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Abstract 

The effect of long-term nitrogen (N) animal manure application on forage rice 

cultivation was investigated by estimating N balances in 2-year pot and 4-year field 

experiments. It is expected that repeated application of animal manure will affect long-

term N-cycling in paddy soils and increase biomass production of forage rice plants. 

Much of the N applied to submerged rice fields is leached out as nitrate (NO3). Forage 

rice is grown intensively with the application of large amounts of animal manure and 

tolerates higher N loading than rice varieties intended for human consumption. Thus, 

there is potential for rice growers and livestock farmers to mutually benefit from the use 

of animal waste as fertilizer. To optimize such linkages appropriate N management is 

necessary not only to improve soil fertility and forage crop production but also to 

minimize N loss. 

Chapter 1. A general introduction and review of literature related to N-cycling 

processes in forage rice cultivation and effects of animal manure on paddy rice 

cultivation. 

Chapter 2. A field experiment to investigate the effects of long-term application 

of N-rich animal manure to paddy fields planted with forage rice (Oryza sativa L. cv 

Tachisuzuka, Kusanohoshi) was conducted over four rice-growing seasons (years). For 

farmers, utilizing forage rice as whole crop silage (WCS) would be a step towards 

achieving self-sufficiency in feed. In this study, it was found that increasing application 

rates of N-rich animal manure tended to increase biomass production, with mean 

biomass yields being higher in plots receiving 14 g N m-2 over 4 years of rice cropping. 

Biomass production tended strongly to increase gradually over a single cropping season 
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and to also increase from year to year. Forage rice plants (“Tachisuzuka”) produce 

substantial biomass and are capable of taking up a substantial portion of the nutrients 

provided at the highest N application rate tested (28 g N m-2). In practice, however, 14 g 

N m-2 is considered a more optimal application rate to minimize N loading and 

environmental contamination due to leaching while maintaining soil fertility. Higher 

application rates of N-rich animal manure also resulted in higher plant nutrient content 

and higher residual soil fertility at harvest time over the course of 4 years of rice 

cropping. 

Chapter 3.  A pot experiment was conducted to estimate the N balance of forage 

rice (Oryza sativa L.  cv. Tachisuzuka) grown in soils amended with animal manure. It 

was found that increasing levels of N input improved forage rice growth characteristics 

(plant height, tiller number, and SPAD value). In all treatments, higher N input resulted 

in greater plant N content, N-uptake by plants, and biomass production, with the 

greatest increase being observed for the 28 g N m-2 treatment. We also found that 

increasing N input increases N loss due to leaching and that N leaching is greatly 

enhanced in the absence of rice plants. The proportions of N input lost due to leaching 

for selected treatments were 20.3% (N14-planted), 29.1% (N14-unplanted), 23.4% 

(N28-planted), and 33.5% (N28-unplanted). Excessive N application was shown not 

only to be ineffective in increasing biomass production but also to increase N leaching 

loss, which has potentially harmful environmental consequences. 

Chapter 4. The characteristics of N leaching in forage rice (Oryza sativa L. cv. 

Tachisuzuka) cultivation using animal manure were investigated in the field experiment 

described in Chapter. Higher levels of leached NO3-N than NH4-N were found in the 

leachate during the cultivation of forage rice. The highest level of leached NO3-N (6.3 
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mg.L-1) was observed for the 28 g N m-2 manure application rate. This level is above the 

maximum allowable limit and would be considered contamination. Highest biomass 

production was also observed for the 28 g N m-2 application rate; however, this biomass 

yield was very similar to that observed for the 14 and 21 N m-2
 application rates. It was 

concluded that the most optimal application rate was 14 N m-2, which was sufficient to 

enhance of N-use but not so excessive as to cause substantial NO3-N loss to the 

environment and groundwater due to leaching. 

Chapter 5. The effect of N-rich animal manure on growth, N-uptake, and 

biomass production of forage rice (Oryza sativa L.) was investigated in pot and field 

experiments. It was found that higher N application rates resulted in significant 

increases in rice growth, plant N uptake, and biomass production for all treatments in 

both the pot and the field experiment. The forage rice cultivar “Tachisuzuka” is 

considered ideal as WCS, given its superior straw biomass yield and high quality 

compared to cultivars “Kusanohoshi” and “Hinohikari.” The 14 g N m-2 manure 

application rate (N14) is considered optimal for enhancing yield through efficient N 

usage and also minimizing N loading of the environment.  

General Conclusions: Forage rice is capable of substantial biomass production 

and substantial nutrient uptake even at high N-rich animal manure application rates. 

However, excess N application was shown not only to be ineffective in increasing 

biomass production but also to increase N leaching, which has potential detrimental 

environmental consequences. It was concluded that the 14 g N m-2 animal manure 

application rate was most efficient for increasing biomass production while minimizing 

N leaching and potential groundwater contamination. Forage rice is useful in reducing 

N loading of the environment. 
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1.1 General introductions 
 

Converting paddy fields from the production of rice for human consumption to 

forage rice for livestock feed has recently attracted attention as a way to utilize idled 

paddy fields. More than 140,000 ha of Japan’s 2.6 million ha of paddy fields go 

unplanted due to decreasing rice consumption resulting in the overproduction of rice 

(Oryza sativa L.) for human consumption. Meanwhile, Japan’s self-sufficiency in 

forage rice was only 25% of the consumed total digestible nutrient (TDN) base in 2009 

(Sakai et al., 2003; Kato, 2008; Matsushita et al., 2011).  

Forage rice, or whole crop rice, is a promising new variety as an alternative to 

rice for human consumption. Whole crop rice has advantages both in the effective use 

of paddy fields and in the increase in the self-sufficiency rate of forage in Japan (Kyaw 

et al., 2005). New rice cultivars of forage rice for whole crop silage (WCS) have been 

approved by the Ministry of Agriculture, Forestry and Fisheries (MAFF) in Japan, and 

as a result of the provision of subsidies from the Japanese government, the acreage used 

for WCS rice cultivation has been increasing, reaching 26,000 ha in 2013 (Kyaw et al., 

2005; MAFF, 2013). 

There are two main uses of forage rice and the target nutritional composition 

differs for each. The first use is for WCS and the goal is to maximize whole plant dry 

matter (DM) yield and nutrient quality. The second use is to provide concentrated 

nutrition, and the goal is to reduce fiber content while maximizing digestible nutrients 

by maximizing grain yield (Nakano et al., 2012).  

Nutritional composition and yield is controlled in part by fertilizer application to 

the paddy field and the nutrient budget of the rice plant. N is a major essential nutrient 
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for plants and affects photosynthesis, dry matter production, and yield of crops. The 

level of available N in paddy soil substantially impacts rice yield. In the past, higher N 

application has been carried out to meet the nutritional demands of rice and to improve 

yield. (Wada and Gruz, 1989; Wada et al., 1991; Ntamatungiro et al., 1999).  

High inputs of N-containing fertilizers and agrochemicals have contributed to 

the increase in rice yield (Evan, 1993; Hamaoka et al. 2013). However, a portion of the 

applied N is lost to the atmosphere or leached into groundwater, lakes, and rivers, 

causing severe environmental pollution (Shi et al., 2009). Major crops can utilize only 

30% to 40% of the applied N (Raun and Johnson, 1999). Thus, N is becoming one of 

the major pollutants in terrestrial ecosystems. Heavy N application increases production 

cost and has negative effects on surrounding environment (Kyaw et al., 2005; Kamiji 

and Sakuratani, 2011). Therefore, it is necessary to develop low N input cultivation 

systems, and it is very important to understand the N uptake and N use efficiency 

characteristics of the particular crop cultivation (Glass et al., 2003; de Dorlodot et al., 

2007; Kumagai et al., 2009). 

Globally, intensification of agricultural systems has increased the impact of food 

production on the environment. Pollution control represents a necessary investment for 

farmers who want to maintain a given production level under stricter environmental 

regulations, or to expand production without increasing environmental impact. Efforts 

to recycle nutrients such as by applying livestock manure to crop production land will 

effectively reduce several pollution problems. 

The purpose of this study is to estimate biomass production, N use efficiency 

and environmental load of N for the long-term application of animal manure in forage 

rice (Oryza sativa L.) cultivation using 2-year pot experiments and 4-year field plot 
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experiments. Our aims are to identify appropriate N management measures and to 

improve soil fertility such that rice can be grown with high N use efficiency and 

minimal N loss. 

1.2 Literature review 

1.2.1 Population growth and increasing demand for rice  

Rice is the staple crop for more than half the world’s population. In Asia, more 

than 2 billion people rely on rice for 60% to 70% of their caloric intake. Due to 

increasing population in these regions, the world’s annual rice production must increase. 

If these consumption trends continue, 4.6 billion people will consume rice in 2025 and 

production must increase 20% to keep up with demand. The challenge to produce 

sufficient quantities of rice in the future is overwhelming as the current rate of 

population growth out-paces that of rice production (Ghosh and Bhat, 1998; Zhou et al., 

2011). In the future, increases in rice production will need to come from the same or 

even reduced land area; consequently, rice productivity (yield ha-1) must be greatly 

enhanced to meet these goals.  

However, in Japan, rice consumption has been decreasing and rice production 

has been declining due in part to the declining birth rate and aging of society. The 

calorie-based self-sufficiency rate in Japan was only 39% in 2006, but overproduction 

of rice has been a problem for the past 40 years. There are 2.6 million ha of paddy fields 

in Japan, of which about 1 million ha have been transferred to the production of other 

crops (Kato, 2008). Consequently, most paddy fields are left fallow. Due to this 

situation, the question of how to utilize paddy fields more efficiently, including the 

growing of rice as a feed crop, is an important challenge. 
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1.2.2 Evolution of policy on paddy fields and utilization of rice as a forage crop 

 Rice production has been restricted to balance the supply and demand of rice 

since the 1970s, and the policy for conversion of land from rice production to other 

crops. Using fallow rice fields for forage rice production is an easy way to introduce 

animal feed rice to farmers because the production techniques are similar to those used 

in the production of rice for human consumption. Subsidies for WCS rice production 

and its usage for animal feed have been introduced in Japan since 2000. WCS is one 

way to efficiently utilize farm products as livestock feed (Kato, 2008; Yoshida, 2008). 

There are several types of animal feed rice. Rice straw is being used for animal 

feed, but the nutritional value is low. WCS rice supplies roughage and is highly 

preferred for cattle (Kato, 2008). The National Agriculture and Food Research 

Organization has developed the following 10 varieties or strains: Hoshiaoba, 

Kusanohoshi, Kusayutaka, Yumeaoba, Nishiaoba, Bekoaoba, Tachiaoba, Leafstar and 

Bekogonomi. These new varieties are characterized by having high TDN (total 

digestible nutrient) content (5-20% higher than that of food rice varieties), higher 

resistance to logging and higher disease resistance, and even producing dry matter 

yields exceeding 20 tons ha-1 (Yoshida, 2008). 

1.2.3   Potential for the development of WCS rice varieties 

 The requisite traits of WCS rice varieties are different from those of ordinary 

rice varieties. In the case of WCS rice varieties, all of the aerial parts, consisting of 

grains, leaves and stems are harvested at the yellow ripening stage. Total digestible 

nutrients are highest at the yellow-ripe stage, which is about 30 days after flowering and 

10 to 15 days before the full ripening stage. When deciding which WCS rice variety is 
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most suitable for a certain area, selecting a variety that has high TDN is the most 

important factor (Kato, 2008). 

 Developing high dry matter varieties for increasing the TDN yield is the first 

objective for achieving WCS. Development can focus on increasing either the grain 

yield or the stem and leaf yield. The grain types are used mainly for beef cattle and the 

stem and leaf types are used for both beef and dairy cattle due to the lower level of 

excretion of undigested grain (Kato, 2008). 

Secondly, in the area of crop cultivation, efforts have been made to develop 

technology that reduces production costs, and it has also been demonstrated that the 

utilization of compost and liquid manure enables farmers to reduce the consumption of 

chemical fertilizers and that the repeated application of the organic materials year after 

year leads to a higher crop yield (Yoshida, 2008). 

Thirdly, the conventional machinery for harvesting forage crops already owned 

by livestock farmers can be utilized for the purpose of harvesting WCS if the paddy 

field is well drained and dries up by harvest time. Thus, the forage rice harvester and the 

self-propelled bale-wrapper, which combine a crop gathering unit and a roll-baling unit, 

have been developed and about 100 of them are currently in operation (Fig. 1.1). Two 

types of forage rice harvesters are available, both equipped with devices to spray 

additives for silage at the time of harvest. The innovative development of these 

harvesting machines has enabled farmers to facilitate farming operations in paddy fields 

and to greatly improve silage quality (Yoshida, 2008). 
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Fig. 1.1. Forage rice harvesters (combine type and flail type). 

1.2.4 N cycling in a paddy field soil ecosystem 

The yield of rice (Oryza sativa L.) is related to the amount of N uptake until 

maturity. N in flooded-soil ecosystems is present in inorganic and organic forms, with 

the latter form predominating. Organic-N includes compound from amino acids, amines, 

proteins, and humic compounds with low N content; inorganic forms include 

ammonium (NH4-N), nitrate (NO3-N) and nitrite (NO2-N). Ammonium dominates the 

inorganic-N pool at any given time; it comes from the mineralization of organic-N and 

the application of fertilizers. Gaseous forms of N that occur in this agro-ecosystem 

include NH3, N2, and N2O. N is one of the major elements and is applied to increase 

crop yields. However, N application rates on agricultural fields often exceed the actual 

uptake by the crop and unused N in the soil profile is either removed through leaching, 

denitrification or volatilization (Wada, 1999). 

Long-term repeated application of mineral or organic N fertilizer stimulates soil 

gross mineralization. Land-use changes and intensive cropping affect N cycling in soils, 

resulting in increased N loss as nitric oxide (NO) or nitrous oxide (N2O) emission or 

nitrate (NO3
-) leaching (Meng et al., 2005; Ding et al., 2010;Zhang et al, 2012). Thus, 
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appropriate N management is required to improve soil fertility and crop production 

while minimizing N loss. 

After plant-available forms of nitrogen, ammonium and nitrate are in the soil, 

these are removed by three pathways: (1) taken up by plants, (2) leached below the root 

zone by water, or (3) utilized by denitrifying bacteria as an energy source and released 

back to the atmosphere as N2. Nitrogen released to the atmosphere may be used to 

restart the cycle, but nitrogen leached below the root zone is likely to become a 

contaminant in groundwater. For example, 30% of the total N uptake by rice plants 

comes from fertilizer N. The recovery of fertilizer N with basal application is in the 

range of 18% to 42%. About 30% of basal fertilizer N is immobilized in soils and about 

40% is diminished by denitrification and leaching (Shoji and Mae, 1984). 

1.2.5 Nitrate (NO3-N) and Ammonium (NH4-N)  

Nitrate (NO3-N) is the pollutant most commonly identified in groundwater. 

Nitrate leaching typically occurs when fertilizer application exceeds the crop N 

requirements. Nitrate-N, which is a mobile form of N, is highly soluble and leaches 

easily when water percolates through the soil. Nitrate-N concentration above maximum 

contaminant level of 10 mg L-1 represents a serious health threat to infants and adults 

(Bawatharani et al., 2004; Zhou et al., 2011). Nitrate removal by denitrification is one of 

the most effective techniques for reducing the nitrate load from areas used for intensive 

agriculture (Tabuchi et al., 2001). 

 In paddy fields, the main source of N in rice is ammonium-N (NH4-N) rather 

than nitrate (NO3-N). It is generally considered that ammonium adsorption in the soil 

can affect N uptake by rice plants. It is reported that the percent of adsorbed ammonium 

in soils ranges from 85% to 95% in paddy fields (Okajima and Imai, 1973). The 
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structure of the N cycle, which describes the fate of inorganic N (ammonium, nitrate) in 

soil, water and rice, is shown in Fig. 1.2. 

 

 

Fig. 1.2. Schematic of nitrogen cycle in paddy soil ecosystem. 

 

1.2.6 Organic matter and animal manure  

In paddy fields where forage rice is cultivated, the application of organic matter 

is essential to avoid deterioration of soil fertility. The application of chemical fertilizers 

is costly and may gradually lead to environmental problems. Crop production using 

organic manure might be superior for maintaining desirable physical and chemical 

properties of the soil required for sustainable agricultural production. Presently, interest 

in agriculture production based on organic manure application is growing, and the 

demand for agricultural products produced using these methods are increasing. 
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Therefore, the effective use of organic matter in rice farming is also likely to be 

promoted (Myint et al., 2011). 

In addition to the supplementation of various types of plant nutrients including 

macronutrients, application of organic matter is fundamentally important in that it 

improves soil physical and chemical properties such as structure, porosity, permeability, 

cation exchange capacity, and hence nutrient holding and buffering capacity, and 

consequently enhances microbial activities (Suzuki, 1997). In addition, organic matter 

continuously releases N as needed by plants.  

Application of animal manure, which contains both mineral and organic N, is 

useful for maintaining and improving soil fertility and rice production (Takahashi et al., 

2004). Therefore, the effective use of animal manure in rice farming is also likely to be 

promoted. 
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Chapter 2 

Biomass production and N quality as effects of the long-term N 

animal manure of application in a paddy field planted with 

forage rice (Oryza sativa L.) 
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2.1. Introduction 

Cultivation of forage crops in paddy fields idled for grain rice production is 

considered as a promising way to improve the national self-sufficiency of feed and to 

contribute to the rural economy. The production of most domestic bulky feeds, such as 

timothy grass and Italian ryegrass for dairy and beef cattle has not kept pace with the 

constant increase in per capita for dairy and meat consumption in Japan. Thus, there is a 

need for increased production of domestic bulk feed in Japan (Kato, 2008).  

New cultivars have the potential to increase biomass production and crop yield.  

It is easy to introduce farmers to growing forage rice for animal feed because most of 

the production techniques are similar to those applied in the production of ordinary rice 

(Sakai et al., 2003). 

Furthermore, collaboration between rice growers and livestock farmers in the 

utilization of animal waste as fertilizer is feasible. Rice cultivars used for forage rice are 

a series of new cultivars but with higher N loading tolerance and requirements and 

greater biomass production than for grain rice varieties (Sakai et al., 2003; Kato, 2008; 

Zhou and Hosomi, 2008). Intensive production of forage rice uses the application of a 

large amount of cattle manure, a byproduct of the prosperous livestock industry, and 

cattle manure compost can be a highly effective N fertilizer (Hara et al., 2009; Nakano 

et al., 2011). The early application of a large amount of extra N is most effective for 

producing high dry matter yield in forage rice. Thus, the forage rice crop is typically 

fertilized at higher rates to support this high biomass production. Application of animal 

manure to arable land aids crop growth and retains or improves soil fertility. The final N 

status of a crop is determined by the N availability throughout the growing season as 

well as the N demand of the crop. 
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Due to the rapid expansion in the size of dairy farms in Japan, disposal of 

manure has become a prominent problem in those localities. This problem may 

eventually emerge in other Asian countries where the demand for meat and dairy 

product has been increasing due to rapid economic and development changes in dietary 

habits (Dong, 2006). For instance, China is estimated to generate a total of 3,200 

megatons of animal waste by 2020, a volume of waste approximately 1.7 times greater 

than the level in 2001 (Galloway et al., 2008; Nishikawa et al., 2012).  

The objectives of this study were to evaluate the effect of increasing the 

application of N-rich animal manure from two animals (cattle and poultry) on the 

growth of forage rice and to evaluate the N uptake by plants as a determinant of the 

biomass production in paddy fields used for forage rice cultivation. Two cultivars of 

forage rice (cv. Tachisuzuka and Kusanohoshi) developed for whole crop silage (WCS) 

were examined. 

2.2.  Materials and Methods 

2.2.1 Field preparation and experimental design 

Field experiments were conducted during the rice-growing season (May to 

October) over a period of 4 years (2009-2012) on a paddy field at the Prefectural 

University of Hiroshima (PUH). The soil of the paddy field was classified as Andosol, 

and the chemical properties of the soil before and after the growth experiments are 

shown in Table 2.5. Two kinds of animal manure, fermented cattle manure (CM) and 

fermented poultry manure (PM) were used as the organic N source. The manures (CM 

and PM) are commercially produced in Hiroshima Prefecture; fermented manure is 
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widely used in the Hiroshima area. The chemical characteristics (total N, total P, total K, 

total C, Ca and Mg) were determined (Table 2.1). 

Table 2.1 Chemical composition of fermented cattle manure (CM) and fermented 
poultry manure (PM). 

Characteristic 
Cattle Manure  Poultry Manure 

2009 2011 2012  2009 2011 2012 

Total- N (%) 

Total-P (%)  

Total-C (%)   

K2O (%) 

CaO (%) 

MgO (%) 

NO3-N (mg.100g-1) 

NH4-N (mg.100g-1) 

T-Inorg N (mg.100g-1)   

C/N ratio 

Water content (%) 

     2.44 

- 

  37.28 

- 

- 

- 

185.60 

   2.68 

188.28 

 15.29 

 64.40 

  1.68 

  1.80 

44.39 

  2.06 

  0.72 

  0.76 

- 

- 

- 

26.30 

54.56 

  1.68 

  1.82 

41.10 

  2.62 

  0.79 

  0.79 

  0.63 

41.51 

42.14 

24.47 

62.71 

   4.73 

  4.27 

29.35 

  3.32 

19.08 

  1.04 

- 

- 

- 

  6.20 

18.12 

  6.06 

- 

32.41 

- 

- 

- 

   5.62 

559.17 

564.79 

   5.35 

  22.50 

   3.38 

   5.10 

 29.35 

   4.07 

 19.17 

   1.24 

   8.75 

298.04 

306.79 

   8.69 

  19.06 

 

Both types of manure mixed to achieve N application at five N levels (Table 2.2) 

held constant throughout the experiment period: 0, 7, 14, 21, and 28 g available N m-2. 

No chemical fertilizers were applied. The manure levels were set based on an estimated 

N availability of manure as 15% and 70% of total N content in CM and PM, 

respectively, to ensure that similar available N was supplied for both manure treatments. 

Each plot was approximately 10 m2  in area, and plots were separated by plastic sheeting 

to avoid cross-contamination of nutrients. 
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Table 2.2. Application rate of available N derived from animal manure in each treatment 
per year. 

N available 
Application 

(g m-2) 

Organic Manure (g m-2) 
Forage Rice 

(cv.) Cattle Manure (CM) Poultry Manure (PM) 

0 
7 

14 
21 
28 

0 
2000 
2000 
2000 
2000 

0 
200 
400 
600 
800 

TC 
KS,TC 
KS, TC 

TC 
TC 

TC; Tachisuzuka,  KS; Kusanohoshi.  

2.2.2  Rice cultivation 

Forage rice (cv. Tachisuzuka and Kusanohoshi) was grown under conditions of 

different N levels. Seedlings started in commercial seedbed soil were transplanted when 

25 days old at three per hill with overall planting density of (44.4; 22.2; 11.1 hill m-2). 

Immediately after the application of manure and fertilizer, field experiment plots were 

kept submerged in 3 to 5 cm of water until heading stage. 

2.2.3 Measuring total biomass production and plant nutrient content 

Thirty hills were sampled from each treatment replicate for the measurement of 

total biomass production and straw yield at the harvest time (30 d after heading). Rice 

was harvested by cutting by hand and dried on racks. Two hills with an average number 

of tillers were separated into leaf blades (leaves), leaf sheaths plus stem (stems), and 

panicles, and then dried at 80C for 3 d to make a dry weight determination. Dry matter 

(biomass) production was determined from the dry weight measurements from the 30 

hills. Thereafter, dried samples were powdered with a ball mill and used for measuring 

the nutrient content. Total N of plant samples was determined by the CN Corder 

instrument (Macrocorder JM 1000CN, J-science, Kyoto, Japan). 
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2.2.4 Soil sampling and analysis 

Prior to transplanting seedlings in the first and last experiment year (data shown 

in Table 2.4), three soil sub-samples were collected from the plow layer (0-20 cm) in 

each plot. Samples were air-dried, ground to pass through a 2-mm soil sieve and stored 

at room temperature under dark condition until analysis. Total C and N were measured 

using the CN Corder instrument (Macrocorder JM 1000CN, J-science, Kyoto, Japan). 

2.3  Results 

2.3.1 Effect of N animal manure application on biomass production yield 

The effect of N application on biomass production for both types of forage rice 

(cv. Tachisuzuka and Kusanohoshi) is shown in Fig. 2.1. High dry matter yield 

(biomass production) is essential for forage rice production. Increasing N animal 

manure application enhanced biomass production. A significant difference compared to 

control (no application) was observed for both cultivars (Tachisuzuka and Kusanohoshi) 

and in the 4 years of the experiment. Repeated and higher levels of N animal manure 

application generally resulted in increased biomass production in both of forage rice 

cultivars for every year of the experiment. In 2009, in Tachisuzuka, there was a 

significant increase in biomass production with higher N application than in 

Kusanohoshi. The biomass production was highest in 14 g N m-2 application. 

Comparison of N14, N21 and N28 were nearly similar higher in biomass production. In 

Kusanohoshi, in 2009, there was no significant increase with increasing N application. 

Biomass production was nearly similar and higher in N7 and N14 

In 2010, in Tachisuzuka, although the biomass production was lower than in 

2009, there was a significant increase in biomass production with higher of N 
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application. The highest biomass production was in the N14 treatment. In Kusanohoshi, 

there was no significant increase in biomass production with increased N application, 

and biomass production was lower than in 2009.  

 

 

  Fig. 2.1.  Effect of N animal manure application on biomass production of forage rice in 
2009 to 2012.  

 

In 2011, in Tachisuzuka, biomass production in the N0 treatment was the lowest 

of the biomass production for all of the years, and biomass production showed a 

significant increase with increased N application with the highest of biomass production 

in the N21 to N28 application groups where, generally, higher biomass production was 

achieved than in 2009 and 2010. In Kusanohoshi, there was no significant increase in 

biomass production with increased N application and biomass production was 

somewhat lower than in 2009 and 2010.  
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In 2012, in Tachisuzuka, biomass production was significantly higher than in all 

other years for all treatment groups and showed a significant increase with increased N 

application. The increasing N application resulted in an increase in biomass production. 

The highest biomass production was in the N14 application. In N14, N21 and N28, 

similar levels of biomass production were achieved. 

In Kusanohoshi, there was a significant increase with increasing N application, 

and the N14 group showed the highest biomass production.  In the 4 experimental years, 

repeated application of N animal manure produced a significant increase in biomass 

production at all treatment levels.  

2.3.2 Average biomass production in the 4-year experiment 

The average of biomass production in both cultivars of forage rice (Tachisuzuka 

and Kusanohoshi) is shown in Fig. 2.2. Generally, biomass production is high in forage 

rice plants and a high amount of nutrient uptake is possible. On average, biomass 

production was clearly different with increasing N application in both cultivars 

(Tachisuzuka and Kusanohoshi). In Tachisuzuka, the biomass production was highest 

for the N14 treatment, and nearly similar biomass production was achieved in N14, N21 

and N28 treatment groups. In Kusanohoshi, biomass production was also higher in the 

N14 treatment. Comparison of the two cultivars shows that biomass production is 

higher in Tachisuzuka than in Kusanohoshi.  
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Fig. 2.2.  Average biomass production as a function of N animal manure application for 
both forage rice cultivars (Tachisuzuka and Kusanohoshi).  

 

2.3.3  Annual quality of N uptake by forage rice 

The N uptake of both of forage rice cultivars in the 4-year experiment is shown 

in Fig. 2.3. Increasing N animal manure application resulted in increased total N uptake 

by forage rice plants. N uptake by plant at harvest varied between the Tachisuzuka and 

Kusanohoshi cultivars in the 4-year experiment. Compared to N available in the manure 

application, N uptake by plant was significantly higher with increasing of N availab ility, 

and N uptake by plant in Tachisuzuka increased in the second year of the experiment. 

Tachisuzuka Kusanohoshi 
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Fig. 2.3. Annual N uptake by plant for forage rice cultivars (Tachisuzuka and 
Kusanohoshi) in 4-year experiments (2009-2012). 

  
In 2009 (first year), in Tachisuzuka, there was a significant increase in N uptake 

by forage rice with increasing N application to the highest treatment of N28. 

Significantly, in Kusanohoshi, N uptake by plant decreased with increasing N 

application.  

In 2010 (second year), in Tachisuzuka, there was a significant difference in N 

uptake with increasing N application up to the N21 application. In Kusanohoshi, N 

uptake by plant decreased with increasing of N application. 

In 2011 (third year), in Tachisuzuka, there was a significant difference in N 

uptake with increasing of N application up to the highest application level of N28. In 

Kusanohoshi, increasing N application produced similar of N uptake by plant. 

In 2012 (fourth year), in Tachisuzuka, there was an increase in N uptake by plant 

with increasing N application, except for in the N28 application where N uptake by 

plant was lower than in the N21 group. In Kusanohoshi, increasing N application was 
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lowest in the N uptake by plant in 2012 (fourth year) than the all year of experiment 

(2009, 2010, and 2011).  

2.3.4  Annual nutrient content by forage rice plant 

The annual long-term effect of N animal manure application on the nutrient 

content of forage rice plant at harvest time is shown in Table 2.3. The nutrient content 

increased with increasing N application. 

In the second rice-growing season (2009), most of the nutrient content uptake by 

plant increased with increasing N application in all treatments and in both forage rice 

cultivars. After the second year (2010), nutrient content uptake by plant also tended to 

increase with increasing N application in all treatments and in both forage rice cultivars. 

However, after the third and fourth years (2011, 2012), the nutrient content uptake by 

plant tended to be lower compared to both of the previous years (2009 and 2010), but 

the tendency of nutrient uptake by plant was higher with increasing N application in 

both forage rice cultivars. 
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Table 2.3. Annual nutrient content in forage rice plants at harvest. 

Year N-levels  
(g.m-2) 

Forage rice 
 (cv.) N P K Ca Mg Si 

2009 0 Tachisuzuka 0.53 0.17 0.99 0.26 0.11 7.19 

 7 
 

0.72 0.19 1.24 0.23 0.12 6.11 

 14 
 

0.84 0.21 1.38 0.25 0.13 5.51 

 21 
 

0.95 0.22 1.57 0.24 0.14 6.00 

 28 
 

1.20 0.26 1.63 0.27 0.16 4.96 

 
7 Kusanohoshi 0.74 0.18 1.26 0.25 0.11 5.54 

 14  0.86 0.20 1.32 0.24 0.12 4.31 

         2010 0 Tachisuzuka 0.71 0.19 1.16 0.24 0.16 9.11 

 
7 

 
0.77 0.20 1.33 0.24 0.15 8.52 

 
14 

 
0.73 0.19 1.39 0.18 0.14 8.18 

 
21 

 
1.30 0.29 1.58 0.23 0.19 6.01 

 
28 

 
1.42 0.27 1.67 0.24 0.19 6.08 

 
7 Kusanohoshi 0.78 0.17 1.23 0.21 0.13 7.73 

 
14 

 
0.98 0.21 1.31 0.23 0.15 7.02 

         2011 0 Tachisuzuka 0.62 0.17 1.39 0.37 0.12 8.47 

 
7 

 
0.74 0.19 1.65 0.31 0.12 7.63 

 
14 

 
0.87 0.23 1.68 0.26 0.13 5.77 

 
21 

 
0.99 0.23 1.94 0.28 0.13 5.35 

 
28 

 
1.14 0.25 2.03 0.30 0.15 4.52 

 
7 Kusanohoshi 0.81 0.19 1.42 0.28 0.11 6.58 

 
14 

 
0.85 0.20 1.49 0.26 0.10 5.02 

         
2012 0 Tachisuzuka 0.62 0.20 1.03 0.24 0.14 8.54 

 
7 

 
0.68 0.19 1.35 0.23 0.15 9.34 

 
14 

 
0.69 0.21 1.58 0.22 0.15 7.20 

 
21 

 
0.89 0.27 2.09 0.26 0.18 5.43 

 
28 

 
1.11  0.20 1.61 0.22 0.15 4.18 

 
7 Kusanohoshi 0.68 0.19 1.18 0.25 0.13 5.46 

 
14 

 
0.67 0.18 1.29 0.24 0.14 5.66 
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2.3.5  Effect of animal manure treatment on soil pH 

In the first year (before the start of the experiment and before the application of 

animal manure), the mean soil pH values varied from 6.0 to 6.2 (in Tachisuzuka plots), 

and 6.1 to 6.5 (in Kusanohoshi plots) (Table 2.4). One year after the first rice-growing 

season (in 2010), the mean soil pH values remained similar to those of the previous year, 

even though the pH in some of the treatments was higher than previously and ranged 

from 6.0 to 6.3. 

In the year after the second rice-growing season (in 2011), the mean soil pH 

remained higher than that in the previous year. The trend of increasing pH continued for 

increasing N treatments with pH ranging from 6.2 to 6.9 (in Tachisuzuka) and from 6.6 

to 6.9 (in Kusanohoshi). In the year after the third rice-growing season (in 2012) and 

after the harvest in the fourth rice-growing season, the mean soil pH values were also 

higher than those in the first year and in the previous experimental year.  

These results indicate that repeated application of N animal manure had a great 

effect on the mean soil pH value in paddy rice cultivation. The acidifying effect of H+ 

production through nitrification could not compensate for by the large amount bas ic 

compounds added through the organic components in the manure application. 

2.3.6 Effect of N animal manure on soil nutrient content at harvest 

The annual long-term effects of N animal manure application on the soil pH and 

the nutrient content are shown in Table 2.4. In the first year (before experiment), the 

nutrient content of the soil was higher with following of increase N animal manure 

application in both of forage rice (cv. Tachizusuka and Kusanohoshi). One year after the 

first application of N animal manure, the nutrient content of the soil was lower than that 

prior to the start of the experiment. In the years after the second, third and fourth 
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nutrient application, the nutrient content of the soil tended to increase with increasing N 

application. 
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Table 2.4. Annual chemical composition of paddy field soil each year after harvest during the 4-year experiment. 
 

Year 
N-

levels 
(g.m-2) 

Forage rice 
(cv.) 

pH 
(H2O) 

EC 
(mS.cm-1) 

Humin 
(%) 

C 
(%) 

N 
(%) 

P  
(mg.100g-1) 

Ca 
(mg.100g-1) 

Mg 
(mg.100g-

1) 

K 
(mg.100g-

1) 

CEC 
(me.100g-

1) 
N effective 

Before exp. - - 6.2 0.084 4.9 2.8 0.20 13.4 358 35 15 16.7 16.2 
2010 0 TC 6.2  0.108  4.2  2.5  0.19  8.6  338  32  13  15.1  15.6  

 7  6.1  0.086  5.0  2.9  0.22  10.0  402  39  14  17.9  16.4  
 14  6.0  0.072  4.9  2.8  0.21  12.9  361  32  22  16.6  15.3  
 21  6.2  0.104  5.6  3.3  0.24  16.0  386  33  27  17.9  16.1  
 28  6.3  0.098  5.4  3.2  0.23  20.5  430  38  21  18.0  17.3  
 14 KS 6.2  0.078  4.5  2.6  0.18  17.9  368  29  26  16.4  12.8  
 7  6.1  0.080  4.8  2.8  0.20  16.1  381  33  21  16.8  15.7  

2011 0 TC 6.2  0.071  4.9  2.8  0.21  13.2  364  37  11  17.2  12.6  
 7  6.3  0.067  5.2  3.0  0.22  12.9  355  37  18  16.7  15.1  
 14  6.4  0.063  5.0  2.9  0.22  13.8  366  31  20  16.3  14.5  
 21  6.7  0.084  5.2  3.0  0.22  18.2  402  37  16  17.1  15.7  
 28  6.9  0.099  5.5  3.2  0.24  22.4  477  39  26  19.0  15.8  
 14 KS 6.9  0.072  4.9  2.8  0.20  20.6  384  34  27  16.6  14.4  
 7  6.6  0.066  4.9  2.8  0.20  18.2  369  33  27  17.0  14.7  

2012 0 TC 6.0  0.049  4.7  2.8  0.20  8.1  324  31  12  17.5  12.9  
 7  6.2  0.059  6.0  3.5  0.27  14.2  396  39  23  21.1  18.8  
 14  6.3  0.056  6.3  3.6  0.28  21.0  434  37  19  19.2  17.0  
 21  6.8  0.065  5.3  3.1  0.23  24.2  403  31  19  16.5  16.0  
 28  6.9  0.080  5.8  3.4  0.26  29.0  486  38  26  18.0  17.8  
 14 KS 6.6  0.081  5.3  3.1  0.22  22.7  375  31  26  17.1  16.3  
 7  6.4  0.059  5.2  3.0  0.22  19.3  365  32  26  18.1  15.5  

after 
harvested 

0 TC 6.2  0.075  3.9  2.3  0.17  5.2  269  26  6  13.5  9.2  
7  6.3  0.104  5.4  3.1  0.25  11.0  373  37  11  18.2  12.4  

 14  6.4  0.090  5.6  3.3  0.26  19.5  452  36  13  20.6  14.5  
 21  6.7  0.132  5.7  3.3  0.26  26.8  441  34  15  18.0  15.8  
 28  6.8  0.151  4.9  2.8  0.22  29.2  484  37  17  18.2  13.7  
 14 KS 6.8  0.076  4.9  2.8  0.22  24.3  386  29  20  16.6  12.9  
 7  6.3  0.078  4.9  2.8  0.21  16.8  362  31  22  18.6  13.4  
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2.4  Discussion 

2.4.1  Effect of N animal manure on biomass production 

Biomass production increased in all treatments for both cultivars with higher N 

animal manure application during 4 years of forage rice cultivation. Manure amendment 

significantly enhanced biomass production. This study demonstrated that high rates of 

manure application were necessary to achieve increased rice yield. The relatively higher 

N content application is required because manure is a heterogeneous compound and the 

availability of nutrients depends largely on the state of its decomposition. This is in 

agreement with other studies in which the application of organic (animal manure) 

increased productivity of rice (Pendey et al., 1999). In India, field research on the effect 

of manure showed long-term yield benefits, which were attributed to the maintenance of 

soil organic carbon and mineral activities (Ghoshal and Singh, 1995).  

In this study of forage rice, high productivity of the whole plant, including 

leaves, tillers and grain, is important as the entire biomass production is used in WCS. 

The effect of increased N animal manure application on the average of biomass 

production was higher in the 14 g N m-2 treatment for both Tachisuzuka and 

Kusanohoshi. As annual variation of forage rice dry matter yields were observed in 

Tachisuzuka, N14, N21 and N28 were similar for biomass yield. Thus, the most 

effective N application level for both forage rice cultivars was found to be N14. 

2.4.2   N uptake by forage rice 

N uptake by forage rice depends on the residual N content in the soil and the 

biomass of the harvested crop. Increasing the N application had some influence on 

biomass production and the quantity of N taken up by the plants. N uptake by forage 
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rice plant increased with increasing of N animal manure application throughout the 4-

year experiment. The data show that after application in the first year, N uptake by 

Tachisuzuka was much higher in N21; however, in the third and fourth years, the N 

uptake tended to be less than that in the previous year. 

According to Hara et al. (2009), the mineralization rate of N derived from 

primary fermented cattle manure and in growing season manure becomes an effective 

source of inorganic N over time by the next application Therefore, the potential N 

supply to the crop tends to increase gradually over the growing season and to increase 

year after year. 

Use of N animal manure has been proven to conserve soil N by forming organic 

and mineral complexes that ensure continuous N availability to rice plants and greater 

yields (Sharma et al., 1988). Most of the N in animal manure (CM and PM) is present as 

organic N, along with high amounts of inorganic N (NH4-N and NO3-N). Increases in N 

application result in increased release of inorganic N available to the paddy soil for 

forage rice cultivation. Growing rice plants require inorganic N mineralized from the 

soil, which may account for 60% to 70% of the total N uptake during the growing 

season (Koyama, 1975).  

2.4.3   Effect of animal manure on chemical properties soil 

The chemical properties of paddy soils before rice cultivation in each plot are 

presented in Table 2.4. The nutrient content showed variation in N, P, K, Ca and Mg in 

all treatments and for both cultivars. The main focus in this study was total N content, 

which was in the range 0.20. In 2010, after 1 year of N animal manure application, the 

nutrient content was slightly higher than that in the previous year for all treatment levels 
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and in both cultivars, although the total N content was similar in the previous year. In 

2011 and 2012, and after harvest (2012), the nutrients content (concentration of C, N, P, 

K, Ca and Mg) remained high, though the levels were higher at harvest in the soil than 

in the previous years (2009, 2010); in particular, total N content was much higher in all 

treatments and for both cultivars. The increased soil nutrient availability reflects the 

efficiency of the decomposition and mineralization processes of the manure. Dembele 

(2007) reported that soil amended with animal manure (mature compost condition) had 

a C/N ratio > 25  and very low mineralization rates, which was insufficient for meeting 

the plant needs in the first year. Therefore, the results in the present study suggest that 

the gradual release of available N was probably better synchronized with plant demand 

and the time needed for the mineralization process.  

Soil analysis data in these studies showed an increase in soil organic matter and 

mineralized N, P and K with continuous application of manure. This indicates that the 

manure effect should be considered over a longer term. In general, the amount of N 

mineralized in soils is correlated with total N, total C, microbial N and clay content (Li 

et al., 2003). 

2.5  Conclusion 

The results indicated that increasing of N animal manure application tends to 

increase biomass production, and the average biomass yield was higher in N14 

throughout the 4-year experiment. Biomass production tended to increase gradually 

over the cropping season within a year and increase year after year. Forage rice plants 

(Tachisuzuka) can produce high levels of biomass and can take up high levels of 

nutrients in the highest of N application level (28 g N m-2); however, lower N loading 
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(14 g N m-2) is considered to be optimal for maintaining soil fertility and minimizing 

environmental pollution. The N content by plant was corresponded to the highest 

estimated rice plant yield. High N application also produced higher nutrient content by 

plant and higher nutrient content in the soil at harvest over four rice cropping seasons. 
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Chapter 3 

Nitrogen Use Efficiency of Forage Rice (Oryza sativa L. cv 
Tachisuzuka) Grown in Pots with Animal Manure 
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3.1   Introduction 

In Japan, an increasing number of farmers are producing forage rice, which both 

improves the country’s self-sufficiency with respect to feed and contributes to the rural 

economy. Whole forage rice plants are generally harvested at the yellow-ripe stage 

when the plants exhibit maximum dry matter (DM) and nutrient yield (Nakano and 

Morita, 2009), better fermentative quality, greater voluntary intake by beef cattle, as 

well as a lower proportion of grain left undigested by beef cattle (Nakui et al., 1988). 

 There are two main uses of forage rice. The one is for use in whole crop silage 

(WCS), for which the production goal is to maximize whole plant dry matter (DM) 

yield and nutrient quality. Low sugar content of rice plants is considered to be a cause 

of silage deterioration (Matsushita et al., 2011). Tachisuzuka is a new rice (Oryza sativa 

L.) cultivar targeted for WCS use. The agronomic characteristics of Tachisuzuka were 

observed and recorded from 2007 to 2009 and compared to those of Kusanohoshi. 

Straw yield was higher but grain yield was lower; and sugar content was much higher. 

Growing practices for whole crop rice are similar to those for grain rice. Forage rice, 

comprising a series of new cultivars of rice, requires and tolerates higher N loading than 

most grain rice cultivars for human consumption (Kyaw et al., 2005; Zhuo and Hosomi, 

2008). 

 N is one of the most important major nutrients for plants, and it plays a role in 

regulating growth and affects photosynthesis as well as dry matter and grain production 

of paddy field rice. At the same time, N is considered to be one of the major pollutants 

in terrestrial ecosystems. Some portion of applied N fertilizer is easily lost through a 

variety of processes including leaching and denitrification. High nitrate (NO3) 

concentrations may substantially increase NO3 leaching, which can potentially 
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contaminate the groundwater and, thereby, pose a threat to humans (Keeney, 1982). 

Nitrate-N (NO3-N), which is a mobile form of N, is highly soluble and leaches easily 

when water percolates through the soil (Zhou et al., 2011). In paddy field s, the main 

source of N in rice is ammonium-N (NH4-N) rather than nitrate (NO3-N) (Wang et al., 

1993). 

 In this study, our objective was to estimate the N balance in forage rice (cv. 

Tachisuzuka) cultivation system using with the application of animal manure to soil in 

pot experiments. The N balance was predicted by estimating N input derived from 

animal manure (no chemical fertilizer was applied) and N output through leaching, plant 

uptake, and retention in the soil after harvest. 

3.2  Materials and Methods 

3.2.1  Pot experiment design 

 The pot experiments were conducted from June 18 to October 17, 2012 using 

1/2000a Wagner pots in a greenhouse located on the campus of the Prefectural 

University of Hiroshima (PUH). A mixed and puddled of animal manure, fermented 

cattle manure (CM) and fermented poultry manure (PM), were used as the organic N 

source and were applied at 3 d before transplanting. The manures (CM and PM) are 

widely used in the Hiroshima area and are commercially produced in Hiroshima 

Prefecture. The chemical characteristics (total N, total P, total C, K2O, CaO, MgO, NO3-

N, NH4-N, and total inorganic N) were determined in 2012 (Table 2.1). Treatments 

comprised five levels of manure application based on N content (0, 7, 14, 21 and 28 g N 

m-2; Table 3.1) applied as a one-time basal fertilizer with no additional chemical 

fertilizer. Manure amendment levels were set based on an estimated N availability of 
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manure as 15% and 70% of total N content in CM and PM, respectively, to ensure that 

similar available N was supplied for both manure treatments. In each pot, three 

seedlings of forage rice (cv. Tachisuzuka) were grown in a single hill with different 

manure treatments. 

Table 3.1 Animal manure (CM and PM) applied to each pot. 

N available 
application 

(g m-2) 

Animal Manure 
(g pot-1) Forage Rice 

Tachisuzuka (TC) 
Cattle Manure (CM) Poultry Manure (PM) 

0 
7 

14 
14 
21 
28 
28 

0 
100 
100 
100 
100 
100 
100 

0 
13.4 
31.6 
31.6 
49.8 
68.0 
68.0 

TC 
TC 
TC 

Without rice* 
TC 
TC 

Without rice 
*Control to observe N-movement resulting from water percolation. 

 

To determine the amount of N leached, we utilized pots designed to simulate the 

percolation conditions in paddy fields (Fig. 3.1). Three pots were assigned to each 

treatment, two of which were unplanted pot treatments. Each pot was filled with 10 kg 

of air-dried soil (passed through a 5-mm sieve) from a paddy field on the PUH campus 

classified as Andosol soil. The bottom of each pot was filled with 5 cm of gravel, and a 

filter cloth was placed above the gravel. A ceramic drainage (percolation tube) was 

placed inside the gravel and connected to a pinch cock via a rubber stopper and plastic 

hose. The pots were flooded with water immediately after amending the soil with 

manure and held for 3 d prior to transplantation of the rice seedlings. Three 25-day-old 

seedlings were transplanted to the center of each pot. Tap water was added to the pots, 

and the water was maintained at 3 cm deep until the plants reached maturity. Water was 
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allowed to percolate (leaching) every day by draining 500 mL of water every morning 

and 500 mL every evening (until heading). One liter of percolation water (leachate) per 

day corresponds to a 2-cm decrease in water level per day in the field. Leachate samples 

(100 mL) were collected from each pot on 1, 2, 3, 7, 10, 20, 30, 40, 50, 60 and 70 days 

after transplanting (DAT).  

 

 

 
Fig. 3.1. Schematic of the pot experiment to simulate paddy conditions.  
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3.2.2 Analysis of rice growth characteristics 

 During the rice growth stage (7 to 70 DAT), plant height, tiller number and leaf 

color index (SPAD values) were recorded weekly. SPAD values were determined on the 

topmost fully expanded leaf with a hand-held chlorophyll meter (Soil Plant Analysis 

Development Chlorophyll, SPAD-502, Konica Minolta Sensing Inc., Osaka, Japan).  

3.2.3 N analysis of water, soil and plant samples and biomass production 

 The total N (TN), ammonium (NH4-N), nitrate (NO3-N), and nitrite (NO2-N) 

levels in the leachate were analyzed using a Hach DR/2800 spectrophotometer. TN, 

NH4-N, NO3-N, and NO2-N in the same samples were determined by persulfate 

digestion, salicylate, USEPA diazotization, and cadmium reduction methods, 

respectively. The TN content of plant matter (straw, grain and root) and soil samples 

was determined using the CN Corder instrument (Macrocorder JM 1000CN, J-science, 

Kyoto, Japan). Upon reaching maturity, rice plants were cut at 2 to 3 cm above ground, 

and the dry-matter weight (biomass) of whole plants, straw, grain and root was recorded. 

Root samples were carefully rinsed to remove any soil. All plant components (straw, 

grain, and root) were air-dried at 65°C for 72 h to a constant weight and ground before 

determination of TN content. Soil samples were taken from each pot at two depths (0 to 

10 and 20 to 25 cm) and passed through a 2-mm sieve before being air-dried.  

3.2.4 N use efficiency 

N use efficiency was estimated for the above-ground parts of biomass produced 

per unit N applied and the ratio of unit N leached per unit N applied from manure was 

also calculated. 
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3.2.5 Statistical analysis 

 Data were analyzed following standard procedures for the analysis of variance 

(ANOVA), followed by Fisher ’s least significant differences (LSD) test (P < 0.05) to 

test differences using Statistix 8 software (Analytical Software, Tallahassee, FL, USA). 

3.3   Results 

3.3.1 Rice growth characteristics 

  Forage rice plant height, tiller number, and SPAD values are shown in Fig. 3.2. 

Growth characteristics of rice (plant height and tiller number) increased with increasing 

N input as follows. The greatest plant height and tiller number were recorded for the  

highest N application rate, N28. The influence of N input level on growth characteristics 

was observed throughout the growth period. SPAD value, which indicates the relative 

chlorophyll content of rice plant leaves and is arguably the most important plant growth 

characteristic. It was also increased with increasing N input and was highest for the N28 

treatment. In all treatments, the SPAD value was observed to increase up to 40 DAT 

(middle of the growing period), declining slightly and stabilizing through the remainder 

of the growing period. The number of productive tillers and panicle number per plant 

play an important role in determining the grain yield of rice. The percentage of 

productive tillers was higher in the N21 and N28 treatments (95%, 97%, respectively) 

than in all other treatments. Panicles numbers for the same treatments were 22 and 24, 

respectively.  

3.3.2  Biomass production, N content and N uptake  

 Table 3.3 shows the effect of different levels of animal manure derived from N 

input on the biomass production, N content, and N uptake by forage rice. It can be seen 
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that increasing levels of N input resulted in significant differences in biomass 

production, N content and N uptake by rice plants at harvest. N content and N uptake 

were strongly and positively associated with biomass production. For the most part, the 

greatest increases in biomass production, N content and N uptake relative to the non-

amended control were observed for the N28 treatment, with the exception being 

aboveground straw biomass, which was observed to be highest in the N21treatment. 

Table 3.3. Biomass production, N content and N uptake by forage rice plants for 
different levels of animal manure applied. 

 

Treatment 
Biomass (g)  N-content (mg g-1)  N-uptake by plant (g) 

Straw Grain Root  Straw Grain Root  Straw Grain Root 

N0 35.0 a 25.8 a 24.4a  5.1 a 11.3 a 9.7a  0.18 a 0.29a 0.24a 
N7 44.5 ab 27.9 a 31.4a  5.3 a 11.2 a 9.9a  0.23 ab  0.31a 0.31ab 

N14 48.6 ab 29.2 a 34.9ab  6.2 b 11.9 a 9.5a  0.31  bc    0.35ab 0.30ab 
N21 56.8   b 32.1  b 36.2ab  6.2 b 12.1 ab 9.6a  0.35   c      0.39ab 0.35ab  
N28 55.4   b 36.5  b 47.6 b   6.2 b 12.2 ab  9.8a   0.34   c     0.45  b 0.45 b 

Within each column means with the same letter are not significantly different at P <0.05 
(by Tukey’s test). 
 
 
3.3.3 N retained in soil 

 Figure 3.3 shows differences in the NH4-N and NO3-N retained in the soil at 

harvest in pots planted with and without rice. It is evident that substantially higher 

levels of NH4-N were retained in soil planted with rice than in soil without rice. In 

contrast, the concentration of NO3-N was similar for all treatment levels and both with 

and without rice. These results can be attributed to the fact that rice grown under water-

logged (anaerobic) soil conditions primarily takes up N in the form of NH4-N and, 

therefore, NH4-N content of the soil determines N uptake by rice plants. However, the 

concentration of NO2-N retained in soil was very low (data not shown).  
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Fig. 3.2. Change in growth characteristics of forage rice plants over time: (a) plant 

height, (b) tiller number, and (c) SPAD value. PN = panicle number. Symbols 
and error bars are the mean and standard deviation of three pots. 
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Fig. 3.3. Concentration of ammonium (NH4-N) and nitrate (NO3-N) retained in the soil 
at harvest. Bars and error bars are the mean and standard deviation of three 
pots. 

 
 
3.3.4  Biomass production percentages  

 The share of biomass accounted for by different plant components is shown in 

Fig. 3.4.  The highest values for all growth characteristics were observed in the N28 

treatment (Table 3.3). Meanwhile, in N7 to N21, straw accounted for the greatest share 

of total crop silage (45.4%; 43.1% and 42.9%, respectively). 

Planted Unplanted 

Planted Unplanted 
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Fig. 3.4. Share of total biomass production of forage rice by plant component (straw, 

grain and root). Bars and error bars are the mean and standard deviation of 
three pots. 

 

3.3.5 Leached out water by percolation 

 Changes of the concentration of total N in the surface water and leachate during 

the g forage rice growing period are shown in Fig. 3.5. In leachate, the concentration of 

total N tended to increase with increasing of N application and also tended to increase to 

the same level of N applied in pots with no rice. In the surface water, the concentration 

of total N was high and became higher with increasing N application at 1 d after 

application of manure. Early in the growing period, the concentration of total N leached 

by percolation water was low and nearly similar to that for all treatments. In N0 to N7, 

the total leached N concentration was low and tended to be at the same level throughout 

the growing stage, but in N14 to N28, total leached N concentration tended to increase 

until the middle period and decrease until the late growing stage. In contrast, in N14 and 

N28, in which no rice was planted, the concentration of total leached N greatly 

increased until the late growing stage.  
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Fig. 3.5. Change in concentration of total N in surface water and leachate during the 
forage rice growing stage. DAT0, surface water; DAT1 to 70, leachate. 
Treatment groups: N0 to N28, available N in animal manure (g N m-2); TC, 
with Tachisuzuka seedlings; -, unplanted. Symbols and error bars represent 
the mean and standard deviation of three pots. 

 

3.3.6 Ratio of N uptake by plant and leached N per unit N applied 

 N use efficiency was determined based on the ratio of N uptake by plant and N 

leached per unit N applied for forage rice (Table 3.4). Plant nutrient accumulation or 

whole plant N uptake was calculated by summing the N contents of straw, grains, and 

roots. The ratio of N uptake by rice plants per unit N applied was 86.7%, 64.9%, 55.1% 

and 50.8% in N7, N14, N21 and N28, respectively. The ratio of N leached per unit N 

applied was 17.4 to 33.5%, and the proportion of N loss that was unaccounted for was 

approximately 1.2% to 5.6% (data not shown), which we assumed to be due to 

denitrification and volatilization. High levels of N input can increase the N content and 

N uptake by individual plants, while at the same time, potentially resulting in increased 

N loss from soil due to leaching via percolation water. Greatest leaching was observed 

for N28 with and without rice; N14 with rice (20.3%), N14 without rice (29.1%), N28 

with rice (23.4%) and N28 without rice (33.5%). 
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Table 3.4. Ratio of N uptake by plant and N leached out per unit N applied. 

Treatment 
N Input ( g pot-1)  N Output ( g pot-1) Ratio of N uptake 

by plant per N 
applied (%) 

Ratio of N-
leached out per 

N-applied 
(%) CM PM Total 

 
Taken up by 

plants 
Retained in soil Leached  out Total 

N0, rice plant 0 0 0  0.71±0.03a 30.8±0.01a 0.11a 31.6 - - 

N7, rice plant 0.61 0.37 0.98  0.85±0.17ab 33.0±0.01ab 0.17b 34.0 86.7 17.4 

N14, rice plant 0.61 0.87 1.48  0.96±0.07ab 34.3±0.01b 0.30c 35.6 64.9 20.3 

N14, no plant 0.61 0.87 1.48  - 32.6±0.01ab 0.43d 33.0 - 29.1 

N21, rice plant 0.61 1.37 1.98  1.09±0.14bc 35.2±0.02b 0.40e 36.7 55.1 20.2 

N28, rice plant 0.61 1.87 2.48  1.26±0.07 c 34.6±0.02b 0.58f 36.4 50.8 23.4 

N28, no plant 0.61 1.87 2.48  - 33.1±0.01ab 0.83g 33.9 - 33.5 

CM= Cattle manure, PM= Poultry manure. N-CM = 6.1 mg g-1, N-PM = 27.5 mg g-1, N-OS = 3.34 mg g-1, Availability of N differs between the 
two kinds of manure. CM=15%, PM=70%.  Within each column means with the same letter are not significantly different at P < 0.05 (by 
Tukey’s test).  
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3.4  Discussion 

 Rice growth largely depends on N availability, N input level, and the amount of 

inorganic N mineralized from the soil, which may account for 60% to 70% of total N 

uptake during the growing period (Koyama, 1975). In this study, we used two kinds of 

animal manure (CM and PM) typically used for forage rice cultivation that were rich in 

various nutrients, including N, which had a substantial impact on rice growth and 

nutrient uptake. CM and the PM (Table 2.1) were found to contain substantial amounts 

of total inorganic N (42.14 mg N 100 g-1; 306.79 mg N 100 g-1, respectively) and to 

have a substantial impact on the N content of and N uptake by plants as well as amount 

of biomass production (Table 3.3). In addition, both types of manure were found to 

contain large amounts of inorganic N in the form of NH4-N, making the CM + PM 

manure combination a suitable alternate basal fertilizer in rice cropping systems. High 

levels of NH4-N input caused rapid increases in plant growth parameters. In our 

experiment, increase in plant height was accelerated up to the ripening stage. Carreres et 

al. (2000) also reported that increasing N input increases average leaf size, leaf number, 

and shoot number, and enhances plant photosynthesis. The improvement in 

photosynthesis may account for the increase in biomass, which, in turn, may result in 

increased tiller number and plant height.  

 In the case of forage rice, high productivity in terms of WCS, which includes 

leaves, tillers and grain, is more important than high productivity solely in terms of 

grain weight, as for rice for human consumption (Sakai et al., 2003). Tachisuzuka is a 

mutant line that produces short panicles with low grain yield. The whole crop yields of 

Tachisuzuka have a high straw yield and low grain yield (Matsushita et al., 2011). 

Similar results in terms of biomass allocation were demonstrated in our experiment, and 



 

53 

 

straw yield was greater than the grain yield (Fig. 3.4). Analyzing the inorganic-N (NH4-

N and NO3-N) retained in soil after harvest, showed that NH4-N concentration was 

substantially higher than NO3-N concentration (Fig. 3.3). It is known that rice plants 

preferentially incorporate NH4-N over NO3-N (Oji and Izawa, 1974; Nishikawa et al., 

2012). Both manure types contained higher levels of NH4-N than NO3-N (41.51 vs. 0.63 

mg N 100 g-1 dry weight and 298.04 vs. 8.75 mg N 100 g-1 dry weight for CM and PM, 

respectively). Hence, the large loss of NH4-N from soil in which no rice was planted 

was largely due to leaching by percolating water in the absence of plants to take up 

NH4-N. These results suggest that rice plants can reduce N leaching loss from soil due 

to percolating water. Meanwhile, NO3-N concentration in the soil was substantially 

lower than NH4-N concentration, and similar leaching loss was observed in soil in 

which rice was planted and soil in which no rice was planted. Leaching loss of NO3-N 

was sufficiently low so as to not be a threat to groundwater. 

 Leaching loss of N due to percolated water ranged from 0.11 to 0.83 g N pot-1 

and ratio of N leached per unit N applied was 17.4% to 33.5% with the highest loss in 

the 28 g N m-2 treatment. These results are similar to those reported by Sahu and Samant 

(2006) where the higher the amount of percolation water, the higher the N leaching. 

Application of N fertilizer at higher doses cause higher leaching loss. Meanwhile, the 

ratio of N uptake by plant per unit N applied was 86.7% to 50.8%, which was a high 

ratio for N7 to N14. Thus, it is suggested that using N7 to N14 increases the N use 

efficiency because N leaching to the groundwater decreased steadily with over time (the 

ratio of N uptake per unit N applied was 84% and 60%, respectively, and the ratio of 

leached N per unit N applied was 17.4% and 20.3%, respectively).  
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 The results of this study indicate that the practice of amending soil with CM and 

PM manure is in accordance with the agricultural development policy of promoting 

environmentally friendly agriculture in the sense that it reduces environmental 

contamination while maintaining soil fertility and utilizing (rather than disposing of) 

livestock waste as manure (Kumazawa, 2002). The results are also in line with Myint et 

al. (2011), who argue that using high quality organic manures, mixed application of 

high- and low-quality organic matter, and mixed application of organic and inorganic 

resources must be considered in order to achieve the most favorable agricultural 

production with the least environmental impact. Yoshida (2008) reported that efforts are 

being made to develop technology to reduce forage rice production costs by utilizing 

compost and liquid manures in place of chemical fertilizers, which, when applied 

repeatedly year after year, can lead to higher crop yields. 

3.5  Conclusion 

 Based on the results in these pot studies with new rice (Oryza sativa L.) cultivar 

Tachisuzuka, we conclude that repeated application of animal manure may increase the 

crop production, but the risk of N leaching may also be increased because of the 

accumulated labile organic nitrogen, which comes from repeated manure application.  

We observed that increasing N input increases N leaching loss. The greatest leaching 

was observed for N28 with rice and also in the soil pot without rice; N14 with rice 

(20.3%), N14 without rice (29.1%), N28 with rice (23.4%) and N28 without rice 

(33.5%). It assumed that rice plants can reduce the N leaching loss from soil due to 

percolating water. Excess application of N is not only inefficient for promoting biomass 

production but also increases the amount of N leaching out of the root zone and is 
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harmful for the environment. These results suggest that treatment in the range of 7 to 14 

g N m-2 increases N use efficiency, and steadily decreases the amount of N leaching out 

in the groundwater (the ratio of N uptake per unit N applied was 84% and 60%, 

respectively, and the ratio of leached out N per unit N applied was 17.4% and 20.3%, 

respectively). 
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Chapter 4 

Leaching Behaviour of N in Forage Rice (Oryza sativa L. 

cv. Tachisuzuka.) Cultivation with Applied Animal Manure 
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4.1  Introduction 

In Japan, an increasing number of farmers is producing forage rice, which both 

improves the country’s self-sufficiency with respect to feed and contributes to the rural 

economy (Sakai et al., 2003; Kato, 2008; Matsushita et al., 2011). In the case of forage 

rice, high productivity in terms of whole crop silage, which includes leaves, culms and 

grain, is more important than grain weight alone, as for rice for food consumption 

(Sakai et al., 2003). Forage rice crop has advantages both in the both that it is an 

effective use of paddy fields and it results in an increase in self-sufficiency in forage 

production (Kato, 2008; Sakai et al., 2008; Matsushita et al., 2011). 

Forage rice varieties have been newly developed for use as whole crop silage 

(WCS) for livestock feed and both require and tolerate higher nitrogen loading than do 

staple food varieties of rice (Zhuo and Hosomi, 2008). Since nitrogen is the major 

essential nutrient for rice production, the N supplying capacity of paddy soils has a great 

impact on rice yield. Intensive rice cultivation usually relies on large amounts of 

nitrogenous fertilizers. In the past, N has been applied more to satisfy the growth 

demands of rice and in an effort to improve rice yield (Kamiji and Sakuratani, 2011). In 

contrast, some portions of N fertilizer are easily lost through various processes, such as 

leaching and denitrification. The increased use of N-containing fertilizer may 

substantially increase nitrate-N (NO3-N) leaching, which is potential pollutant of 

groundwater. High nitrate concentrations are harmful to humans (Keeney, 1982), 

pollution of aquatic environments caused by nitrogen application is a serious 

environment concern (Zhu et al., 2000).  

N loss or removal occurs due to leaching as paddy water moves through the soil. 

Quantification of nitrate loss in this percolation water is important for devising 
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measures to ensure the sustainability of soil fertility and ground water resources as well 

as for the development of crop nutrient management strategies. The nitrate-N (NO3-N) 

concentration in the percolation water will be similar to the concentration in the ground 

water if no NO3-N decomposition takes places between the boundary of the root zone 

and the aquifer. Thus, attention should be focused on the losses of N in paddy fields 

because this may cause serious environmental problems. Although it is well-known that 

N content decreases in the paddy field, there is very data available on the growth 

dynamics and environmental conditions of forage rice crops because of its short history, 

despite that the growing practices of whole crop rice are similar to those of normal rice. 

In paddy fields, the main sources of N in rice are NO3-N and ammonium-N 

(NH4-N). NO3-N is a mobile form of N, is very soluble and leaches easily when excess 

water percolates through the soil. One of the most important forms of inorganic nitrogen 

needed for the growth of rice plants is NH4-N, and the soil layers of rice paddies are 

known to have the capacity to absorb NH4-N. High NH4-N concentration in soil during 

irrigation periods may result in lodging of rice plants due to root rot, and it may lead to 

the leaching of high NO3-N content when rainfall occurs during non- irrigation periods. 

This has been corroborated by the observation that rice plants develop systems for 

utilizing NH4-N based on physiological responses to growth environments (Zhuo et al., 

2011; Wang et al., 1993). 

Organic wastes, especially animal manures, have long been used as sources of 

nutrients for crops. In recent years, there has been increasing interest in organic farming 

as an environmentally friendly alternative to conventional agriculture, and it has long 

been touted as the practice of choice around the world (Wang et al., 1995). Animal 

manure, which is overproduced in Japan, is used in the cultivation of forage rice. The 
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main sources of NO3-N and NO2-N (nitrite-N) in the groundwater and surface waters 

are considered to be nitrogenous compounds from agriculture and livestock farming 

(Kumazawa, 2002). 

Objectives of this study are to observe the behaviour of N in the surface and the 

percolation water through the soil layers in paddy fields employed for forage rice 

cultivation and to establish appropriate fertilizer management practices in order to 

minimize environmental pollution. 

4.2  Materials and methods 

4.2.1  Experimental design 

The experiment was conducted at the experimental paddy field plot of the 

Prefectural University of Hiroshima (PUH) using soil classified as Andisol. Forage rice 

cultivation was carried out from June to October 2012. Five treatment plots were 

constructed by inserting plastic frames into the hard subsoil layer in the paddy field to 

prevent water from leaching laterally within the plow layer. The height of the frame 

extended 20 cm above the ground level to ensure that flood water was retained within 

the individual plots. “Tachisuzuka” forage rice variety was transplanted into the 

experimental plots in June 2012. Two kinds of animal manure, namely fermented cattle 

manure (CM) and dry poultry manure (PM) were applied at 5 levels of available N (0, 7, 

14, 21, 28 g N m-2; Table 4.1), and no chemical fertilizers were applied. Each plot was 

10 m2.  The chemical characteristics of the manures for total N, total P, total K, total C, 

Ca and Mg contents were determined and are shown in Table 2.1. 
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Table 4.1. Amount of animal manure-derived N applied in each treatment 
 

Treatment 

 

N 

(g m-2) 

Animal manure (g m-2) 

Cattle Manure 
(CM) 

 Poultry Manure  
(PM) 

N0 

N7 

N14 

N21 

N28 

0 

7 

14 

21 

28 

      0 

2000 

2000 

2000 

2000 

      0 

  270 

  630 

1000 

1360 

N-CM= 0.61%, N-PM = 2.75%, effective N is different among kinds of manure, CM = 15%, 
PM =70%. 
 

4.2.2  Sampling method 

Surface and percolation water samples: The surface water samples from the 

paddy field plots were collected for determination of NH4-N concentration at 0 to 30 

days after transplanting (the start of cultivation). Porous ceramic cups (height, 70 mm; 

outer diameter, 18 mm; and inner diameter, 13 mm) were installed to collect percolation 

water samples during the rice cultivation period (7, 14, 21, 28, 35 and 50 days after 

transplanting, DAT). Only water collected at 45 cm below the soil surface was 

considered as percolation water, or water that had moved downward through layers of 

soil below the ground surface. Three porous ceramic cups were inserted through holes 

bored into the soil to the depth of 45 cm below soil surface for each treatment plot after 

paddy field preparation. The water that collected in the porous ceramic cup was pumped 

off several times with a hand pump, and a water sample was collected in 50-ml 

polypropylene conical tubes. The concentration of total N, NH4-N, NO2-N and NO3-N 

in the water samples (surface and percolation) were analysed using a Hach DR/2800 

spectrophotometer by the persulfate digestion method, salicylate method, USEPA 
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diazotization method and cadmium reduction method, respectively. 

Soil Samples: Soil samples were taken at a depth of 45 cm in three replicates for 

each treatment before transplanting and after harvesting. Each 2.5-g fresh weight soil 

sample was dissolved in 50 ml of 2 M KCl solution. The extracts were shaken for 1 h, 

and the samples were centrifuged for 5 min. The supernatant of the samples was filtered 

through glass microfiber filters (Whatman GF/C 47 mm Ø, UK). The concentration of 

total N, NH4-N, NO2-N and NO3-N of the soil extracts were analysed by methods 

described above.  

4.3   Results and Discussion 

4.3.1 Nitrate (NO3-N) concentration and pH in the percolation water 

As shown in Fig. 4.1, the NO3-N concentration in the percolation water during 

the cultivation period of forage rice increased with increasing N application, while the  

pH of the water decreased with increasing N application.  

 

 

(A) 
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Fig. 4.1. NO3-N concentration (A) and pH (B) in the percolation water during the 
cultivation of forage rice. 

 

Increasing NO3-N concentration in the percolation water was assumed to be due 

to increasing N levels in animal manure application in the rice field. The highest 

concentration of NO3-N in the percolation water was found in N28 (1.6 mg L-1) at the 

beginning of rice cultivation. This result showed that higher N fertilizer application 

could increase NO3-N leaching loss through the soil layers. However, the NO3-N 

concentration in the leachate decreased during the rice cultivation period. 

It was reported that the higher the percolation rates of water, the higher the 

leaching of nitrogen. Application of N fertilizer at higher doses caused higher N 

leaching losses (Sahu and Samant, 2006). Higher application rates of N fertilizer 

combined with flooding rice fields with high fertility soils seems to have greater 

potential for NO3-N leaching (Agrawal et al., 1999). These farming practices and land 

uses may lead to NO3-N pollution via root zone but are not necessarily the sole factor 

determining the spatial pattern of NO3-N pollution in groundwater. Liu et al. (2005) 

(B) 
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designated levels of pollution as clean (0-3 mg L-1), lightly polluted (3-6 mg L-1), 

polluted (6-10 mg L-1) and severely polluted (≥10 mg L-1). In this study, the highest 

level of nitrate leaching was found in N28 and the total cumulative NO3-N in leachate 

water was 6.3 mg L-1 (Fig. 1 and 3). This result indicates and the moderately high 

potential of environmental pollution.  

4.3.2  Ammonium (NH4-N) concentration in surface and percolation water 

Generally, NH4-N adsorption in soil can affect N uptake by the rice plant.  It is 

reported that the percentage of adsorbed NH4-N in the soil ranges from 85% to 95% in 

paddy fields (Okajima and Imai, 1973; Toriyama and Ishida, 1987). Leaching loss of N 

occurs in the form of NO3-N and NH4-N from rice fields, and the extent of the loss by 

nitrate is more than 90% (Sahu and Samant, 2006).  

The leaching of NH4-N in the percolation water was lower than the leaching of 

NO3-N. Concentration and distribution of NH4-N both in the surface and percolation 

water during the cultivation periods is shown in Fig. 4.2. The NH4-N concentration in 

the surface water was higher at the beginning of cultivation and then decreased 

throughout the cultivation period. The highest concentration was found in N28. 

In the percolation water, the NH4-N concentration was also higher in the 28 g N 

m-1 application. Increasing the level N application was significantly higher and could 

increase to the NH4-N concentration leaching in the percolation water; however, among 

of the concentration was very low (0, 38 mg L-1)  
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Fig. 4.2. NH4-N concentration of both the surface and percolation water during the 
cultivation of forage rice. 

 

It is considered that the NH4-N concentration decreased to much lower levels 

than did NO3-N (Fig. 4.1 and 4.2); this is due to rice taking up a lot of NH4-N during 

growth. One of the most important forms of inorganic nitrogen is NH4-N, which is 

needed for the growth of rice plants, and it is known that soil layers in the rice field 
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have the capacity to absorb NH4-N. This result has been corroborated by the fact that 

rice plants develop systems for utilizing NH4-N based on their physiological responses 

to such growth environments.  

4.3.3   Total N leaching in the percolation water 

The cumulative of total N leaching in the percolation water is shown in Fig. 4.3. 

Increasing levels of N application increased the accumulative of total N in the 

percolation water. The cumulative value (95.87 mg L-1) was highest in N28. 

 

Fig. 4.3. Accumulative total N in the percolation water during the cultivation of forage 
rice. 

 
 

The data show that a significant difference in cumulative total N developed 

among treatments. Total N leaching increased with increasing N application. Thus, 

higher levels of N leaching would cause higher levels of pollution in the environment. 

Both crop yield and impacts on the environmental must be taken into account in order to 
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determine the best management practices. To reduce the environmental impact of N 

fertilizer, the total applied amount must be reduced. One possible way is to increase the 

efficacy of the fertilizer (Zhu et al., 2000). 

4.3.4   Total N, NH4-N, NO3-N, NO2-N concentrations in underground soil layers 

Percolation is a mass movement process in which water moves downward, 

carrying dissolved elements, including N, from the top layer to layers underneath which 

are aerobic, and it is known as a leaching process (Suprapti et al., 2010). The N 

available for plant uptake and that which leaches out of the root zone depend on the 

transport and transformations of different forms of N. The total N, NO3-N, NO2-N, and 

NH4-N at 1 week after N animal manure application and after harvesting in the root 

zone are shown in Fig. 4.4. The NO3-N concentration at 1 week after application was 

much lower than the concentration after harvesting. In contrast, the NO2-N 

concentration in the animal manure was higher than the concentration in soil after 

harvesting, but the concentration was very low (data not shown). The NH4-N 

concentration in animal manure was higher than the concentration in the soil after 

harvesting. As the results show, increasing N application produced higher NO3-N and 

NH4-N leaching, but the concentration of NH4-N leaching was low (see the 

concentration after harvesting, Fig. 4.4).  

Higher concentration of NO3-N leaching could result in higher NO3-N pollution 

in the groundwater of the rice field. NO3-N pollution has a negative effect on the 

environment. Thus, it is necessary to effectively manage the application of N fertilizer 

in order to both attain improved soil fertility required to achieve high yield of forage 

production while minimizing the environmental impact on groundwater. 
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Fig. 4.4. The NO3-N, NH4-N, and total N concentrations in the soil of the rice field.  
                             = After the application of N animal manure before transplanting) 
                                    = After harvesting 
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4.3.5    Biomass production of forage rice  

Figure 4.5 shows biomass production by plant as an effect of increasing N 

availability for application from 0 to 28 g N m-2 derived from animal manure (N0 to 

N28). Increasing the level of N application resulted in a significant increase in the 

biomass production. The highest of production was achieved in N28 (1621.67 g m-2). 

Based on the biomass production was occurred increasing in the following treatme nt 

N0<<N7<N14<N21<N28. However, the biomass production was nearly equivalent in 

N14, N21 and N28. 

 

  

Fig. 4.5. Biomass production of forage rice under different levels of N application 

From the biomass production data (Fig. 4.5), the use of N fertilizer at 14 kg/10 a 

is recommended. The dose of N fertilizer at this level shows the maximum N fertilizer 

efficiency and steadily decreasing NO3-N leaching during the growing season.  
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4.4   Conclusion 

It was concluded that increasing N application (0 – 28 g N m-2) derived from 

cattle manure (CM) and poultry manure (PM) significantly increased the concentration 

of NO3-N, NH4-N, and total N in the percolation water, and remained in the 

underground soil of the forage rice field.  NO3-N leaching was greater than that for 

NH4-N in the percolation water during the cultivation of forage rice. The highest NO3-N 

(6.3 mg L-1) and total N leaching (95.87 mg L-1)occurred with the application of 28 g N 

m-2, registering as producing moderately high on the scale of water  pollution designated 

by Liu et al. (2005). The highest biomass production was found in the 28 g N m-2 

treatment (1621.67 g m-2), and nearly similar results were obtained for treatments with 

14 to 28 g N m-2. The optimal N fertilizer application was 14 g N m-2 based on the 

greatly enhanced N fertilizer efficiency, and steadily decreasing NO3-N leaching into 

the environment through the groundwater under the rice paddy.  
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Chapter 5 

Effect of Nitrogen Application of Selected Manures on Growth, 

Nitrogen Uptake and Biomass Production in  

Cultivated Forage Rice 
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5.1   Introduction 

Rice has been the staple crop for more than half of the world’s population for 

decades. The challenge to achieve production sufficient to meet the demand for rice in 

the future is overwhelming, as the current rate of population growth is outpacing that of 

rice production. Rice is an important cereal crop in many countries, including all Asian 

countries, some countries in central and east Africa, most South and Central American 

countries, Australia and the United State of America (Ghosh and Bhat, 1998; Zhou et al., 

2011). 

Due to increasing population of these regions, annual global rice production 

must increase from the present 460 million to 560 million ton by the year 2000 and to 

769 million ton 2020. In the future, increases in rice production will need to come from 

the same or even a reduced land area, and rice productivity (yield ha-1) must be greatly 

enhanced to meet these goals.  

The situation in Japan is different: the proportion of paddy fields lying fallow 

has been increasing over the past two decades due to a decrease in the domestic 

consumption of rice and improved yields. Adjustment to national rice production has 

consisted mainly of conversion to other crops. The productivity of paddy fields can be 

sustained by the production of moisture-tolerant crops that require similar growing 

conditions as rice. However, an alternative may be forage rice, which can also maintain 

the productivity of paddy fields (Sakai et al., 2003; Kato, 2008; Nakano et al., 2012). 

An analysis of rice cultivation techniques of farmers in Japan who achieved the 

highest annual yields revealed several important factors that contribute to achieving 

high grain yields (Togari, 1966). The whole plant of forage rice, including panicles, 

leaves and stems, is harvested at the yellow ripening stage, conditioned into WCS, and 
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fed to cattle. The sugar content of the crop is an important factor in the fermentation 

quality of silage (Nonaka, 2006). 

Newly developed rice cultivars have the potential to increase biomass 

production and crop yield. It is easy to introduce animal feed rice to farmers because 

most of the techniques for growing feed rice are similar to those applied in ordinary rice 

production. There are two main uses of forage rice. One is for use in whole crop silage 

(WCS), for which goal is to maximize whole plant dry matter (DM) yield and nutrient 

quality. Tachisuzuka is a new rice cultivar for use in WCS, and its agronomic characters 

were recorded from 2007 to 2009 (Ookawa et al., 2010; Matsushita et al., 2011; Nakano 

et al., 2011; Nakano et al., 2012). The culm length of Tachisuzuka was 11 cm longer 

than that of Kusanohoshi. In addition, the straw yield of Tachisuzuka was remarkably 

higher but its grain yield was lower. The low grain/straw ratio of Tachisuzuka suggests 

that the loss of nutrients in cattle fed with Tachisuzuka WCS should be lower than for 

cattle fed with Kusanohoshi WCS. Low sugar content of rice plants is considered to be a 

cause of deterioration in silage. The sugar content of silage prepared with Tachisuzuka 

was reported to be higher than that of silage prepared with Kusanohoshi (Kyaw et al., 

2005; Zhou and Hosomi, 2008). 

The characteristics of rice varieties required for WCS are not the same as those 

required for staple food, for example for the variety Hinohikari. Sakai et al. (2003) 

indicated that high productivity of the whole plant, including leaves, culms and grain, is 

more important than grain weight compared to for rice varieties used for food. Multiple 

resistances to disease and insect pests are also necessary to reduce the requirements for 

chemical application (Matsushita et al., 2011). 
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N is one of the most important nutrients for maximizing rice yield. In Japan, 

large losses of N from paddy fields and livestock farming threaten the environment. 

Tajima et al. (2007) recommended that N should be used more efficiently by developing 

collaborations between farmers with paddy fields and farmers with livestock. Forage 

rice plants can be used to remove N from eutrophified river water owing to the large 

uptake of nutrients to produce a large biomass. 

Therefore, the objective of this study was to evaluate the effect of N animal 

manure application on forage rice based on the N uptake, growth characteristics, grain 

yield, and N load on water bodies and soil environment.  

5.2   Materials and Methods 

5.2.1 Experimental design 

 Pot and field studies were conducted using 1/2000a Wagner pots at a greenhouse 

and in a paddy field of the Prefectural University of Hiroshima (PUH) during the May 

to December 2011 season. Two types of manures, namely fermented cattle manure 

(CM) and fermented dry poultry manure (PM), were used as organic N sources. These 

manures are commercially produced in Hiroshima Prefecture and are widely used in the 

Hiroshima area. The following chemical characteristics of the manures were determined 

(Table 2.1); total N, total P, total K, total C, Ca and Mg.  

  For the greenhouse experiment, each pot was filled with 10 kg of air-dried soil 

sieved through a 5-mm sieve from the paddy field of the PUH, which was classified as 

having Andosol soil. Five levels of manure were applied once in pots in units of g 

equivalent to available g N m-2 (Table 5.1): 0, 7, 14, 21, and 28. In addition, basal 

application of inorganic fertilizer “Seracoat” was done at seeding of rice following the 
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Japan standard for rice (J-std) with N:P2O5:K2O of 14:18:14. The manure levels used in 

this study were computed based on the estimation of N availability from manure as 30% 

of total N content in CM and 70% of total N content in PM in order to ensure similar 

amounts of nutrient N in the two manure treatment groups. Two varieties of forage rice 

“Kusanohoshi and Tachisuzuka” and one variety of edible rice “Hinohikari” were 

transplanted to pots in June 2011. The latter is a popular rice cultivar in south-western 

Japan. During the period of rice growth, the pots were flooded with water and the level 

of water was maintained at 3 to 5 cm above the soil surface.  

 

Table 5.1.  Amount of manure (cattle and poultry) applied in each experimental pot 
 

N application 
(g m-2) 

Manure 
(g) 

Cattle manure     
 (CM) 

Poultry manure  
(PM) 

Seracoat 
 

  0 
  7 
14 
21 
28 

    0 
100 
100 
100 
100 

  0 
  7 
18 
29 
39 

0 
   0.5 
   1.0 
   1.5 
   2.0 

Seracoat: slowly released chemical fertilizer (N:P2O5:K2O 14-18-14%). 

 

For the field experiment, five plots were treated with 5 levels of manures 

equivalent to available N at rates of 0, 7, 14, 21, and 28 g N m-2 (Table 5.2) derived 

from animal manures (CM+PM). Both types of manure were prepared and each hill was 

sized as indicated in Table 5.3. Two varieties of forage rice, Tachisuzuka and FN-1, 

were transplanted in June 2011. Plots were constructed by inserting a plastic frame into 

the hard subsoil layer in the paddy field to prevent water from percolating laterally 

within the plough layer. The height of the frame extended 20 cm above the ground to 
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ensure that flooding water was retained within each plot. There was no chemical 

fertilizer application.  

Table 5.2. Amount of manure (cattle and poultry) applied in each experimental plot 
(field experiment) 

Plot number N-application 

(g m-2) 

Cattle manure 

(g m-2) 

Poultry manure 

(g m-2) 

1-1 

1-2 

1-3 

1-4 

1-5 

0 

7 

14 

21 

28 

0 

2000 

2000 

2000 

2000 

0 

200 

400 

600 

800 

 
 
Table 5.3. Forage rice type, N application rate, plant density, plot size and nomenclature 

of density for experiment plots (field experiment) 
Forage rice 
(cv.) 

N application 
( g m-2) 

Planting 
density  

( hill m-2) 

Space size 
(cm) 

Nomenclature of density 

Tachisuzuka N0, N7, N14, N21, N28 

N21, N28 

22.2 

44.4 

30   x 15   

15   x 15   

Standard planting (Std) 

Thickly planting (Thc) 

FN-1 N0, N7, N14, N21, N28 

N0, N7, N14, N21, N28 

N0, N7, N14, N21, N28 

11.1 

16.7 

22.2 

30   x 30   

30   x 20   

30   x 15   

Sparsely planting (Spr) 

Sparsely half planting (Sph) 

Standard planting (Std) 

 

 

5.2.1 Analysis of rice growth characteristics 

Rice growth characteristics (height and number of tillers) were monitored each 

week during the rice growing season for the pot and field plot treatments. 

5.2.2 N analysis in plant and soil samples from experimental pots and plots 

The total N content of soil and plant samples (straw, root and grain) in pots and 

plots (field experiments) was determined by the CN Corder Instrument (Macrocorder 
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JM 1000CN, J-science, Kyoto, Japan). In the pot experiment, rice plants were cut 2 to 3 

cm above the ground at maturity, and the dry-matter weight of straw, grain and root 

were determined. Root samples were taken by carefully washing away soil particles. 

These plant parts were air-dried to a constant weight at 65C for 72 h and ground for 

chemical determination of total C and N. Soil samples were taken at two layers of the 

soil profile in the experimental pots, upper layer (0-10 cm) and lower layer (20-25 cm). 

The soil samples were air-dried and sieved to pass through a 2-mm sieve.  In the field 

experiment, plants from 20 hills were harvested by hand at ground level at the yellow-

ripe stage. Two hills with tillers were separated into leaf blades (leaves), leaf sheaths 

with stems (stem), and panicles and dried at 80C in a ventilated oven for 2 days with 

the plants from the other 18 hills and all dry weights were determined. The latter was 

used to determine the dry matter yield of 20 hills. 

5.2.3 N balance 

The N balance of the output was estimated by N uptake by crop, N retained in 

the soil and N lost to leaching or loss from N input, the manure (CM+PM), Seracoat, 

and in-situ N in soil. The ratio of leached N to unit N applied manure was calculated. 

5.2.4 Statistical analysis 

The data were analyzed following standard procedures for analysis of variance 

(ANOVA) followed by Fisher’s least significant differences (LSD) test (P < 0.05) to test 

the differences.  Statistical analysis was conducted using Statistix 8 software (Analytical 

Software, Tallahassee, FL, USA). 
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5.3 Results 

5.3.1 Pot experiments 

5.3.1.1 Plant growth characteristics 

Plant growth characteristics (plant height and number of tillers) were determined 

as a function of the effects of N animal manure application on the Tachisuzuka, 

Kusanohoshi and Hinohikari strains (Fig. 5.1). Plant height increased with increasing N 

application. The highest height was recorded in N28 for all rice cultivars (Tachisuzuka, 

Kusanohoshi and Hinohikari). Compared to other cultivars with regard to plant height, 

Hinohikari showed the lowest height (123 cm) and Tachisuzuka showed the highest 

height (133 cm). 

The number of tillers in all of the rice cultivars (Tachisuzuka, Kusanohoshi and 

Hinohikari) increased with increasing rates of N application from animal manures. The 

largest number of tillers (57) was recorded for Hinohikari. However, for all rice 

cultivars, many tillers were observed during the active tillering period (19 to 26 July). 

5.3.1.2 Dry matter and grain yield 

Dry matter weight (biomass production) and grain yield for all rice cultivars 

increased significantly (p < 0.05) with increasing N application (Fig. 5.2). The lowest 

dry matter yield (249.8 g pot-1) and the highest grain yield (110.8 g pot-1) were recorded 

from Hinohikari. 

5.3.1.3 N uptake 

The N content of harvested rice plants is shown in Fig. 5.3. The increase in N 

uptake by the Kusanohoshi cultivar of rice showed a significant increase with increasing 
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level of N application (p < 0.05). In contrast, for Tachisuzuka and Hinohikari cultivars, 

N uptake was significantly (p < 0.05) increased for increasing N application. However, 

the highest N uptake by all rice cultivars was recorded at the highest application (N28).
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Fig. 5.1. Change in plant growth characteristics (plant height and tiller number) as a 
function of N animal manure application on Tachisuzuka, Kusanohoshi and 
Hinohikari plants in pot experiments. Plant height (a,b,c) and tiller number 
(d,e,f). 
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Fig 5.2. Comparison of total biomass production and grain yield for Kusanohoshi, 
Tachisuzuka, and Hinohikari plants in pot experiments in terms of dry matter 
(a) and grain yield (b).  
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Fig. 5.3. N uptake of rice plants as a function of animal manure application on 

Kusanohoshi (KS), Tachisuzuka (TC), Hihohikari (HN) plants in pot 
experiments determined on harvested plants. 

 

5.3.2 Field experiments 

5.3.2.1 Plant growth characteristics 

The following agronomic characters of Tachisuzuka and FN-1 are shown in Fig. 

5.4, 5.5 and 5.6; plant height, number of panicles, and average ear length. In 

Tachisuzuka, the average plant height, number of panicles and average ear length 

showed significant increases with increasing levels of N application (p < 0.05). The 

highest plant height (129 cm) was recorded at N14 and was nearly equivalent to those 

obtained for N21 and N28. A similar trend was observed for the number of panicles. 

However, average ear length decreased with increasing N application. Similar results 

Kusanohoshi Tachisuzuka Hinohikari 
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were obtained for plant height, number of panicles and the ear length in the Tachisuzuka 

cultivar of rice with thicker planting density.  

In contrast, in FN-1, N manure application did not significantly (p < 0.05) 

increase plant height, number of panicles and ear length. However, the results showed 

significant (p < 0.05) differences with respect to planting density. 

 

 
Fig. 5.4. Effect of N application on plant height of forage rice cv. Tachisuzuka and   

FN-1 in field experiments. 

Tachisuzuka 

FN-1 
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Fig. 5.5. Effect of N application on the number of panicles of forage rice plant cv. 
Tachisuzuka and FN-1 in field experiments. 

Tachisuzuka 

FN-1 
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Fig. 5.6. Effect of N application on ear length of forage rice cv. Tachisuzuka and FN-1 
in field experiments. 

 

 

Tachisuzuka 

FN-1 
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5.3.2.2 Biomass production 

The effect of N application on rice biomass for cv. Tachisuzuka and FN-1 is 

shown in Fig. 5.7. The results indicated that biomass production was significantly 

increased for Tachisuzuka (p < 0.05). However, the lowest biomass (3.24 kg m-2) was 

recorded for thick density planting with increasing N application. In addition, the 

highest biomass production (3.71 kg m-2) in Tachisuzuka was obtained at N28. In 

contrast, in FN-1, biomass production did not differ significantly (p < 0.05) with planting 

density. 

5.3.2.3 Grain yield and harvest index 

The effect of N application on grain yield and harvest index of forage rice cv. 

Tachisuzuka is shown in Fig 5.8. The results indicate that high levels of N application 

significantly decreased the harvest index (p < 0.05) and grain yield (p < 0.05) of 

Tachisuzuka. The highest harvest index (17.4%) was recorded from absolute control 

plants with no N application. With respect to planting density, the harvest index for N21 

with thick planting was higher (3.9%) than that for N21 at standard density; but this 

pattern was reversed for grain yield. 
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Fig. 5.7. Effect of N application on total dry weight (biomass production) of forage rice 
cv. Tachisuzuka and FN-1 in field experiments. 

 

Tachisuzuka 

FN-1 
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Fig. 5.8. Effect of N application on harvest index and grain yield of forage rice plant cv. 
Tachisuzuka in field experiments. 

 

 

 

Tachisuzuka 

Tachisuzuka 
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5.4 Discussion 

Manure application enhanced the growth characteristics of rice plants, especially 

forage rice (Eneji et al., 2001). In the present study, N application based on the 

combination of two types of animal manure (CM+PM) showed differing effects of 

increasing N availability on rice growth characteristics, including plant height, number 

of tillers, and average ear length, and for N uptake by plants for applied manure (Fig. 

5.1, 5.2, 5.4 and 5.5). The results showed that organic materials, such as animal manures, 

contain large amounts plant-available N, particularly NH4-N (Table 2.1). This nutrient 

composition makes animal manure application appropriate for rice cropping because 

rice plants take up more NH4-N than NO3-N (Oji and Izawa, 1974). The significant 

effect of N application to rice was observed for Tachisuzuka compared with that of 

Kusanohoshi and Hinohikari in pot experiments (Fig. 5.1). For field experiments, more 

significant effect was observed in Tachisuzuka compared to FN-1. These findings 

suggest that the availability of most of easily assimilated forms of nutrients, including N 

from animal manures, and most control growth in rice plants. 

The general increases in rice uptake of N and dry matter yield in pots and plots 

treated with manure (Fig. 5.2; 5.3 and 5.7) suggest that the manures mineralize soon 

after application, resulting in a potentially large pool of available plant nutrient. Ma et al. 

(1999) noted that the gradual release of available N and its utilization from soils was 

best synchronized with plant demand. 

In forage rice cultivation, high productivity in terms of WCS, which includes 

leaves, tillers and grain, is more important than high productivity solely in terms of 

grain weight, as for rice for human consumption (Sakai et al., 2003). The findings of 
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this study are in line with those of Sakai et al. (2003) for Tachisuzuka, which had the 

highest biomass compared with Kusanohoshi and Hinohikari. In contrast, Hinohikari 

showed the highest grain yield in pot experiments. These results confirmed that by 

focusing on the agronomic properties of rice, Hinohikari was clearly identified as a rice 

variety for staple food production and Tachisuzuka and Kusanohoshi are rice cultivars 

for forage production as WCS. Makoto et al. (2003) reported that the characteristics of 

rice varieties required for WCS are not the same as those required for the production of 

staple food rice. For example, high productivity of the whole plant, including leaves, 

culms, and grain is more important than grain weight compared to the va rieties for food 

rice. 

The results of this study generated from pot and field experiments indicated that 

Tachisuzuka produced the largest biomass compared to that for Kusanohoshi and 

Hinohikari in pots. In addition, the same cultivar, Tachisuzuka, produced more biomass 

than FN-1 in field experiments for all levels of N application. However, Tachisuzuka 

recorded the largest biomass at N14  and similar values were obtained for N21 and N28. 

These findings suggest that biomass production in Tachisuzuka in effec tive with the 

minimum application of N to maintain soil fertility and to reduce N loss, which in turn 

is important for protecting the environment from N pollution. Based on the aims for 

forage rice cultivation, the Tachisuzuka cultivar is appropriate for WCS production as it 

has high biomass straw production and hence is suitable for feed production. The 

agronomic characteristics of Tachisuzuka also indicate that it is the most resistant 

cultivar to lodging and this is an important consideration for the cultivator or harvest 

contractor. Grain loss at harvest and the risk of contaminating the crop in the following 

season were lower for Tachisuzuka than for Kusanohoshi because of the low grain yield. 
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Commercial cultivation of Tachisuzuka for WCS has already been initiated in 

prefectures over a wide area of Japan (Matsushita et al., 2011).  

5.5 Conclusion 

High application of N animal manure in forage rice cultivation produced 

significant improvement in the growth characteristic of rice, N uptake by plant, and 

biomass production in all treatments and rice cultivars raised in pots and field 

experiments. In forage rice cultivation, Tachisuzuka has prospects for use in WCS 

because it is the rice cultivar with the highest straw biomass production, and it is 

suitable for feed production of high quality rice WCS compared with the biomass 

produced by Kusanohoshi and Hinohikari. The results showed that N14 was effective 

for maintaining soil fertility in paddy fields, achieving efficient biomass production in 

Tachisuzuka and limiting environmental impacts.  
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Chapter 6 

General Conclusion
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6.1 Conclusion 

Cultivation of forage rice (Oryza sativa L.) in paddy fields is considered a 

promising way to enhance livestock feed supply. High application of N animal manures 

in forage rice cultivation significantly improved the growth characteristics of rice, N 

uptake by plant and biomass production for rice cultivated in pots and in field 

experiments. However, repeated application of animal manure may increase the risk of 

N leaching due to the accumulation of labile organic nitrogen, which arises from 

repeated manure applications. Excess application of N is not only inefficient for 

biomass production, but it also increases N leaching out (nitrate N) and harms the 

environment. 

In forage rice cultivation, Tachisuzuka has strong prospects as an WCS because 

of its high straw biomass production and suitable WCS feed quality. Application of N14 

was considered effective for achieving high production of Tachisuzuka forage rice and 

was useful for reducing N loading to the environment.  
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