928** 0.54444 NS 

PS: (Control vs Zn) 2 0.50072 1.20556* 
PS: (Among Zn 

Treatments) 
6 

0.37880 NS 0.32407 NS 

Among Zn at TPR 3 0.24750** 0.33333 NS 
Among Zn at AWD 3 0.30556** 0.52778 NS 
Among Zn at DSR 3 0.26306** 0.33333 NS 

Error (PS x T) 24 0.03028 0.22778 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Fig.: 4.2.26 Influence of zinc application on opaque kernels (%) in rice under different 
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.15 Mean squares for influence of Zn application on opaque kernels 
(%) in rice production systems  

SOV DF 
opaque kernels 

2008 2009 
Blocks 2 0.25356 NS 0.68889 NS 
Production systems (PS) 2 4.49756** 0.15556 NS 
Error (PS) 4 0.24889 0.98889 
Treatments 4 8.77089** 10.92222** 
Control vs Zn 1 31.41689** 38.27222** 
Among Zn Treatments 3 1.22222** 1.80556** 
PS x Treatments 8 1.19756** 0.82222** 

PS: (Control vs Zn) 2 0.20689 NS 0.70556 NS 
PS: (Among Zn 

Treatments) 
6 

1.52778** 0.86111** 

Among Zn at TPR 3 0.55556 NS 0.52778 NS 
Among Zn at AWD 3 0.55556** 1.00000* 
Among Zn at DSR 3 1.63889** 2.00000** 

Error (PS x T) 24 0.21683 0.22222 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Fig.: 4.2.27 Influence of zinc application on normal kernels (%) in rice under different 
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.16 Mean squares for influence of Zn application on normal kernels 
(%) in rice production systems  

SOV DF 
normal kernels 

2008 2009 
Blocks 2 0.86422 NS 0.55556 NS 
Production systems (PS) 2 7.74956** 2.22222 NS 
Error (PS) 4 0.30289 0.55556 
Treatments 4 51.35756** 45.47778** 
Control vs Zn 1 199.92272** 166.27222** 
Among Zn Treatments 3 1.83583** 5.21296** 
PS x Treatments 8 4.28206** 2.86111** 

PS: (Control vs Zn) 2 0.34572 NS 3.88889** 
PS: (Among Zn 

Treatments) 
6 

5.59417** 2.51852** 

Among Zn at TPR 3 2.25000** 2.75000** 
Among Zn at AWD 3 6.05556** 0.52778 NS 
Among Zn at DSR 3 4.71861** 6.97222** 

Error (PS x T) 24 0.24972 0.33333 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Kernel dimension  
4.2.7.5a Kernel length (mm) 

Kernel length was significantly affected by rice production systems, Zn treatments and 

their interaction between the growing seasons (Table 4.2.17). Maximum kernel length 

was recorded in 2008 than 2009. Among rice systems, maximum kernel length was found 

for tradiational transplanted and direct seeded rice system and relatively less for AWD in 

2008 and likely was maximum in DSR and statistically similar in AWD and TPR during 

2009 (Table 4.2.17). Interactive effect showed that Zn application improved the kernel 

length than control during both years. Among Zn treatments, foliar applied Zn, soil Zn at 

seeding and tillering produced kernels with maximum length in TPR, AWD and DSR 

respectively in 2008. Likely soil applied Zn at tillering and panicle initiation improved 

kernel length in all rice growing systems during 2009 (Fig. 4.2.28).              

4.2.7.5b Kernel width (mm) 

Zn application had significant effect on kernel width of different rice production systems 

as evident from the interaction. Relatively, more kernel width was recorded in 2008 than 

2009 and in rice systems, maximum and similar kernel width was found for traditional 

transplanted and direct seeded rice followed by AWD in 2008 while it was similar for 

AWD and DSR in 2009 following traditional transplanted rice (Table 4.2.18). Interaction 

of PS: control vs Zn was non-significant in 2008 and improved kernel width was 

recorded for Zn application in 2009. Among Zn treatments, kernel width was improved 

by foliar Zn in TPR and soil Zn at basal in water saving alternate wetting and drying and 

direct seeded rice systems during 2008. During 2009, soil applied Zn at tillering and 

panicle initiation improved kernel width in TPR and DSR systems while no difference 

was found among Zn treatments in case of AWD (Fig. 4.2.29).                

4.2.7.6.Kernel water absorptive ratio (KWAR) 

Kernel water absorption ratio was significant for rice systems in 2009 and for Zn 

treatments and their interaction for both growing seasons. KWA ratios were high in 2008 

than 2009 and among the rice systems, ratio was maximum for DSR and similar for 

AWD and TPR in 2009 (Table 4.2.19). In 2008, PS: control vs Zn interaction was non-

significant and among Zn treatments, maximum kernel water absorption ratio was found 

for foliar and soil applied Zn at seeding in traditional transplanted and direct seeded rice 
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while no difference was observed in AWD. In comparison, during 2009, KWA ratio was 

highest for Zn applied at tillering for all production systems (Fig. 4.2.30).      

4.2.7.7.Kernel protein contents (%) 

Kernel protein contents were significantly affected by rice production systesms, Zn 

treatments and their interaction. Protein contents were high in 2009 than 2008. Among 

production systems, maximum protein contents were found for traditional transplanted 

rice and were similar for AWD and DSR water saving systems in 2008 and difference 

was non-significant in 2009. Interaction of PS with or without Zn treatments indicated 

that Zn nutrition improved the kernel protein contents than control when no Zn was 

applied in both growing seasons. Among Zn treatments, protein contents were highest for 

foliar applied Zn in TPR, for soil Zn at seeding and tillering in AWD and DSR in 2008. 

Similalry, highest protein contents were recorded for soil applied Zn at tillering in TPR 

and AWD and for Zn at panicle initiation in DSR during 2009 (Fig. 4.2.31).       

4.2.7.8 Kernel amylose contents (%) 

Kernel amylose contents were affected by rice production systems, Zn application and 

their interaction during both seasons (Table 4.2.21). Among the production systems, less 

amlose amylose contents were found for AWD and smilar were found for traditional 

transplanted and direct seeded ric systems in both years. Interactions showed that Zn 

application reduced amylose contents as compared to control during both rice growing 

seasons. Among Zn treatments, reduced amylose contents were found for foliar applied 

Zn in traditional transplanted rice, soil applied Zn at seeding and tillering in alternate 

wetting and drying and direct seeded rice systems in 2008 and response was also similar 

during 2009 (Fig. 4.2.32).  
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Fig.: 4.2.28 Influence of zinc application on kernel length (mm) in rice under different 
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.17 Mean squares for influence of Zn application on kernel length 
(mm) in rice production systems  

SOV DF 
kernel length (mm) (10-3) 
2008 2009  

Blocks 2 148.67000 NS 0.34000 NS 
Production systems (PS) 2 528.67000* 124.90000** 
Error (PS) 4 38.33000 0.15000 
Treatments 4 1496.11000** 1105.20000** 
Control vs Zn 1 3901.39000** 4086.08000** 
Among Zn Treatments 3 694.35000** 111.58000** 
PS x Treatments 8 552.28000** 99.03000** 

PS: (Control vs Zn) 2 13.56000 NS 250.40000** 
PS: (Among Zn 

Treatments) 
6 

731.85000** 48.58000** 

Among Zn at TPR 3 1474.17000** 0.21000** 
Among Zn at AWD 3 303.06000 NS 140.54000** 
Among Zn at DSR 3 380.83000 NS 39.71000** 

Error (PS x T) 24 138.72000 0.21000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Fig.: 4.2.29 Influence of zinc application on kernel width (mm) in rice under different 
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.18 Mean squares for influence of Zn application on kernel width 
(mm) in rice production systems  

SOV DF 
kernel width (mm) (10-3) 
2008 2009  

Blocks 2 1.56000 NS 0.02000 NS 
Production systems (PS) 2 346.89000** 11.18000** 
Error (PS) 4 2.89000 0.07000 
Treatments 4 93.11000** 1.76000** 
Control vs Zn 1 9.39000 NS 5.23000** 
Among Zn Treatments 3 121.02000** 0.60000** 
PS x Treatments 8 44.94000** 1.89000** 

PS: (Control vs Zn) 2 26.72000** 3.12000** 
PS: (Among Zn 

Treatments) 
6 

51.02000** 1.49000** 

Among Zn at TPR 3 18.89000* 0.99000** 
Among Zn at AWD 3 174.17000** 0.16000 NS 
Among Zn at DSR 3 30.00000** 2.43000** 

Error (PS x T) 24 4.67000 0.13000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Fig.: 4.2.30 Influence of zinc application on kernel water absorption ratio in rice under 
different production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.19 Mean squares for influence of Zn application on kernel water 
absorption ratio in rice production systems  

SOV DF 
kernel water absorption ratio (10-3) 

2008 2009  
Blocks 2 8.67000 NS 0.02000 NS 
Production systems (PS) 2 28.67000 NS 42.06000** 
Error (PS) 4 5.33000 0.01000 
Treatments 4 42.44000** 36.91000** 
Control vs Zn 1 107.56000** 22.22000** 
Among Zn Treatments 3 20.74000* 41.80000** 
PS x Treatments 8 20.61000* 11.99000** 

PS: (Control vs Zn) 2 6.89000 NS 0.57000** 
PS: (Among Zn 

Treatments) 
6 

25.19000* 15.79000** 

Among Zn at TPR 3 32.22000** 60.74000** 
Among Zn at AWD 3 2.22000 NS 3.65000** 
Among Zn at DSR 3 36.67000** 8.99000** 

Error (PS x T) 24 6.72000 0.10000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Fig.: 4.2.31 Influence of zinc application on kernel proteins (%) in rice under different 
production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.20 Mean squares for influence of Zn application on kernel proteins 
(%) in rice production systems  

SOV DF 
kernel proteins (10-3) 

2008 2009 
Blocks 2 0.67000 NS 0.67 NS 
Production systems (PS) 2 32.00000* 4.67000 NS 
Error (PS) 4 2.67000 6.33000 
Treatments 4 206.67** 907.00000** 
Control vs Zn 1 612.50000** 2990.22000** 
Among Zn Treatments 3 71.39000** 212.59000** 
PS x Treatments 8 268.67000** 123.83000** 

PS: (Control vs Zn) 2 87.17000** 35.06000* 
PS: (Among Zn 

Treatments) 
6 

329.17000** 153.43000** 

Among Zn at TPR 3 290.00000** 114.17000** 
Among Zn at AWD 3 283.06000** 16.39000 NS 
Among Zn at DSR 3 156.67000** 388.89000** 

Error (PS x T) 24 14.50000 7.22000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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Fig.: 4.2.32 Influence of zinc application on kernel amylose contents (%) in rice under 
different production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.21 Mean squares for influence of Zn application on kernel amylose 
contents (%) in rice production systems  

SOV DF 
kernel amylose contents (10-3) 

2008 2009 
Blocks 2 31.56000* 32.67000* 
Production systems (PS) 2 287.90000** 292.67000 
Error (PS) 4 2.38000 2.33000** 
Treatments 4 295.19000** 292.56000** 
Control vs Zn 1 266.04000** 249.39000** 
Among Zn Treatments 3 304.91000** 306.94000** 
PS x Treatments 8 1665.79000** 1669.06000** 

PS: (Control vs Zn) 2 141.58000* 148.72000* 
PS: (Among Zn 

Treatments) 
6 

2173.86000** 2175.83000** 

Among Zn at TPR 3 1516.39000** 1516.39000** 
Among Zn at AWD 3 1569.57000** 1575.56000** 
Among Zn at DSR 3 1566.67000** 1566.67000** 

Error (PS x T) 24 30.01000 30.22000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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4.2.7 Discussion: 

Zn application significantly reduced the percentage of abortive, opaque, chalky kernels 

and improved normal kernels, kernel length, width, kernel water absorption ratio and 

kernel protein contents with simultaneous decrease in amylose contents among different 

rice production systems (Fig. 4.2.24- 4.2.32). Kernel quality was improved in 2008 than 

2009 for most of the traits. Foliar or soil Zn fertilization at seeding, tillering or panicle 

initiation improved the kernel quality in AWD, TPR and DSR in 2008 and soil applied 

Zn at tillering or panicle initiation in all three cultivation systems in 2009 respectively 

(Fig. 4.2.24- 4.2.32). Less percentage of abortive and opaque kernels and highest chalky 

and normal kernels were recorded in TPR followed by AWD and DSR. Similarly highest 

kernel length, width, KWA and reduced amylose contents were found in DSR followed 

by AWD and statistically similar to TPR for most of the kernel morphological traits (Fig. 

4.2.28, 4.2.29, 4.2.30, 4.2.32).       

Increase in number of chalky kernels in TPR decreased the percentage of normal kernels 

which might be the result of nutrient deficiency and impeded nutrient translocation 

during ripening process (Nagato and Ebata, 1961; Won et al., 2005). Under water saving 

AWD or DSR conditions, increased root density might increased the nutrient absorption 

and translocation, therefore had reduce percent of chalky kernels. Similar response was 

found for chalky kernels by Zhang et al. (2008) when irrigation water was maintained 

with shallow water depth than TPR. Improved Zn uptake Zn and its translocation towards 

panicle (Fig. 4.2.7) by soil or foliar applied Zn at later growth stages particularly under 

AWD conditions reduced the abortive, opaque kernels and had high percentage of normal 

kernels due to uniform distribution of assimilates within kernels (Figs 4.2.24, 4.2.26, 

4.2.27). Chalky kernel percentage was increased in conventional transplanting as 

compared to shallow water depth of intermittent irrigation and decreased the percentage 

of head rice (Figure 4.2.25). Improved kernel length (Fig. 4.2.28), width (Fig. 4.2.29) and 

KWA (Fig. 4.2.30) in TPR for foliar applied and soil applied Zn at tillering or panicle 

initiation in DSR might be the result of increased net assimilation rate (NAR) (Fig. 4.2.5) 

contributing to more photo-assimilates and their translocation towards panicle. Although, 

statistically no significant difference was found for kernel proteins among the production 

systems but kernel protein contents were improved by foliar or soil applied Zn at seeding, 
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tillering or panicle initiation in TPR, AWD and DSR which might be the result of high 

soil and seed Zn contents (Taira et al., 1972; Won et al., 2005). Increased proteins and 

kernel length might be also the result of increased kernel water absorption ratio and 

positive correlation was found between kernel Zn and protein contents (r=0.80, n=45), 

between kernel length and KWA (r=0.41, n=45) and kernel length and protein contents 

(r=0.60, n=0.45). Significant and positive correlation had been also reported between 

seed Zn and kernel protein contents (Zhou et al., 2003; Jiang et al., 2007) and this 

relationship between mineral and kernel quality traits might reflect their physiological 

role (Bennett, 1993; Tucker, 1999). Zn application reduced the kernel amylose contents 

among different production systems and a negative correlation was also found between 

kernel Zn and amylose (r=-0.70, n=45) and between kernel proteins and amylose 

percentage (r=-0.80, n=45).  

Among production systems, no significant difference was found for amylose 

contents between TPR and DSR in 2008 and between TPR and AWD during 2009 (Fig. 

4.2.32). Our results are also in correspondence with Nagato and Ebata (1961), Won et al. 

(2005) and Zhang et al. (2008) in which no significant affect of water treatments on 

kernel amylose contents was reported.  

4.2.8 System Analysis 

After harvesting each production system was also evaluated for:  

4.2.8.1 Water productivity (kg m-3)  

Water productivity differed among rice production systems with Zn applications but 

treatment effects and their interaction was not significant in 2009. Water productivity 

was high in 2008 than 2009. Among the production systems, higher water productivity 

was recorded for AWD in both rice seasons and low for DSR in 2008 and for TPR in 

2009. PS x treatments interaction i.e. control vs Zn and among Zn treatments was non-

significant but Zn application improved water productivity than control in both seasons. 

Similalry, among Zn treatments, highest water productivity was recorded for foliar Zn in 

traditional transplanted, for soil Zn at seeding and for Zn at tillering in AWD and DSR 

rice systems in 2008. During 2009, foliar Zn in TPR and soil Zn at tillering or panicle 

initiation gave maximum water productivity in AWD and DSR rice systems (Fig. 4.2.33). 
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in rice under  )3-ater productivity (kg mInfluence of zinc application on w 33: 4.2.Fig.
different production systems.  
TPR=Transplanting under continuous flooding; AWD=Alternate wetting and drying system; DSR=Direct 
seeding under aerobic condition 
Zn0=No Zn, ZnB=Zn as basal; ZnT=Zn at tillering; ZnPI=Zn at panicle iniation; ZnPIF=Foliar Zn at 
panicle initation   

 
Table 4.2.22 Mean squares for influence of Zn application on water 
productivity (kg m-3) in rice production systems  

SOV DF 
water productivity (10-3) 
2008 2009 

Blocks 2 0.01000 NS 0.06000 NS 
Production systems (PS) 2 2.98000** 15.84000** 
Error (PS) 4 0.08000 0.21000 
Treatments 4 1.93000** 0.17000 NS 
Control vs Zn 1 7.22000 0.32000 NS 
Among Zn Treatments 3 0.17000 NS 0.12000 NS 
PS x Treatments 8 1.01000** 0.48000* 

PS: (Control vs Zn) 2 0.16000 NS 0.16000 NS 
PS: (Among Zn 

Treatments) 
6 

1.30000 NS 0.58000 NS 

Among Zn at TPR 3 1.03000** 1.01000** 
Among Zn at AWD 3 0.85000** 0.21000 NS 
Among Zn at DSR 3 0.87000** 0.07000 NS 

Error (PS x T) 24 0.08000 0.16000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.05, 0.01, 0.001 
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4.2.8 Discussion 

Zn application improved the water productivity in rice systems. Highest water 

productivity in terms of grain yield was recorded when Zn was applied at seeding or 

tillering in AWD and DSR rice system with reduced water inputs. Zn application 

improved water use and water use efficiency has been reported in chickpea under well 

watered and water stress conditions based on seed yield (Khan et al., 2003). This is 

consistent with our findings under TPR with highest water inputs and improved water 

productivity than control with no Zn application and lower water productivity (Fig. 

4.2.33). Increasing Zn application had greater effect water based dry matter production 

than grain yield under water stress conditions in chickpea which also supports our results 

as for AWD and DSR with maximum dry matter production when Zn was applied at 

different crop stages (Fig. 4.2.1). Khan et al. (2003) also reported that Zn application 

effects on plant growth can be realized with improved yield and high WUE based on 

grain and dry matter yield when greater photosynthates produced are partitioned to grain 

and high harvest index is maintained (Khan et al., 2003). These are in accordance with 

our results for foliar or soil applied Zn at seeding, tillering or panicle initiation with high 

harvest index values and higher water productivity than without Zn application with little 

effect on water productivity and harvest index (Fig. 4.2.23 & 4.2.33).     

4.1.8.2 & 4.2.8.2 Economic analysis 

Benefit to cost ratio in terms of net economic returns was also affected by N splits and Zn 

applied at different crop stages in rice production systems in both rice growing seasons 

(Table 4.1.22, 4.2.23). Benefit to cost ratio was highest during 2008 than 2009. 

Application of N in three splits i.e. ½ basal+1/4 tillering+1/4 anthesis and two equal splits 

(basal+anthesis) increased net income of Rs. 20456.45/-, 20852.05/-, 43474.5/- while 

foliar Zn at PI, soil Zn at seeding and tillering increased net returns of Rs. 35015.5/-, 

34643.5/-, 36108.5/- per ha increased benefit to cost ratio in TPR, AWD and DSR rice 

systems respectively in 2008. This increased benefit cost ratio was also followed by two 

equal (1/2) N splits (tillering+anthesis) and (basal+anthesis) in TPR, AWD and three 

equal splits (basal+tillering+anthesis) in DSR respectively. During 2009, response was 

different and maximum cost benefit ratio was achieved with three N splits 

(basal+tillering+anthesis) with net returns of Rs. 16754.75/- in TPR, for two (1/2) splits 
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(basal+tillering) and (basal+anthesis) and net returns of Rs. 15187.7/-, Rs. 18621.95/- in 

AWD and DSR respectively (Table 4.1.22). On other hand, soil or foliar applied Zn at 

tillering or panicle initiation increased benefit to cost ratio with net returns of Rs. 3890/- 

or 3776.5/-, 11503.5 and 13118.5 in TPR, AWD and DSR respectively during 2009 

(Table 4.2.23).                

4.1.8.1 & 4.2.8.2 Discussion 

Benefit to cost ratio was increased with application of three or two N splits in TPR, AWD 

and DSR in both seasons. Highest benefit: cost ratio in terms of net and gross income 

returns was obtained in DSR and AWD in 2008 while for AWD during 2009 and ratio 

was similar between TPR and DSR. N topdressing with three (½ basal+1/4 tillering+1/4 

anthesis) splits in TPR and AWD and for two equal splits (basal+tillering) or 

(basal+tillering) in DSR and AWD in both seasons respectively (Table 4.1.22). Increased 

gross, net income and benefit cost ratio under different rice systems was recorded due to 

increased straw and kernel yield by different N splits and Zn applied at different crop 

stages (Table: 4.1.9 & 4.1.10, Fig. 4.2.21 & 4.2.22). Improved benefit cost ratio had been 

reported in DSR than TPR when N was applied through SPAD based management (Ali et 

al., 2007). Likely, high benefit cost ratio had been reported when two nursery seedlings 

per hill were transplanted and N was applied in three splits @ 150 kg ha-1 and followed 

by high seedling density with similar N rate and timings (Ahmad et al., 2004).  

Pooniya and Shivay (2011) reported that fertilization with Zn enriched urea (ZEU with 

ZnSO4 or ZnO) increased the gross, net as well benefit:cost ratio in rice that might be due 

to increase in straw and grain yield by Zn application (Pooniya and Shivay, 2011). Our 

results are also in accordance with Tripathi and Singh (2007) and Meena and Shivay 

(2010) who reported the similar findings.           



188 
 

Table 4.1.22: Economic analysis as influenced by N split applications under different rice production systems (2008-09) 
 

N split application/ 
Rice production systems 

Total variable cost 
)1-(Rs. ha 

Gross Income 
(Grain+Straw  

) 1-Rs. ha 

Total Expenditure 
)1-(Rs. ha 

)1-Net Income (Rs. ha Benefit Cost 
Ratio 

 
 
 
 

TPR 

 2008 2009 2008 2009 2008 2009 2008 2009 2008 2009 
½ Nbasal +½ N 1/4 N tillering + 
1/4 N 
Anthesis 

39978 39978 
109089.4

5 
100004 88633 88633 20456.45 11370.95 1.23 1.13 

1/3 N basal dose + 1/3 N tillering 
+ 1/3 N anthesis 

39978 39978 98901 105387.8 88633 88633 10268 16754.75 1.12 1.19 

½ N basal + ½ N tillering 39728 39728 
105700.9

5 
100400 88383 88383 17317.95 12016.95 1.20 1.14 

½ N basal dose + ½ N anthesis 39728 39728 85832.55 91037.25 88383 88383 -2550.45 2654.25 0.97 1.03 
½ N tillering + ½ N anthesis

39728 39728 
108054.4

5 
88177.95 88383 88383 19671.45 -205.05 1.22 1.00 

 
 
 
 

AWD 
 
 
 
 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

32998 32746 
102505.0

5 
81263.7 81653 81263.7 20852.05 -137.3 1.26 1.00 

1/3 N basal dose + 1/3 N tillering 
+ 1/3 N anthesis 

32998 32746 95298.75 95716.8 81653 95716.8 13645.75 14315.8 1.17 1.18 

basal + ½ N tillering½ N  32748 32496 89432.55 96338.7 81403 96338.7 8029.55 15187.7 1.10 1.19 
½ N basal dose + ½ N anthesis 32748 32496 96812.55 79753.95 81403 79753.95 15409.55 -1397.05 1.19 0.98 
½ N tillering + ½ N anthesis 32748 32496 91662.3 84933.45 81403 84933.45 10259.3 3782.45 1.13 1.05 

 
 
 

DSR 
 
 
 
 

½ N basal + 1/4 N tillering + 1/4 N 
anthesis 

33954 31366 112578.8 84449.25 82609 80021 29969.75 3782.45 1.36 1.05 

1/3 N basal dose + 1/3 N tillering 
+ 1/3 N anthesis 

33954 31366 115330.1 77812.2 82609 80021 32721.05 -2208.8 1.40 0.97 

½ N basal + ½ N tillering 33704 31116 104595.3 81565.2 82359 79771 22236.3 1794.2 1.27 1.02 
½ N basal dose + ½ N anthesis 33704 31116 125833.5 98392.95 82359 79771 43474.5 18621.95 1.53 1.23 
½ N tillering + ½ N anthesis 33704 31116 89905.05 83340 82359 79771 7546.05 3569 1.09 1.04 
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Table 4.2.23: Economic analysis as influenced by Zn application under different rice production systems (2008-09) 

Zn application (T) / 
Production systems (P) 

Total variable cost 
)1-(Rs. ha 

Gross Income 
(Grain+Straw  

)1-Rs. ha 

Total Expenditure  
)1-(Rs. ha 

Net Income  
)1-(Rs. ha 

Benefit Cost 
Ratio 

  2008 2009 2008 2009 2008 2009 2008 2009 2008 2009 

 
 
 
 

TPR 

No Zn (control) 36640 36640 98723.25 86773.5 85295 85295 
13428.2

5 
1478.5 1.16 1.02 

}1-25 kg ha(21% Zn) @  as basal { 4ZnSO 38670 38670 110763 89145 87325 87325 23438 1820 1.27 1.02 
}1-25 kg ha(21% Zn) @ at tillering  4ZnSO 38670 38670 114934.5 91215 87325 87325 27609.5 3890 1.32 1.04 

25 (21% Zn) @ at panicle initiation  4ZnSO
}z1-kg ha 

38670 38670 106933.5 87867 87325 87325 19608.5 542 1.22 1.01 

Zn Foliar application at panicle initiation 
}1-at 200 L water ha 4SO{0.5% Zn 36970 36970 120640.5 89401.5 85625 85625 35015.5 3776.5 1.41 1.04 

 
 
 
 

AWD 
 
 
 

No Zn (control) 29660 29408 96282 88110 78315 78063 17967 10047 1.23 1.13 

}1-25 kg ha(21% Zn) @  as basal { 4ZnSO 31690 31438 114988.5 89298 80345 80093 34643.5 9205 1.43 1.11 
}1-25 kg ha(21% Zn) @ at tillering  4ZnSO 31690 31438 103063.5 91413 80345 80093 22718.5 11320 1.28 1.14 

25 (21% Zn) @ at panicle initiation  4ZnSO
}1-kg ha 

29990 29738 106074 89896.5 78645 78393 27429 11503.5 1.35 1.15 

Zn Foliar application at panicle initiation 
}1-at 200 L water ha 4SO{0.5% Zn 31690 31438 101844 89640 80345 80093 21499 9547 1.27 1.12 

 
 
 

DSR 

No Zn (control) 30616 28028 91336.5 89023.5 79271 76683 12065.5 12340.5 1.15 1.16 

}1-25 kg ha(21% Zn) @  as basal { 4ZnSO 32646 30058 98649 89797.5 81301 78713 17348 11084.5 1.21 1.14 
}1-25 kg ha(21% Zn) @ at tillering  4ZnSO 32646 30058 117409.5 91683 81301 78713 36108.5 12970 1.44 1.16 

25 (21% Zn) @ at panicle initiation  4ZnSO
}1-kg ha 

32646 30058 110295 91831.5 81301 78713 28994 13118.5 1.36 1.17 

Zn Foliar application at panicle initiation 
}1-at 200 L water ha 4SO{0.5% Zn 30946 28358 104823 89343 79601 77013 25222 12330 1.32 1.16 



190 
 

General Discussion 
 

Field studies were conducted to evaluate N and Zn behaviour under alternate wetting and 

drying and direct seeded rice in comparison to conventional flooding by determining the 

optimal N and Zn application time to synchronize with crop growth stages in these rice 

systems. Further the effect of improved nutrient uptake on growth, yield and quality of 

produce, water productivity and economics among systems for two rice growing seasons 

(2008-09) was also determined.  

Alongwith irrigation water, nutrient disorders particualry nitrogen and zinc are 

widespread to affect rice production (Wang et al., 2004; Haefele et al., 2008). These 

limiting factors demand efficient use of resources for sustainable rice production of 

irrigated systems (Guerra et al., 1998). Low nitrogen use efficiency and widespread Zn 

deficiency are reasons for low productivity and sustainability of traditional rice 

production system. Ammonia voltalization, leaching and nitrification-denitrifcation 

losses decrease N availability to rice and escaped N results in pollution to environment 

and water systems. Further imbalanced supply of nitrogenous fertilizers with non-

synchonized application increases N losses, lower yield and quality. Similarly, clayey, 

alkaline and calcareous nature of soils usually fixes Zn in forms hardly available to plants 

and Zn deficiency is most important nutritional factor in both rice and humans. Changes 

in pH, high carbonate content and low redox potential after flooding an aerobic soil 

(Forno et al., 1975; Mandal et al., 2000) are considered responsible to affect and regulate 

Zn uptake by rice roots in these soils (Mikkelsen and Kuo, 1977). 

To reduce water inputs, water saving technologies such as aerobic rice and 

alternate wetting and drying (AWD) are being practiced in China, Philippine and India 

(Bouman and Tuong, 2001; Bouman et al., 2002; Wang et al., 2002; Yang et al., 2005; 

Bouman et al., 2005). By growing rice with aerobic or AWD condition saves irrigation 

water up to 50 and 35-50% respectively and maintained or even lowered yield as 

compared to conventional system are reported.  

However, current no practices for N application have been made for AWD and 

application of whole N within 10 d after transplanting results in excessive N losses due to 

subsequent wet and dry cycles induced nitrification-dentrification processes (Dittert et 

al., 2002). Therefore, low fertilizer use efficiency and reduced P, K uptake and Zn 
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deficiency have been reported in bed planted and direct seeded rice when practiced with 

AWD (Goswami and Banerjee, 1978; Sharma et al., 2002).  

Similarly, under aerobic rice cultivation, many soil factors affecting Zn 

availability such as redox potential, pH, oxidation of organic matter and soil moisture are 

changed under new soil plant relationship (Gao et al., 2006). Consequently decreased 

shoot Zn, grain yield and Zn harvest index have been observed in aerobic rice on 

calcareous soils and Zn deficiency is considered most common disorder in this system 

(Fageria, 2001; Gao et al., 2005). 

Further, under aerobic condition, rice uses NO
3

- 
as main source of N during early 

stages and improved growth and yield are found when compared with NH+
4
 (Qian et al., 

2004; Lin et al., 2005). However, improved growth and N uptake was also observed 

when rice plants were provided with either alone or mixture of NH
4

+ 
and NO-

3 in solution 

culture with 40-70% increase in yield (Qian et al., 2003). This requires comprehensive 

understanding of nutrient dynamics under different rice production systems.  

To achieve higher yield, farmer’s application of high cost N fertilizers is not 

optimal from economic and environmental perspective (Bohlool et al., 1992) in 

developing countries like Pakistan where calcareous soils with high pH result in ammonia 

voltalization losses (Hussain and Naqvi, 1998). Among several N management strategies, 

split application with optimal irrigation and fertilizers inputs has been found to improve 

fertilizer use efficiency particularly under non-flooded conditions when synchronized 

with plant demand (De Datta, 1986; Bufogle et al., 1997). This results in improved N 

uptake, straw and grain yield with greater harvest index (Bufogle et al., 1997).  

Similarly, to correct Zn deficiency, usually ZnSO4 is applied to soil or as foliar or 

rice seedlings are dipped in ZnO suspensions (Rashid et al., 1999). On other hand, high 

grain Zn contents result from enhanced soil Zn availability, root uptake and crop demand 

and its partitioning to the growing sink (Jiang et al., 2007). Therefore increased Zn 

supply during early growth stages to ameliorate Zn deficiency and during grain filling 

stages is necessary to realize high grain Zn contents in rice. And it is reported that shoot 

Zn is main source for its allocation to grain when applied to soil or as foliar after 

flowering (Jiang et al., 2008).  
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This poses challenge for researchers to improve the N use efficiency due to 

escalating fertilizers costs (Wang et al., 1997) and to reduce nutritional disorders by Zn 

deficiency systematic understanding of these nutrients under different water management 

regimes is required. Therefore, attention has been paid to N and Zn uptake under water 

saving rice cultivation (Guang-hui et al., 2008).  

Pre-anthesis dry matter accumulation and leaf N are important determinants of 

sink size to harvest high yield in direct seeded rice. Continued N supply during early 

growth stages helps in leaf expansion for efficient utilization of intercepted radiations 

(Sinclair and Muchow, 1995) to increase pre-anthesis crop growth rate and dry matter 

accumulation under direct seeded conditions (Bouman et al., 2006; Katsura et al., 2010). 

Split application of N in two equal splits each half at basal and anthesis improved N 

uptake and increased tillering density resulted in rapid increase of LAI, pre- and post-

anthesis CGR with LAD, NAR and Chl contents (Fig. 4.1.2 to 4.1.6) under direct seeding 

condition during both seasons. Dingkuhn et al. (1991) and Mahajan et al. (2011) reported 

that DSR crop had higher LAI due to more rapid formation of tillers and when N is 

applied in splits at critical crop stages increases plant N uptake, crop growth rate and 

chlorophyll contents. Similarly, increased dry matter production, LAI  and pre- and post-

anthesis improvement in crop growth under AWD was attributed to better 

synchronization of N by three splits at basal (1/2), tillering (1/3) and anthesis (1/3), 

increased NH3
--N contents and leaf N contents due to high root activity and root sourced 

cytokinins which might delayed the leaf senescence (Pillai and De, 1997; Yang et al., 

2002; Ookawa et al., 2004) as indicated by high leaf Chl contents (Fig. 4.1.6 a & b). Split 

application of N at maximum tillering or anthesis also increased the yield attributes that 

might be associated with more translocation efficiency and improved nutrition, plant 

growth and nutrient uptake (Kumar and Rao, 1992; Thakur, 1993) with stimulatory 

effects on plant growth as observed with increased LAI and dry matter accumulation at 

anthesis (Fig. 4.1.1 & 4.1.2).  

These results suggest that N requirement in rice can be reduced when applied in 

splits during early vegetative stages (early tillering) and during reproductive stages 

(maximum tillering or anthesis) to maintain sink activity affecting yield formation 

processes. This will not only increase yield in traditional system also under water saving 
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direct seeded and alternate wetting and drying system where yields are low due to low 

nitrogen use efficiency. This will help growers to reduce their production costs and 

improve yields under high fertilizers and pumping water costs. Further, high water 

productivity under AWD or DSR conditions suggests under growing water scarcity, these 

are promising alternatives. Further high nitrous oxide emissions are being reported in 

these systems, splitting N might help in reduced emission of this anthropogenic gas when 

synchronized with time of application and crop demand.         

Lower yields during both seasons for AWD as compared to traditional transplanted and 

direct seeded system in present study particularly in 2009 also observed as dry season due 

to low rainfall and irrigation supply might be due to prolonged drying cycles experienced 

by the crop inducing nitrification-denitrification process causing high N losses (Bouman 

and Tuong, 2001; Khind and Ponnamperuma, 1981).  

In case of Zn experiment, high biomass accumulation in direct seeded crop might 

resulted from accumulation of high seed Zn reserves mobilizing towards the growing 

embryo for better and extensive establishment of root system and high nutrient uptake 

and utilization during the early stages (De Datta, 1986b; Wissuwa et al., 2008).  Early 

and better seedling growth with increased seedling density and LAI might be the result of 

increased cell division and enlragement due to auxin metabolism with Zn provided at 

seeding (Babikar, 1986). Decrease in dry matter production in direct seeded crop during 

later growth stages resulted from reduction in net assimilation rate, photosynthesis and 

early leaf scenscence as reported for rice and maize (Khan et al., 2008; Zhoori et al., 

2009). Zn foliar application is effective to improve Zn plant status and ameliorate Zn 

constraints in rice due to soil immobilization (Duxbury et al., 2006). Improved dry matter 

yield and crop growth in transplanted rice under flooded conditions by foliar applied Zn 

might resulted from improved plant Zn status (Wissuwa et al., 2008; Li et al., 2011; Fig. 

4.2.7). Likely increased crop growth and dry matter accumulation in DSR or AWD by 

soil applied Zn at tillering or panicle initiation resulted from improved soil Zn uptake and 

shoot Zn contents, maintenance of high LAD and Chl contents with high photosynthetic 

capacity (Chen et al., 2008; Zhoori et al., 2009).  

Similarly, improved plant or soil Zn status was associated with Zn application at critical 

growth stages as for foliar applied Zn in TPR or soil applied Zn at tillering and panicle 
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initation in AWD and DSR respectively (Fig. 4.2.7 & 4.2.8). Increase in grain Zn 

contents for soil or foliar applied Zn was better at later growth stages particularly tillering 

or panicle initation with least remobilization from leaf as reported by Wissuwa et al. 

(2008). Due to least availability, basal applied Zn does not support the plant growth until 

reproductive growth and thus had less effect on grain Zn (Beebout et al., 2010; 2011). 

Under aerobic soil conditions, decrease in plant Zn might be associated with decreased 

plant transpiration and phloem sap ultimately with less plant Zn accumulation or loading 

into grain (Gao et al., 2006). 

From Zn experiment results, it is suggested that rice become Zn deficient just after 

transplanting or seeding and required for increased tillering and crop growth processes, 

therefore should be applied after transplanting or incorporated at time of direct seeding. 

Further, under Zn deficient conditions as in calcareous or alkaline soils inherently low in 

plant available Zn, foliar Zn may be beneficial if to be adopted on large scale with 

appropriate sprayer machine or to Zn fertilizers with greater solubility may be applied. 

Further, one of the implications may be to apply Zn in combination with nitrogenous 

fertilizers and this will benefit by reducing additional operational cost with Zn 

application.  

Since rice is of second prime importance after wheat for human consumption, thus 

improving Zn bioavailability is imperative to reduce nutritional disorders by agronomic 

biofortification. Therefore Zn should be supplied at tillering or panicle initiation to 

improve grain Zn contents. Further, it is suggested that rice genotypes may be 

characterized based on their high grain Zn contents and soil or plant mechanisms 

improving Zn availability should be identified for their use in future rice breeding 

program. One of the implications may be that paddy soils should be managed with water 

management practices increasing plant Zn availability.   

Futher, similar crop performance in terms of yield benfits in production systems 

for 2009 is inevitable that if traditional transplanted system are provided with similar 

inputs of fertilizers and water as for direct seeding, then drudgery operations may be 

eliminated and rice growers must switched towards direct seeded crop.    
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Chapter 5 

  

Water saving rice cultivation changes soil plant relationship by affecting nutrient 

availability. Changes in soil pH, redox potential and moisture often interact and play 

important role in nutrient availability to affect crop yields. Field studies were conducted 

during 2008-09 to monitor N-Zn dynamics under alternate wetting and drying (AWD) 

and direct seeded aerobic rice (DSR) in comparison to conventional transplanting (TPR). 

To achieve the objectives, recommended N (143 kg ha-1) was applied in two or three 

splits and Zn was applied to soil (25 kg ha-1; ZnSO4, 21%) at basal or transplanting, 

tillering and to foliage at panicle initiation in experiment No. 1 & 2 for each of the rice 

system respectively. During the study period, soil NH4
+-N or NO3

--N or Zn and plant N 

or Zn status was monitored and its influence on growth, chlorophyll pigments, plant 

water status, yield and quality was also measured. Based on farmer’s profitability, rice 

systems were analyzed for water productivity and benefit: cost ratio. Depending on 

irrigation water supply and rainfall received, 2008 was considered as “wet”, favorable for 

rice growth and yields were also high than 2009 with low yields and season was “dry”. 

Findings carefully drawn from results of these experiments are summarized here:- 

 Response in terms of soil N and Zn, plant uptake, improved growth, chlorophyll 

contents, yield and quality was better in 2008 than 2009.    

 Soil NH4
+-N or NO3

--N contents were high with N application in three (1/2 basal+1/4 

tillering+1/4 panicle initiation) or 1/3 (at basal+tillering+panicle initiation) and two 

splits (1/2 basal+1/2 panicle initiation) than other splits in TPR, AWD and DSR 

during both seasons respectively.  

 Total plant N contents and its translocation towards leaf, stem and panicles were also 

high with similar N splits due to high soil N contents in both seasons.  

 Improved plant uptake with application of three N splits at 1/2 basal+1/4 tillering+1/4 

panicle initiation) or 1/3 (at basal+tillering+panicle initiation) and two splits (1/2 

basal+1/2 panicle initiation) also improved plant Chl a & b, LAI, pre- and post-

anthesis LAD, CGR, and NAR in TPR, AWD and DSR in 2008-09. 
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 Due to early growth and rapid crop establishment, total dry matter, LAI, pre and post-

anthesis LAD, CGR and NAR were higher in DSR with two equal (1/2) splits 

(basal+anthesis) and were followed by TPR and AWD for three splits (1/2 basal+1/4 

tillering+1/4 panicle initiation) during 2008. During 2009, total dry matter 

accumulation was high in DSR and was followed by TPR and AWD while Chl 

contents, LAI, LAD, CGR and NAR were higher in TPR followed by AWD and DSR 

with three or two equal (1/3) splits at (basal+tillering+panicle initiation) or 

transplanting+tillering and ½ (basal+ panicle initiation) in TPR, AWD and DSR 

respectively. 

 Improved N nutrition with three or two splits resulted in improved leaf water 

potential with greater osmotic potential and high turgor maintenance in 2008 than 

2009 with lower values of plant water relations.   

 Similar trend was found for total number and panicle bearing tillers, panicle length, 

total number of branches and kernels per panicles, 1000 kernel weight and sterile 

spikelets in both seasons. Nonetheless, response for 1000-kernel weight in 2008 and 

for sterile spikelets was non-significant in 2009 respectively. 

 Kernel and straw yields while harvest index were also higher with application of three 

or two equal N splits in DSR, TPR and AWD in 2008 while response for  2009 for 

kernel yield, straw yield and harvest index was in order of i.e. TPR>AWD>DSR 

respectively. 

 Three or two split application of N also improved the kernel quality. Effect for 

abortive and chalky kernels was non-significant among the production systems in 

2008. However, percentage of opaque, chalky and abortive kernels was high in DSR 

with decreased percentage of normal kernels in both seasons than AWD and TPR 

with improved kernel quality. Effect on kernel length in both seasons while on kernel 

width was non-significant during 2008 and 09 respectively. However, interaction was 

significant and likely increased kernel water absorption ratio, kernel proteins while 

decreased amylose contents were found with three or two N split applications in all 

three cultivation systems. 

 High water productivity was observed in AWD and DSR than TPR during 2008 while 

only for AWD in 2009 respectively and was also high with two or three splits. Due to 
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increased kernel yield, farmer’s profitability in terms of benefit: cost benefit ratio was 

also high with three or two splits in TPR, AWD and DSR during both seasons. 

 In experiment No. 2, soil Zn application at tillering or panicle initiation increased the 

plant or soil Zn contents in TPR, AWD and DSR respectively during 2009 and 

increased Zn distribution from leaves or stem towards panicle was observed. During 

2008, high soil and plant Zn contents were found with soil applied Zn at transplanting 

and tillering in AWD and DSR while for foliar applied Zn in TPR respectively. 

 Soil applied Zn at seeding in DSR also increased crop field emergence while high dry 

matter accumulation, Chl contents, LAI, pre- and post-anthesis LAD, CGR and NAR 

was the result of soil applied Zn at tillering and transplanting in AWD and DSR while 

for foliar applied Zn in TPR during 2008. However, during dry season, soil Zn 

application at tillering or panicle initiation resulted in better crop growth in all three 

rice systems in 2009.  

 Similar trend was observed for yield and yield components and spikelet sterility was 

also reduced with soil Zn application at transplanting and tillering or foliar applied Zn 

at panicle initiation in AWD, DSR and TPR during 2008 than 2009. Crop response in 

terms of kernel yield was also high during 2008 than 2009 with similar response 

among the rice systems. 

 Zn application at these stages also improved the plant water status with maintenance 

of high turgor.  

 Soil Zn application at tillering or panicle initiation also improved the kernel quality in 

all three rice systems. Soil Zn application improved the filled kernels percentage with 

reducing spikelet sterility and improved kernel, length width and kernel water 

absorption ration and protein contents while reduced amylose contents. However, 

response was more pronounced in DSR with soil Zn application. 

 Crop water productivity was also high for soil applied Zn at tillering or panicle 

initiation with benefit:cost ratio when soil Zn was applied at these stages due to 

increased crop yield. 

Conclusion and Recommendations: 

 Direct seeded rice and alternate wetting and drying and are promising to improve 

water productivity and nitrogen use efficiency and maintenance of crop yield.  
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 Significant interaction among the two or three N splits with ½ N (basal 

application + 1/4   tillering + 1/4  anthesis) or  1/3 N basal dose + 1/3 tillering + 1/3 

anthesis are effective to improve soil mineral N uptake, plant water status, crop growth 

and harvest high yield in TPR and AWD. 

 In DSR, split N application with ½ N as basal and ½ at anthesis are effective to 

improve post anthesis dry matter production and N translocation to harvest high grain 

yield and improved kernel quality.  

 Zn application at tillering or panicle initiation can be effective to increase high 

soil and plant Zn contents and its partitioning into grain in TPR or AWD. While in case 

of direct seeded rice, lower grain Zn uptake in direct seeded rice are of great concern 

while foliar application can be effective to improve plant Zn status but least into the 

grain. 

 Instead of Zn application as basal dose it should be applied at tillering or panicle 

initiation for high grain biofortification to combat human Zn deficiency.  

Future Thrusts: 

 Studies with N-Zn interaction under different rice production systems should be 

conducted. 

 Urea application effects on crop establishment are to be warranted.  

 Changes in soil pH, organic matter and redox potential should be investigated. 

 Green house gas emissions (GHG’s) should be quantified with different N splits 

to further improve NUE in DSR and AWD system and reduce N losses. 

 Genotypic variation among rice genotypes for high Zn uptake from soil and with 

high leaf remobilization needs comprehensive studies. 

 Further studies using basmati genotypes for their evaluation for water saving 

cultivation using soil-root interface for water and nutrient uptake should be 

explored.
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Appendices 
 
Experiment No. 1 “N Dynamics as Affected by Split N Application in Different Rice 
Cultures” 
 
Table: 4.1 Mean sum of squares of data for total dry matter produced as affected by 
N split applications under different rice production systems during 2008 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.2 Mean sum of squares of data for leaf area index as affected by N split 
applications under different rice production systems during 2008 

SOV DF
96 106 116 

Blocks 2 0.22700NS 0.07400 NS 0.10800 NS 

Production systems (PS) 2 0.08800 NS 0.51800 NS 3.40900* 

Error (PS) 4 0.16900 0.08000 0.20200 

N split applications (T) 4 0.34800** 0.28600* 0.07500 NS 

Interaction ( PS ×T)  8 0.65200** 0.42300** 0.33100** 

Error ( PS ×T) 24 0.07900 0.08100 0.07800 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
  

SOV DF 
96 106 116 

Blocks 2 58058.61700NS 316254.17700NS 1012974.69700NS 

Production 

systems (PS) 
2 88746776.15400** 134416622.67600** 262249768.27700**

Error (PS) 4 8206.56300 55068.86200 1346109.43000 

N split 

applications (T) 
4 475962.79100** 823216.44800** 1029672.00400** 

Interaction  

(PS ×T)  
8 249261.78500** 1069389.11000** 843188.06200** 

Error ( PS ×T) 24 7179.84400 91474.13600 149173.65000 
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Table: 4.3 Mean sum of squares of data for leaf area duration as affected by N split 
applications under different rice production systems during 2008 

SOV DF Pre-anthesis Post-anthesis 

Blocks 2  17.00800NS  22.52000 NS 

Production systems (PS) 2 422.84600** 285.08000** 

Error (PS) 4   1.22300   5.23700 

N split applications (T) 4  17.04400**  13.74900** 

Interaction ( PS ×T)  8  59.09300**  38.11800** 

Error ( PS ×T) 24   1.60300   3.00100 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.4 Mean sum of squares of data for crop growth rate as affected by N split 
applications under different rice production systems during 2008 

SOV DF Pre-anthesis Post-anthesis 

Blocks 2 11.05200** 11.35400** 

Production systems (PS) 2 14.42700** 27.23900** 

Error (PS) 4  0.06500  0.12700 

N split applications (T) 4 24.61700**  6.82700** 

Interaction ( PS ×T)  8 15.67900**  7.88200** 

Error ( PS ×T) 24  0.06000  0.03400 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.5 Mean sum of squares of data for net assimilation rate as affected by N 
split applications under different rice production systems during 2008 

SOV DF Pre-anthesis Post-anthesis 

Blocks 2 0.11400 NS 0.04000 NS 

Production systems (PS) 2 0.72800* 0.27800 NS 

Error (PS) 4 0.08900 0.05600 

N split applications (T) 4 0.84300** 0.38600** 

Interaction ( PS ×T)  8 0.70000** 0.42900** 

Error ( PS ×T) 24 0.04400 0.06100 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.6 Mean sum of squares of data for leaf chlorophyll contents (Chl a) as 
affected by N split applications under different rice production systems during 2008 

SOV DF
96 106 116 

Blocks 2 0.995 NS 0.002 NS 0.008 NS 

Production systems (PS) 2 0.131 NS 2.771** 31.960** 

Error (PS) 4 0.176 0.198 0.125 

N split applications (T) 4 4.205** 1.015** 5.042** 

Interaction ( PS ×T)  8 0.401** 0.800** 0.706** 

Error ( PS ×T) 24 0.118 0.164 0.235 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
 
Table: 4.7 Mean sum of squares of data for leaf chlorophyll contents (Chl b) as 
affected by N split applications under different rice production systems during 2008 

SOV DF
96 106 116 

Blocks 2 0.095 NS 0.081 NS 0.128 NS 

Production systems (PS) 2 0.289** 5.756** 1.174** 

Error (PS) 4 0.018 0.236 0.060 

N split applications (T) 4 0.235** 0.553** 1.629** 

Interaction ( PS ×T)  8 0.296** 0.291** 1.076** 

Error ( PS ×T) 24 0.016 0.013 0.090 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.8 Mean sum of squares of data for total plant nitrogen (N) contents as 
affected by N split applications under different rice production systems during 2008 

SOV DF
96 (10-3) 106 (10-3) 116 (10-3) 

Blocks 2 1.00000NS 1.00000 NS 1.00000 NS 

Production systems (PS) 2 19.00000** 11.00000** 9.00000** 

Error (PS) 4 1.00000 1.00000 1.00000 

N split applications (T) 4 6.00000** 1.00000 NS 1.00000** 

Interaction ( PS ×T)  8 6.00000** 5.00000** 11.00000** 

Error ( PS ×T) 24 1.00000 1.00000 1.00000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.9 Mean sum of squares of data for soil NH4
+-N as affected by N split 

applications under different rice production systems during 2008 
SOV DF

96 106 116 
Blocks 2   6.20400**    2.43500 NS   2.10600** 

Production systems (PS) 2 289.79500** 1223.31400** 382.82600**

Error (PS) 4   0.27600    1.83800   0.00700 

N split applications (T) 4  31.71100**   11.17600**  13.00700** 

Interaction ( PS ×T)  8  12.04300**    3.62200**  25.47700** 

Error ( PS ×T) 24   0.14800    0.11800   0.41800 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.10 Mean sum of squares of data for soil NO3

--N as affected by N split 
applications under different rice production systems during 2008 

SOV DF
96 106 116 

Blocks 2    1.59500NS    2.17600 NS   0.06500 NS 

Production systems (PS) 2 1268.47300** 1544.49600** 900.74800**

Error (PS) 4    0.26400    0.26300   1.43500 

N split applications (T) 4   59.17400**   38.81900**  10.75800** 

Interaction ( PS ×T)  8   20.82100**   17.79600**   7.86400** 

Error ( PS ×T) 24    0.17700    0.67400   0.42500 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.11 Mean sum of squares of data for dry matter produced as affected by N 
split applications under different rice production systems during 2009 

SOV DF 76 83 90 97 104 

Blocks 2 150327.48200** 184038.76400** 146731.86000** 154878.26900** 147996.88400** 

Production 

systems (PS) 
2 166474.45700** 96390.43200** 275824.40900** 1460382.52700** 3098832.79300** 

Error (PS) 4 4087.31200 777.48300 586.00400 184.22200 165.70900 

N split 

applications (T) 
4 168428.02400** 262457.49600** 609258.08300** 482408.61600** 670281.22200** 

Interaction ( PS 

×T)  
8 266352.32300** 489300.95000** 841434.48100** 1146601.65000** 1199160.69200** 

Error ( PS ×T) 24 1076.30300 995.86200 489.73500 614.23000 620.34400 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.12 Mean sum of squares of data for leaf area index as affected by N split 
applications under different rice production systems during 2009 

SOV DF 76 83 90 97 104 

Blocks 2 0.53700** 0.77100 NS 1.39900 NS 0.10900 NS 1.09100* 

Production systems (PS) 2 2.94300** 0.45100 NS 3.13000* 0.83500 NS 2.16800* 

Error (PS) 4 0.02900 0.19800 0.18900 0.22700 0.12500 

N split applications (T) 4 0.96600** 0.87200** 0.74100** 0.31200 NS 1.89700**

Interaction ( PS ×T)  8 2.06700** 0.93500** 0.77300** 0.55800** 1.19400**

Error ( PS ×T) 24 0.09600 0.09100 0.12000 0.15300 0.10400 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.13 Mean sum of squares of data for leaf area duration as affected by N split 
applications under different rice production systems during 2009 

SOV DF 76 83 90 97 

Blocks 2  3.07900NS  7.76600 NS  7.40900 NS  6.00000 NS 

Production systems (PS) 2 58.42400** 29.34300* 86.96800** 29.58200* 

Error (PS) 4  3.08200  2.30300  2.27600  2.61000 

N split applications (T) 4 30.77300** 36.32800** 23.33600** 45.76400**

Interaction ( PS ×T)  8 66.60200** 37.68200** 29.52000** 38.36600**

Error ( PS ×T) 24  1.33800  1.67800  1.35600  2.13300 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.14 Mean sum of squares of data for crop growth rate as affected by N split 
applications under different rice production systems during 2009 

SOV DF 76 83 90 97 

Blocks 2 1.40700**  0.76400** 1.39700** 1.60200* 

Production systems (PS) 2 9.94000** 44.04900** 3.09800** 3.42000**

Error (PS) 4 0.05500  0.03700 0.02100 0.10900 

N split applications (T) 4 1.76300**  0.24800NS 0.29000** 0.42200* 

Interaction ( PS ×T)  8 1.21100** 1.16700** 1.11400** 1.09100**

Error ( PS ×T) 24 0.11800  0.22900 0.05000 0.14500 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
 
 
Table: 4.15 Mean sum of squares of data for net assimilation rate as affected by N 
split applications under different rice production systems during 2009 

SOV DF 76 83 90 97 

Blocks 2 0.05700 NS 0.43400 NS 0.73600** 0.24200 NS

Production systems (PS) 2 0.23800 NS 0.42300 NS 0.31600* 0.09200 NS

Error (PS) 4 0.05900 0.12000 0.04100 0.03400 

N split applications (T) 4 0.12300NS 0.07400 NS 0.08800 NS 0.26400* 

Interaction ( PS ×T)  8 0.28800*  0.17600** 0.15100* 0.36700**

Error ( PS ×T) 24 0.08600 0.05200 0.04800 0.07000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.16 Mean sum of squares of data for leaf chlorophyll (Chl a) contents as 
affected by N split applications under different rice production systems during 2009 

SOV DF 76 83 90 97 114 

Blocks 2 0.12300 NS 0.03400 NS 0.32500 NS 0.02500 NS 0.16500 NS 
Production systems (PS) 2 0.83100 NS 13.10800** 0.42600 NS 22.00100** 6.74000**
Error (PS) 4 0.12800 0.08000 0.25700 0.11000 0.13900 
N split applications (T) 4 0.12600** 1.34600** 3.95000** 1.02700** 0.82900* 
Interaction  

( PS ×T)  
8 0.82200** 0.91900** 7.71000** 1.61100** 3.39400**

Error ( PS ×T) 24 0.05700 0.04100 0.20400 0.10800 0.27000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.17 Mean sum of squares of data for leaf chlorophyll (Chl b) contents as 
affected by N split applications under different rice production systems during 2009 

SOV DF 76 (10-3) 83(10-3) 90(10-3) 97(10-3) 114(10-3) 

Blocks 2 9.00000NS 3.00000 NS 25.00000 NS 30.00000 NS 4.00000 NS 

Production 

systems (PS) 
2 1023.00000** 1332.00000** 1629.00000** 1371.00000** 1190.00000**

Error (PS) 4 6.00000 15.00000 13.00000 16.00000 56.00000 

N split 

applications 

(T) 

4 75.00000** 218.00000** 307.00000** 304.00000** 77.00000 NS 

Interaction  

( PS ×T)  
8 173.00000* 198.00000** 317.00000** 395.00000** 357.00000** 

Error  

( PS ×T) 
24 18.00000 6.00000 16.00000 13.00000 41.00000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.18 Mean sum of squares of data for plant N contents as affected by N split 
applications under different rice production systems during 2009 

SOV DF 76 83 90 97 104 

  Total Plant 
N (10-3) 

Total Plant 
N (10-3) 

Total Plant 
N (10-3) 

Leaf  (10-3) Stem (10-3)  Panicle (10-3) 
Leaf  
(10-3)  

Stem 
(10-3)  

Panicle 
(10-3)  

Blocks 2 1.00000NS 1.00000NS 1.00000NS 5.00000NS 1.00000 NS 1.00000 NS 4.00000 NS 1.00000 NS 1.00000 NS 

Production 

systems (PS) 
2 5.00000NS 43.00000** 18.00000** 434.00000** 152.000000** 176.00000** 93.00000** 36.00000** 359.00000** 

Error (PS) 4 2.00000 2.00000 1.00000 2.00000 6.00000 1.00000 4.00000 1.00000 3.00000 

N split 

applications 

(T) 

4 18.00000** 3.00000* 12.00000** 530.00000** 372.00000** 682.00000** 18.00000* 14.00000** 15.00000** 

Interaction  

( PS ×T)  
8 9.00000** 18.00000** 40.00000** 711.00000** 416.00000** 532.00000** 7.00000 NS 32.00000** 18.00000** 

Error ( PS ×T) 24 1.00000 1.00000 1.00000 2.00000 3.00000 2.00000 4.00000 2.00000 3.00000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.19 Mean sum of squares of data for soil NH4

+-N as affected by N split 
applications under different rice production systems during 2009 

SOV DF 76 83 90 97 

Blocks 2 0.04700NS 0.03800 NS 0.52700 NS 0.43600 NS 

Production systems (PS) 2 158.52500** 776.84900** 1346.80500** 266.60100**

Error (PS) 4 0.25600 0.12900 0.24000 0.10100 

N split applications (T) 4 122.08200** 254.20600** 22.11000** 113.03400**

Interaction (PS ×T)  8 112.72100** 153.09000** 68.16500** 348.29900**

Error ( PS ×T) 24 0.17300 0.20900 0.23900 0.18100 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.20 Mean sum of squares of data for soil NO3

+-N as affected by N split 
applications under different rice production systems during 2009 

SOV DF 76 83 90 97 

Blocks 2 9.55000 NS 1.43400 NS 0.24300 NS 0.06700 NS 

Production systems (PS) 2 771.99200** 639.24500** 136.93300** 995.60400**

Error (PS) 4 9.00900 0.25600 0.32000 1.53400 

N split applications (T) 4 149.04100** 35.42800** 32.68100** 42.61600** 

Interaction ( PS ×T)  8 37.84200** 37.98600** 81.02000** 39.45600** 

Error ( PS ×T) 24 8.62700 0.38000 0.26600 0.21100 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.21 Mean sum of squares of data for plant height, total tillers and fertile 
tillers as affected by N split applications under different rice production systems 
during 2008 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.22 Mean sum of squares of data for panicle length, branches per panicle 
and number of kernels per panicle as affected by N split applications under 
different rice production systems during 2008 

SOV DF Panicle length 
Branches per 

panicle 

Number of 
kernels per 

panicle 
Blocks 2 0.35900 NS 0.15600 NS 1.80900 NS 

Production systems (PS) 2 45.87200** 5.01400** 484.72600** 

Error (PS) 4 0.53300 0.16600 0.93600 

N split applications (T) 4 4.01100** 0.25100* 22.25100** 

Interaction ( PS ×T)  8 4.89000** 0.89200** 5.98200** 

Error ( PS ×T) 24 0.42900 0.08500 1.45100 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
  

SOV DF Plant height Total tillers Fertile tillers 

Blocks 2 0.95800NS 0.28900 NS 1.35600 NS 

Production systems (PS) 2 89.27200** 14609.62200** 39371.75600**

Error (PS) 4 0.32100 7.35600 1.02200 

N split application (T) 4 10.91400** 1976.83300** 858.30000** 

Interaction ( PS ×T)  8 43.75700** 1405.48300** 1667.03300** 

Error ( PS ×T) 24 0.38700 5.08300 3.93900 
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Table: 4.23 Mean sum of squares of data for sterile spikelets, 1000-kernel weight 
and kernel yield as affected by N split applications under different rice production 
systems during 2008 

SOV DF Sterile 
spikelets 

1000-kernel 
weight 

Kernel yield 
(10-3) 

Blocks 2 0.06300 NS 0.15600 NS 0.10000NS 

Production systems (PS) 2 2.08400 NS 0.41200 NS 584.00000** 

Error (PS) 4 0.33900 0.17100 1.00000 

N split applications (T) 4 2.28600** 0.15400 NS 132.00000** 

Interaction ( PS ×T)  8 0.55900 NS 1.22400** 306.00000** 

Error ( PS ×T) 24 0.34300 0.21100 0.10000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.24 Mean sum of squares of data for biological yield, harvest index and 
abortive kernels as affected by N split applications under different rice production 
systems during 2008 

SOV DF 
Biological 

yield 
(10-3) 

Harvest index 
(10-3) 

Abortive 
kernels 

Blocks 2 4.00000NS 0.100000NS 0.06700 NS 

Production systems (PS) 2 7332.00000** 5.00000** 1.26700 NS 

Error (PS) 4 5.00000 0.10000 0.33300 

N split applications (T) 4 447.00000** 1.00000** 1.07800 NS 

Interaction ( PS ×T)  8 393.00000** 4.00000** 0.46100 NS 

Error ( PS ×T) 24 4.00000 0.10000 0.38300 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.25 Mean sum of squares of data for chalky kernels, opaque kernels and 
normal kernels as affected by N split applications under different rice production 
systems during 2008 

SOV DF Chalky kernels
Opaque 
kernels 

Normal 
kernels 

Blocks 2 0.61000NS 0.20000NS 1.66600NS 

Production systems (PS) 2 0.95600NS 1.66700NS 0.55300NS 

Error (PS) 4 0.45500 0.26700 0.44700 

N split applications (T) 4 2.38400** 0.80000** 6.59700** 

Interaction ( PS ×T)  8 0.38100NS 0.91700** 2.08800** 

Error ( PS ×T) 24 0.39200 0.24400 0.56500 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
 
Table: 4.26 Mean sum of squares of data for kernel length, kernel width and 
KWAR as affected by N split applications under different rice production systems 
during 2008 

SOV DF Kernel length 
Kernel width 

(10-3) 

KWAR 

(10-3) 

Blocks 2 0.00500NS 0.10000NS 2.00000NS 

Production systems (PS) 2 0.09200NS 13.00000** 12.00000** 

Error (PS) 4 0.03500 0.10000 10.01000 

N split applications (T) 4 0.22200** 16.00000** 14.00000** 

Interaction ( PS ×T)  8 0.25100** 6.00000** 15.00000** 

Error ( PS ×T) 16 0.03800 0.10000 4.00000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.27 Mean sum of squares of data for kernel proteins, kernel amylose and 
water productivity as affected by N split applications under different rice 
production systems during 2008 

SOV DF Kernel 
proteins 

Kernel 
amylose 

Water 
productivity 

(10-3) 
Blocks 2 0.08100 NS 0.12000 NS 0.10000 NS 

Production systems (PS) 2 0.10900 NS 0.31300 NS 2.00000* 

Error (PS) 4 0.11000 0.06400 0.10000 

N split applications (T) 4 0.50100** 1.04100** 1.00000** 

Interaction ( PS ×T)  8 0.45900** 0.57900** 2.00000** 

Error ( PS ×T) 16 0.13900 0.07000 0.10000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
 
Table: 4.28 Mean sum of squares of data for plant height, total tillers and fertile 
tillers as affected by N split applications under different rice production systems 
during 2009 

SOV DF Plant height Total tillers Fertile tillers 

Blocks 2 2.69400 NS 1.75600 NS 0.95600 NS 

Production systems (PS) 2 95.21200** 1700.15600** 623.75600** 

Error (PS) 4 0.46000 3.05600 1.75600 

N split applications (T) 4 6.74000** 320.07800** 30.30000** 

Interaction ( PS ×T)  8 9.68500** 1697.96100** 1008.86700** 

Error ( PS ×T) 24 1.12700 1.48300 2.21100 

 
*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.29 Mean sum of squares of data for panicle length, branches per panicle 
and number of kernels per panicle as affected by N split applications under 
different rice production systems during 2009 

SOV DF Panicle length 
Branches per 

panicle 

Number of 
kernels per 

panicle 
Blocks 2 0.08600NS 0.00200NS 0.98200NS 

Production systems (PS) 2 9.98900** 0.79500* 491.46000** 

Error (PS) 4 0.10600 0.06500 1.08700 

N split applications (T) 4 0.22400NS 0.14400NS 101.66300** 

Interaction ( PS ×T)  8 3.28900** 0.36200** 67.66300** 

Error ( PS ×T) 24 0.31600 0.09300 0.86800 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
 
 
 
Table: 4.30 Mean sum of squares of data for sterile spikelets, 1000-kernel weight 
and kernel yield as affected by N split applications under different rice production 
systems during 2009 

SOV DF Sterile 
spikelets 

1000-kernel 
weight 

Kernel yield 
(10-3) 

Blocks 2 0.17100NS 0.00600NS 0.10000NS 

Production systems (PS) 2 3.30200** 7.48100** 497.000** 

Error (PS) 4 0.10400 0.16200 0.10000 

N split applications (T) 4 0.23500NS 0.48500** 72.00000** 

Interaction ( PS ×T)  8 1.17100** 0.94800** 172.00000** 

Error ( PS ×T) 24 0.17900 0.07400 0.10000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.31 Mean sum of squares of data for biological yield, harvest index and 
abortive kernels as affected by N split applications under different rice production 
systems during 2009 

SOV DF 

Biological 

yield 

(10-3) 

Harvest index 

(10-3) 

Abortive 

kernels 

Blocks 2 0.10000NS 0.10000NS 0.15600NS 

Production systems (PS) 2 383.00000 5.00000 12.68900 

Error (PS) 4 0.10000** 0.10000** 0.48900** 

N split applications (T) 4 268.00000** 1.00000** 9.14400** 

Interaction ( PS ×T)  8 896.00000** 0.10000** 4.57800** 

Error ( PS ×T) 24 1.00000 0.10000 0.76700 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
 
 
 
Table: 4.32 Mean sum of squares of data for chalky kernels, opaque kernels and 
normal kernels as affected by N split applications under different rice production 
systems during 2009 

SOV DF Chalky kernels
Opaque 
kernels 

Normal 
kernels 

Blocks 2 1.08900NS 0.82200NS 0.95600NS 

Production systems (PS) 2 28.15600** 9.68900** 110.82200** 

Error (PS) 4 0.95600 0.42200 1.88900 

N split applications (T) 4 4.61100** 0.31100NS 16.81100** 

Interaction ( PS ×T)  8 3.62800** 1.24400NS 15.87800** 

Error ( PS ×T) 24 0.88900 0.66700 2.27200 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.33 Mean sum of squares of data for kernel length, kernel width and 
KWAR as affected by N split applications under different rice production systems 
during 2009 

SOV DF Kernel length 
Kernel width 

(10-3) 

KWAR 

(10-3) 

Blocks 2 0.03100NS 2.00000NS 4.00000NS 

Production systems (PS) 2 0.31400NS 10.00000NS 84.00000* 

Error (PS) 4 0.05800 4.00000 6.00000 

N split applications (T) 4 0.34800** 13.00000NS 85.00000** 

Interaction ( PS ×T)  8 0.34300** 20.00000** 60.00000** 

Error ( PS ×T) 24 0.02500 5.00000 4.00000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
 
 
 
Table: 4.34 Mean sum of squares of data for kernel proteins, kernel amylose and 
water productivity as affected by N split applications under different rice 
production systems during 2009 

SOV DF Kernel 
proteins 

Kernel 
amylose 

Water 
productivity 

(10-3) 
Blocks 2 0.03500NS 0.01900NS 0.10000NS 

Production systems (PS) 2 0.03600NS 0.02200NS 10.00000** 

Error (PS) 4 0.03300 0.03200 0.10000 

N split applications (T) 4 0.20500** 0.67800** 0.10000NS 

Interaction ( PS ×T)  8 0.19800** 1.16700** 1.00000** 

Error ( PS ×T) 24 0.02800 0.03300 0.10000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Experiment No. 2: “Monitoring Zn dynamics in different rice production systems” 

 
Table: 4.1 Mean sum of squares of data for stand establishment as affected by Zn 
application under different rice production systems during 2008 

SOV DF 
E50 

(10-3) 

MET 

(10-3) 

EI 
FE 

Replication 2 0.10000NS 0.10000NS 0.04200NS 0.26700NS 

Zn application 4 213.00000** 47.00000** 930.83200** 3012.16700**

Error  8 1.00000 0.10000 0.08300 0.51700 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.2 Mean sum of squares of data for stand establishment as affected by Zn 
application under different rice production systems during 2009 
 

SOV DF E50 
MET 

(10-3) 

EI FE 

(10-3) 

Replication 2 0.26700NS    4.00000NS 0.02100NS 0.10000NS 

Zn application 4 0.50500** 281.00000**  704.22400**  5690007.33000**  

Error  8 1.00000 1.00000 0.21300 683.00000 

 
Table: 4.3 Mean sum of squares of data for total dry matter produced as affected by 
Zn application under different rice production systems during 2008 

SOV DF 
96 106 116 

Blocks 2 845452.92400NS 1436842.97600NS 935589.80800NS 

Production 

systems (PS) 
2 268979133.79100** 185025443.61600** 207649225.28700**

Error (PS) 4 246940.13800 1012254.20900 1571043.16300 

Zn application 

(T) 
4 1512865.24300** 2157221.23200** 2467480.45000** 

Interaction  

(PS ×T)  
8 523067.21000** 946359.59300** 872967.36100** 

Error ( PS ×T) 24 89515.26200 58218.45300 3333.10800 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.4 Mean sum of squares of data for leaf area index as affected by Zn 
application under different rice production systems during 2008 

SOV DF 
96 106 116 

Blocks 2  0.18400 NS  0.50600 NS 0.28600 NS 

Production systems (PS) 2 26.71000** 19.42400** 1.58500* 

Error (PS) 4  0.07200  0.08600 0.12000 

Zn application (T) 4  1.28900*  1.04500** 0.69300* 

Interaction ( PS ×T)  8  0.67200 NS  0.40200** 0.23500 NS 

Error ( PS ×T) 24  0.42600  0.10000 0.17100 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
 
Table: 4.5 Mean sum of squares of data for leaf area duration as affected by Zn 
application under different rice production systems during 2008 

SOV DF Pre-anthesis Post-anthesis 

Blocks 2    2.11100 NS  10.02200 NS 

Production systems (PS) 2 1132.34200** 260.90900** 

Error (PS) 4    1.88300   0.60800 

Zn application (T) 4   47.67600**  35.79100** 

Interaction ( PS ×T)  8   16.69200**  13.18300** 

Error ( PS ×T) 24    1.07000   0.87200 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.6 Mean sum of squares of data for crop growth rate as affected by Zn 
application under different rice production systems during 2008 

SOV DF Pre-anthesis Post-anthesis 

Blocks 2  4.68700 NS   3.59900 NS 

Production systems (PS) 2 53.89900** 301.11800** 

Error (PS) 4  2.38300   0.93800 

Zn application (T) 4 33.61400**  13.60800** 

Interaction ( PS ×T)  8 14.00000**   8.01900** 

Error ( PS ×T) 24  0.34600   0.62500 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.7 Mean sum of squares of data for net assimilation rate as affected by Zn 
application under different rice production systems during 2008 

SOV DF Pre-anthesis Post-anthesis 

Blocks 2 0.07700 NS 0.00300 NS 

Production systems (PS) 2 0.91200** 0.42200 NS 

Error (PS) 4 0.03600 0.08400 

Zn application (T) 4 0.32200** 0.24000** 

Interaction ( PS ×T)  8 0.69200** 0.09300* 

Error ( PS ×T) 24 0.02000 0.02800 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.8 Mean sum of squares of data for leaf chlorophyll contents (Chl a) as 
affected by Zn application under different rice production systems during 2008 

SOV DF
96 106 116 (10-3) 

Blocks 2 0.65900NS 0.45100** 1.00000 NS 

Production systems (PS) 2 139.82000** 216.28600** 323137.00000**

Error (PS) 4 0.36400 0.01300 9.00000 

Zn application (T) 4 0.60700 NS 0.56100 NS 1081.00000** 

Interaction ( PS ×T)  8 0.25900 NS 0.20800 NS 182.00000 NS 

Error ( PS ×T) 24 0.30200 0.30100 266.00000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.9 Mean sum of squares of data for leaf chlorophyll contents (Chl b) as 
affected by Zn application under different rice production systems during 2008 

SOV DF
96 106 116 

Blocks 2 0.03100 NS 0.02300 NS 0.01100 NS 

Production systems (PS) 2 37.48400** 36.65200** 28.53800** 

Error (PS) 4 0.00800 0.03500 0.00800 

Zn application (T) 4 0.25300** 0.04300 NS 0.24600** 

Interaction ( PS ×T)  8 0.08700** 0.26900** 0.10300** 

Error ( PS ×T) 24 0.03000 0.06000 0.02200 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.10 Mean sum of squares of data for plant and grain Zn as affected by Zn 
application under different rice production systems during 2008 

SOV DF 
96 106 116 

Grain Zn 

Blocks 2    0.03900 NS   0.61500 NS    0.11800 NS    1.57000 NS 

Production systems 

(PS) 
2 

 
232.59000** 244.43800** 78.53800** 

 
294.59800** 

Error (PS) 4    0.48500   0.17300   0.08100    0.76100 

Zn application (T) 4 760.15400** 591.65900** 548.54300** 839.79900** 

Interaction ( PS ×T)  8   14.74600**  32.97000**  19.80000**   50.19000** 

Error ( PS ×T) 24    0.43700   0.49800   0.61200    0.51100 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
 
Table: 4.11 Mean sum of squares of data for soil Zn contents as affected by Zn 
application under different rice production systems during 2008 

SOV DF 
96 (10-3) 106 (10-3) 116 (10-3) 

Blocks 2 1.00000 NS 1.00000 NS 1.00000 NS 

Production systems (PS) 2 385.00000** 552.00000** 230.00000** 

Error (PS) 4 1.00000 1.00000 1.00000 

Zn application (T) 4 2601.00000** 2391.00000** 1909.00000** 

Interaction ( PS ×T)  8 5.00000** 3.00000** 223.00000** 

Error ( PS ×T) 24 1.00000 1.00000 1.00000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.12 Mean sum of squares of data for total dry matter produced as affected 
by Zn application under different rice production systems during 2009 

SOV DF 76 83 90 97 104 

Blocks 
2 23424.10000NS 

112805.26700 
NS 

43739.87100 NS 155713.63600** 128143.49200 NS 

Production 

systems 

(PS) 

2 494361.76400** 
2658070.38200 

** 
1431135.94800*

* 
1748743.25100** 2672348.16400**

Error (PS) 4 11374.40700 37733.25000 21375.69100 7574.82800 40319.91000 

Zn 

application 

(T) 

4 141001.06300** 
452925.92100 

** 
542782.64100** 690529.63900** 608672.91900** 

Interaction 

( PS ×T)  
8 18035.40200 NS 60296.81500 NS 51505.83200 NS 79551.47300** 33424.74000 NS 

Error ( PS 

×T) 
24 8539.87000 7340.16500 34820.66300 24117.86700* 20502.24500 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.13 Mean sum of squares of data for leaf area index as affected by Zn 
application under different rice production systems during 2009 

SOV DF 76 83 90 97 104 

Blocks 
2 

2.56000
NS 

 0.07700 NS 0.79900**  0.21700 NS 0.56300 NS 

Production systems (PS) 
2 

1.01200
NS 

14.51100** 8.67500** 10.40200** 3.12400* 

Error (PS) 4 0.11600  0.21700 0.01000  0.48300 0.20500 

Zn application (T) 
4 

1.07800**  2.97600** 0.47300
NS 

 1.69100** 1.53200** 

Interaction ( PS ×T)  
8 

0.08600
NS 

 0.12600 NS 0.08600
NS 

 0.09200 NS 0.08200 NS 

Error ( PS ×T) 24 0.08500  0.22300 0.23200  0.31000 0.22700 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.14 Mean sum of squares of data for leaf area duration as affected by Zn 
application under different rice production systems during 2009 

SOV DF 76 83 90 97 

Blocks 2 5.68600 NS 12.87600 NS 22.04300* 7.06200 NS 

Production systems (PS) 2 237.06200** 674.81600** 769.68500** 296.35800**

Error (PS) 4 7.93400 2.47800 1.39700 3.02900 

Zn application (T) 4 79.26200** 46.22300** 59.71700** 61.83700** 

Interaction ( PS ×T)  8 8.40300** 3.64700NS 7.49700** 8.16700** 

Error ( PS ×T) 24 2.19800 1.59000 1.80300 1.55800 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
 
Table: 4.15 Mean sum of squares of data for crop growth rate as affected by Zn 
application under different rice production systems during 2009 

SOV DF 76 83 90 97 

Blocks 2 0.50500 NS 1.77600 NS 0.08200 NS 0.88000 NS 

Production systems (PS) 2 62.96200** 72.66000** 7.12300* 71.97200**

Error (PS) 4 0.35700 0.20900 0.39900 0.37100 

Zn application (T) 4 4.26300** 2.69000** 4.73500** 7.95100** 

Interaction ( PS ×T)  8 0.80100** 0.85300 NS 1.27100 NS 0.97300* 

Error ( PS ×T) 24 0.21600 0.40700 0.47100 0.31000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.16 Mean sum of squares of data for net assimilation rate as affected by Zn 
application under different rice production systems during 2009 

SOV DF 76 83 90 97 

Blocks 2 0.07500 NS 0.09000 NS 0.00700 NS 0.08100 NS

Production systems (PS) 2 6.16500** 5.77700** 0.94500* 8.46500**

Error (PS) 4 0.04900 0.06100 0.07500 0.01300 

Zn application (T) 4 0.24400** 0.38100** 0.33600** 0.65300**

Interaction ( PS ×T)  8 0.03200 NS 0.14200 NS 0.02300 NS 0.09600 NS

Error ( PS ×T) 24 0.04000 0.05600 0.03700 0.06800 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.17 Mean sum of squares of data for leaf chlorophyll contents (Chl a) as 
affected by Zn application under different rice production systems during 2009 

SOV DF 76 (10-3) 83 90 97 114 

Blocks 2 2.00000NS 0.04000 NS 0.13200 NS 0.01000 NS 0.16900 NS 

Production systems 

(PS) 
2 662.00000** 16.45400** 3.08200** 1.43700** 27.60800**

Error (PS) 4 12.00000 0.04700 0.03100 0.03400 0.12600 

Zn application (T) 4 1238.00000** 4.55000** 5.05100** 3.78500** 2.81100** 

Interaction ( PS 

×T)  
8 180.00000** 0.87200** 0.95100** 0.43600** 1.06300** 

Error ( PS ×T) 24 7.00000 0.04000 0.06100 0.03700 0.18200 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.18 Mean sum of squares of data for leaf chlorophyll contents (Chl b) as 
affected by Zn application under different rice production systems during 2009 

SOV DF 76 (10-3) 83 (10-3) 90 (10-3) 97 (10-3) 114 (10-3) 

Blocks 2 9.00000 NS 1.00000 NS 15.00000 NS 34.00000* 15.00000 NS 

Production 

systems 

(PS) 

2 947.00000** 1102.00000** 3544.00000** 5044.00000** 5018.00000**

Error (PS) 4 46.00000 13.00000 21.00000 2.00000 54.00000 

Zn 

application 

(T) 

4 116.00000** 522.00000** 307.00000** 500.00000** 1641.00000**

Interaction 

( PS ×T)  
8 17.00000 NS 151.00000** 102.00000* 78.00000NS 156.00000** 

Error  

( PS ×T) 
24 71.00000 39.00000 43.00000 90.00000 21.00000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.19 Mean sum of squares of data for plant Zn contents as affected by Zn 
application under different rice production systems during 2009 

SOV DF 76 83 90 97 104 

  Total Plant 
Zn 

Total Plant 
Zn 

Total Plant 
Zn 

Leaf  Stem  Panicle  Leaf  Stem  Panicle  

Blocks 2 1.36800** 0.02000NS 1.08500 NS 3.19400 NS 0.03500 NS 0.23700 NS 1.50100 NS 5.63800 NS 8.03300 NS 

Production 

systems 

(PS) 
2 318.55400** 358.36600** 82.65200** 77.53400** 21.90500** 27.92700** 32.93400** 19.38500* 29.67700 NS 

Error (PS) 4 0.04300 1.40900 0.91900 0.75200 0.95300 0.92500 0.77100 1.24700 7.89500 

Zn 

application 

(T) 
4 831.87500** 765.73800** 484.26900** 1042.73300** 580.38200** 787.51000** 1007.62700** 632.18700** 868.01300** 

Interaction  

( PS ×T)  8 8.85800** 9.54800** 17.32500** 21.22400** 3.97200** 12.26600** 22.94200** 9.32000** 17.68100** 

Error ( PS 

×T) 24 0.41500 0.37300 1.01400 0.67900 0.58700 0.95700 1.29400 2.54800 4.34800 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 
Table: 4.20 Mean sum of squares of data for soil Zn dynamics as affected by Zn 
application under different rice production systems during 2009 

SOV DF 76 (10-3) 83 (10-3) 90 (10-3) 97 (10-3) 

Blocks 2 17.00000 NS 1.00000 NS 5.00000 NS 1.00000 NS 

Production systems 

(PS) 
2 567.00000** 578.00000** 165.00000** 78.00000** 

Error (PS) 4 1.00000 1.00000 3.00000 1.00000 

Zn application (T) 4 2172.00000** 2194.00000** 1531.00000** 1555.00000**

Interaction ( PS ×T)  8 6.00000NS 19.00000** 32.00000** 5.00000** 

Error ( PS ×T) 24 3.00000 4.00000 3.00000 1.00000 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
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Table: 4.21 Mean sum of squares of data for grain Zn as affected by Zn application 
under different rice production systems during 2009 

SOV DF Grain Zn 

Blocks 2    8.68500 NS 

Production systems (PS) 2  107.99900* 

Error (PS) 4    7.05800 

Zn application (T) 4 1241.65400** 

Interaction ( PS ×T)  8   32.65300* 

Error ( PS ×T) 24   10.89400 

*=Significant;     **=Highly Significant;  NS=Non-significant, p=0.01 and 0.05 
 


