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Chapter 1
General introduction

1.1. Overview about rice production and nitrogen fertilizer
Rice is the most important staple food in Asia. More than 90% of the world’s rice is
grown and consumed in Asia, where around 60% of the world population lives. Rice
accounts for between 35-60% of the caloric intake of three billion Asians (Guyer et al.,
1998). Over 150 million hectares of rice are planted annually, covering about 10% of the
world’s arable land. In 1999-2000, this amounted to some 600 million tons of rice seed,
equal to 386 million tons of milled rice. With the world population estimated to increase
from 6.2 billion in the year 2000 to about 8.2 billion in the year 2030, the global rice
demand will rise to about 765 million tons, or 533 million tons of milled rice (FAO, 2002).
To increase food production, one can either farm more land, or increase the yield from
each unit of land. However, land resources are limited and cannot be expanding more in
the future, it is still necessary to improve rice yield in order to satisfy people’s food
demand. There are many ways to improve rice yield such as using Nerica rice and
high-yielding rice cultivars, applying fertilizer, installing irrigation systems, minimizing
losses by enhancing post-harvest technology, etc. Among recent attempts to overcome
rice yield limitation by improving yield are breeding programs and developing hybrid rice
varieties which are being applied in some countries like China and Japan. Hybrid rice
has been developed in China since 1974 and now is planted in almost 40% of Chinese rice
fields (Li et al., 2009). Hybrid rice in China has a yield potential of 15 t ha-1 and these
rice cultivars had some characters such as short-culmed, effect, thick and V–shape leaves,
1

moderate tillers, medium plant height, heavy panicles (Peng et al., 2004). In Japan, the
breeding for high-yielding cultivars began in 1981 with the target of developing new
cultivars whose grain yield were higher than the older cultivars., Cultivar named
“Takanari” was released this time, achieved a grain yield of 10 t ha-1, was consistently
higher than standard japonica varieties (San-oh et al., 2004). Besides breeding programs,
understanding about types of fertilizers and methods, especially nitrogen fertilizer ones
is crucial to enhance rice grain yield.
Nitrogen represents 67% of fertilizer applications to rice in a world basis (Eagle et al.,
2011), and N fertilizer costs contain an important fraction of total production costs
(Tirol-Padre et al., 1996). According to Hossain (2004), it was estimated that world rice
production until 2030 will have to increase in 200 million tons of rough rice to supply the
food demand. At current levels of N use efficiency (NUE), this would require to double
the 10 million tons of N fertilizer currently used each year for rice production (Ladha et
al., 2005). However, it has been observed a decrease in crop NUE with increasing N
fertilization (Borrell et al., 1998; Fageria and Baligar, 2001; Jiang et al., 2004; Peng et al.,
2006), and therefore increasing loss in N applied. In addition, recovery efficiency of
applied N is relatively low in irrigated rice, because of rapid N loss from the
soil-floodwater system (Singh et al., 1998; Peng et al., 2006). The highest losses are due
to ammonia volatilization and, to a lesser extent, by denitrification and nitrate
lixiviation (Belder et al., 2005; Peng et al., 2006). The development of high yielding and
NUE rice cultivars is also required. It has been observed that rice presents a genetic
variability for NUE (Singh et al., 1998). However, an improvement of this character
through genetic selection has not yet been done (Koutroubas and Ntanos, 2003; Mae et
2

al., 2006).
Nitrogen use efficiency (NUE) has been defined in several ways and NUE is also
influenced by the form of nitrogen fertilizer (Raun and Schepers, 2008). However, these
definitions generally take into account quantity of N accumulated in the plant, known as
uptake efficiency and quantity of N utilized in grain production known as utilization
efficiency. In soil with limited available N, utilization efficiency has been found to be
more important than uptake efficiency in contributing to genotypic differences in grain
production (Moll et al., 1982; Borrell et al., 1998; Koutroubas and Ntanos, 2003; Peng et
al., 2006; Zhao et al., 2007). Utilization efficiency coupled with economic yield is a desired
characteristic in crop plants if minimum depletion of soil N is a goal. Moll et al. (1982)
recommended the development of genotypes with both high uptake and utilization
efficiency.
In order to improve rice yield, many researchers have applied many methods,
especially ones involved in nitrogen fertilizer doses, application times, and different
types of fertilizers and methods at different conditions (Okumura et al., 1982; Seito et al.,
1992; Mohammad et al., 2002; Ye et al., 2007; Artacho et al., 2009; Fukushima et al.,
2011a). In the previous century, deep layer application methods were used to improving
rice yield (Okumura et al., 1982; Wang et al., 1991). This method was a good way to
increase rice yield than conventional method because N fertilizer concentrate near the
root system with made it easy for rice plants uptake and use efficiency. Beside deep layer
application methods, using slow-release fertilizer might be suitable in modern
agriculture cultivation because of decreased the cost of labor (De Datta, 1986; Ohnishi et
al., 1999; Taylaran et al., 2009). However, the understandings about nitrogen uptake and
3

accumulation among fertilizer methods and grain yield differences among cultivars were
still limited although this method was effective in supplying nutrients in timely manner
and reduces nitrogen losses.
Recently, many researches attended to planting time and planting density on
morphological traits, dry matter production and yield of rice cultivars (Nakano and
Morita, 2009; Fukushima et al., 2011a) and research on effects of nitrogen fertilizer on
nitrogen use efficiency under different soil conditions (Ye et al., 2007). However, just a
few studies focus on nitrogen use efficiency, dry matter production at the panicle
initiation stage and the effects of slow-release fertilizer on dry mater production, yield of
rice at different cultivars.
1. 2. Objectives of this study
As stated above, the aims of study are as follows:
- To investigate effects of fertilizer types and methods on dry matter production, grain
yield and nitrogen use efficiency of rice cultivars which probably useful information and
guidelines for rice cultivation.
- To clarify the cultivar differences in nitrogen use efficiency at different levels of
nitrogen fertilizer. Slow-release fertilizer and high-yielding cultivars were used in these
experiments.
- To examine the dry matter production, yield and nitrogen use efficiency in varietal
genotype in without nitrogen fertilizer application.

4

Chapter 2
Effects of different types of fertilizers and methods on dry matter production,
yield and nitrogen use efficiency of rice cultivars under field conditions

2.1. Introduction
Rice is the staple food of more than a half of population in the world (Jackson et al.,
1996; IRRI, 2002). Rice production accounts for 27% of total cereal production in the
world, and 90% of rice production takes place in Asian countries (Mae et al., 2006;
Artacho et al., 2009).
Nitrogen (N) is necessary for rice growth and development and it is the most
yield-limiting nutrients in lowland rice production all around the world (Fageria and
Barbosa Filho, 2001; Ye et al., 2007). Nitrogen uptake is affected by various factors such
as type of fertilizers, soil and weather conditions (Ye et al., 2007), etc. Nitrogen is involved
in all the metabolic processes in plants, and about 75% of leaf N is associated with
chloroplast, which are essential for dry matter production during photosynthesis (Mae,
1997). Nitrogen requirement in rice is higher than that of other nutrients. High nitrogen
availability to the plant has been associated with increase in plant height, high
chlorophyll content, and leads to increased productivity (Arima, 1995). Moreover, nitrogen
plays an important role in increasing leaf area and photosynthetic rate which
consequently affects dry matter production and yields of rice plants.
In the efforts to improve rice yields, researchers have applied many methods such as
using high yielding varieties, applying more nitrogen fertilizers and timely scheduling of
topdressing (Nakano and Morita, 2009; Fukushima et al., 2011a; Hayashi et al., 2012).
5

However, heavy nitrogen application not only increases labor and costs of production but
also pollutes the air and water quality (Hasegawa and Horie, 1996; Taylaran et al., 2009).
Therefore, cultivation techniques have been applied such as fertilizer applications that
help rice plant absorb nutrients at different growth stages and produce higher dry matter
production, grain yield is still needing to improve.
Deep layer fertilizer application, known as deep fertilizer application was used in the
previous century. Wada (1969) and Wang (1991) reported that deep layer application
increased the number of spikelets m-2, thus increasing rice grain yield (10－ 13%) to
compared with conventional fertilizer method. However, deep layer fertilizer application
increased the costs of labor than conventional method. Recently, use of slow-release
fertilizer has been adopted before transplanting. This method is effective in supplying
nutrients in a timely manner, and reduces nitrogen losses. Slow-release fertilizer
application can be advantageous in rice production since plants efficiently absorb the
available nitrogen leading to high dry matter production and grain yield. However, the
amount of nitrogen uptake and accumulation by rice plants is not clearly understood,
especially in some newly developed high-yielding cultivars. The objective of this study is
to classify the uptake and use efficiency of nitrogen fertilizer based on dry matter
production, grain yield, nitrogen accumulation and use efficiency with different fertilizer
application methods.

6

2.2. Materials and methods
2.2.1. Plant materials
In this study, we selected two rice cultivars, “Nipponbare”, widely grown in Japan,
and “Takanari”, one of the high yielding rice cultivars. The two rice cultivars were grown
in a submerged paddy field.
The experiment was conducted in the experimental farm at the Field Science Center,
Faculty of Agriculture, Okayama University, Japan (34041’N, 133055’N) in 2009. Two rice
cultivars and five fertilizer methods were arranged in a randomized complete block
design. Three fertilizer methods were used, namely; Control (0N); Conventional method;
Deep fertilizer method for “Nipponbare” and “Takanari”, and another two methods,
Standard fertilizer method and High fertilizer method for “Nipponbare”. The timing and
amount of nitrogen fertilizer application are presented in Table 1.

Table 1. Timing and amount of nitrogen fertilizer application in rice cultivars.
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In the conventional method, chemical fertilizer (Rin-ka-an 44, N : P2O5 : K2O = 14 :
17 : 13) was mixed and incorporated into the soil at 4 g m-2 as basal dressing, every 2 gN
were applied at 45 DBH (days before heading), 20 DBH and 5 DAH (days after heading),
respectively. In the deep fertilizer method, the same amount of fertilizer was applied with
conventional method as a basal dressing and 6 gm-2 of paste fertilizer (Neo paste 1, N :
P2O5 : K2O = 12 : 12 : 12) was injected in the middle of 4 hills at the depth of 15 cm by soil
injector at 30 DBH. In the standard and high fertilizer methods using slow release
fertilizer (100D – 80, N : P2O5 : K2O = 14 : 14 : 14) was applied as basal dressing at the
rate of 8 and16 gN m-2, respectively.
Seeds of rice were sown on 11 May and transplanted on 10 June, 2009 at a density of
22.2 hills m-2 (30 x 15 cm), with three plants per hill. Pests and diseases were intensively
controlled to avoid yield loss.
2.2.2. Growth characteristics
In each plot, we selected 3 hills to measure the plant height, leaf numbers, stem
numbers and SPAD values (leaf color) every week after transplanting
2.2.3. Dry weight and LAI
The plants were sampled every two weeks after transplanting 20 days to determine
dry weight and leaf area. Sixteen hills were sampled and eight hills with average
numbers of stem were selected at each stage. Plants were separated into leaves, stems
and panicles. Leaf area was measured with leaf area meter (AAM-9; Hayashi Denko Co.,
Tokyo, Japan) after separation. All plant samples were dried in a ventilated oven at 800C
until constant weight. The crop growth rates (CGR), net assimilation rates (NAR) and
mean leaf area index (mean LAI) were calculated.
8

2.2.4. Growth analysis
From the plant dry weight and LAI measured as described above, the crop growth rate
(CGR), net assimilation rate (NAR) and leaf area index (LAI) were also calculated by
following formulas:
1) CGR (g m-2 d-1) =

W2 - W1
ｔ2 −ｔ1

2) NAR (g m-2 d-1) =

( W 2 - W 1 ) ( ln A 2 - lnA 1 )
(t 2 - t 1 )(A 2 - A 1 )

3) Mean LAI =

A2 - A1
ln A 2 − ln A 1

Where, W2, W1 and A2, A1 indicate the dry weight and LAI at the corresponding date t1
and t2, respectively.
2.2.5. Yield and yield components
At the maturity stage, 20 hills for each replication were harvested manually for yield
determinations. Yield was determined by brown rice weight. Fully ripened grains were
selected by sieving through 1.8 mm and 1.6 mm mesh for Nipponbare and Takanari,
respectively. Thousand grain weights was measured by using brown grains at 14.5%
moisture.
2.2.6. Nitrogen accumulation and some relative parameters
At each stage, the plant parts from two hills were ground into powder by vibrating mill
(Heiko, Co. Ltd) and the nitrogen concentration from each plant parts was analyzed by
CN-Corder (MT-700, Yanaco Industry). Total nitrogen accumulation was calculated by
multiplying the above-ground dry weight by nitrogen concentration.
On the basis of these measurements, nitrogen use efficiency (NUE) indices were
calculated by the following formulas;
N use efficiency for biomass (BEN) = BY /AN
9

Recovery efficiency of applied N (REN) = (AN – AN0) / APN
Nitrogen use efficiency for grain yield (YEN) = GY / AN
Partial factor productivity of applied N (PFPN) = GY / APN
Where BY; Biomass yield (g m-2), GY; Grain yield (g m-2), AN; Accumulated N (g m-2),
AN0; Accumulated N without fertilizer (g m-2), APN; Applied N (g m-2)
2.2.7. Statistical analysis
The analysis of variance was performed to detect the different among treatments by
ANOVA.
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2.3. Results
2.3.1. Growth characteristics
Plant height
The plant height increased with increasing the amount of N fertilizer application
during the growth period (Fig. 1). Plant height increased rapidly and got the highest at
71 days after transplanting (DAT). With deep fertilizer application method, plant height
got the highest in both rice cultivars, followed by higher fertilizer method, standard
fertilizer method and conventional method. Plant height of Nipponbare tended to be
higher than Takanari with the same fertilizer methods.
Number of stems
The number of stems were varied among fertilizer types and methods (Fig. 2). The
number of stem increased dramatically from 15 DAT to 29 DAT. After that, number of
stem slightly decreased and reached plateau after heading. In Takanari, number of
stems at conventional and deep fertilizer method was not significant different and it was
higher than that of control. In contrast, using slow released fertilizer the larger amount
of nitrogen could increases the number of stem than other types and fertilization
methods. Number of stem reached 25.4 (plant-1), significantly higher than others.
Number of leaves
The number of leaves also higher in both cultivars with more N fertilizer applied (Fig.
3). However, the differences in leaves number among types and fertilizer methods were
not significantly in both cultivars. In general, Takanari and Nipponbare developed the
same leaf number during growth period.

11

SPAD meter readings
The SPAD values were observed from 15 DAT. The SPAD values reduced from 29 DAT
and 22 DAT in Takanari and Nipponbare, respectively, then increased gradually and got
peaked at heading in both rice cultivars. Deep fertilizer application methods had highest
SPAD values than other type and fertilizer methods (Fig. 4).

12
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2.3.2. Dry matter production at different fertilizer application.
The effects of different nitrogen application methods on dry weight were significant for
all growth and development stages, except for the young seedling in Nipponbare and
Takanari (Table 2). Nitrogen fertilizer increased the number of tillers and top dry weight
at full heading stage (76 DAT). At full heading stage, Takanari produced a significantly
larger amount of dry matter at deep fertilizer method (1359 g m-2) than that of the other
methods. However, with more nitrogen fertilizer application in Nipponbare, plant dry
weight also increased but there was no significant difference among fertilizer methods.
At harvesting time, plant dry weight with deep fertilizer method showed the largest amount
of dry weight in Takanari (1891 g m-2), and consistently higher than other methods, followed by
standard fertilizer method in Nipponbare (1750 g m-2). Without nitrogen application, Nipponbare
produced the least biomass (1244 g m-2), which is lower than Takanari (1411 g m-2).

17

Table 2. Dry matter production at different fertilizer application methods in rice
cultivars.
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Fig. 5. Changes in CGR, NAR and mean LAI from transplanting to harvesting at different
fertilizer methods in two rice cultivars. (I; 0N, II; Conventional method, III; Deep fertilizer method,
IV; Standard fertilizer method, V; High fertilizer method).
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To identify the factors affecting the differences in dry matter production, we compared
CGR, NAR and mean LAI among fertilizer methods (Fig. 5). CGR increased after 20 DAT
(days after transplanting) and it differed according to fertilizer method. In Takanari,
CGR tended to be higher in deep fertilizer, especially 62 - 76 DAT and 76 - 90 DAT.
During these periods, CGR was 26.8 and 29.7 g m-2 day-1, respectively. The same result
was observed inNipponbare. After heading, CGR decreased in both cultivars and
fertilizer methods. The CGR after heading was consistently higher in standard and high
fertilizer methods, especially at late ripening stage. Higher CGR after heading were
responsible for the larger dry matter production.
NAR tended to be lower after transplanting and it differed by fertilizer method. NAR
decreased with applied nitrogen fertilizer. However, it tended to be higher in standard
and high fertilizer methods at the late ripening period.
Higher nitrogen application increased the number of stems with larger leaf area in
both rice cultivars. The mean LAI increased after transplanting and it was largest at 76
DAT in both cultivars. In Takanari, deep fertilizer application method indicated the
largest mean LAI (7.87 m2 m-2), whereas high fertilizer application (using slow release
fertilizer) showed the largest mean LAI (8.29 m2 m-2) in Nipponbare. After heading, mean
LAI decreased in all fertilizer application methods. At late ripening stage, deep fertilizer
application method also showed the highest mean LAI values among the fertilizer
applications in both cultivars.
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2.3.3. Yield and yield components
Nitrogen fertilizer application methods had significant effects on grain yield, but the
differences by fertilizer method were not significant (Table 3).
Grain yields without nitrogen application were 451 g m-2 and 706 g m-2 in Nipponbare
and Takanari, respectively. The more nitrogen fertilizer is applied to rice, the more the
grain yield increases. The grain yield of Takanari with deep fertilizer application method
exceeded 863 g m-2 with the highest sink capacity (945 g m-2), followed by conventional
fertilizer application method (with grain yield 800 g m-2 and sink 854 g m-2, respectively).
The same tendency was observed in Nipponbare. Grain yield increased with more
nitrogen fertilizer applied. Grain yield in high nitrogen fertilizer application (using
slow-release fertilizer) exceeded 656 g m-2, a little higher than deep fertilizer application
method (644 g m-2), due to the increased number of panicles. Higher grain yield and sink
capacity in deep fertilizer method resulted from the larger number of spikelets per
panicle and total spikelets m-2 in both rice cultivars.

21

Table 3. Yield and yield components of rice cultivars under different fertilizer application
methods.
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2.3.4. Nitrogen accumulation
Table 4 shows the accumulated nitrogen in rice cultivars with different fertilizer
methods. The accumulated nitrogen varied among rice cultivars and fertilizer methods.
Before heading stage, the amount of accumulated nitrogen tended to be larger in
Takanari than Nipponbare. Deep fertilizer application method showed the largest
amount of accumulated nitrogen in Takanari 16.4 g m-2, followed by high fertilizer
application method using slow release fertilizer in Nipponbare (15.8 g m-2). In
Nipponbare, the amount of accumulated nitrogen was significantly larger with deep
fertilizer application than the other fertilizer methods, followed by high fertilizer
application method (18.7 g m-2). In Takanari, deep fertilizer application method also
accumulated the larger amount of nitrogen (18.2 g m-2) than conventional method (14.9 g
m-2), but the difference was not significant. Without nitrogen fertilizer application,
accumulated nitrogen was higher in Takanari (10.8 g m-2) than that in Nipponbare (8.0 g
m-2).
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Table 4. Nitrogen accumulation in rice cultivars under different nitrogen fertilizer
application methods
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2.3.5. Nitrogen use efficiency and some relative parameters
Nitrogen use efficiency and some relative parameters with different fertilizer
application methods are presented in Table 5.
BEN was varied among fertilizer and application methods and it tended to be lower
with more nitrogen fertilizer application. BEN varied from 104.0 to 134.9 g g-1 and 84.0 to
155.1 g g-1 in Takanari and Nipponbare, respectively. Standard fertilizer application
method using slow-release fertilizer had higher biomass nitrogen use efficiency (108.9 g
g-1) than other fertilizer methods in Nipponbare.
REN reflected the capability of nitrogen accumulation from fertilizer application. In
both rice cultivars, deep fertilizer application method showed the higher values than in
other fertilizer methods, 159.5% and 75.7% in Nipponbare and Takanari, respectively.
REN also decreased in high fertilizer method compared to standard fertilizer method
using slow-release fertilizer (97.3%).
YEN varied among fertilizer methods. In both rice cultivars, YEN were highest with no
nitrogen application, followed by the conventional method, and lowest in deep fertilizer
method. YEN was higher in Takanari than in Nipponbare at each fertilizer application
method.
PFPN was defined as the ratio of grain yield with nitrogen application, and it reflected
the marginal effect of nitrogen absorbed by rice plant from N fertilizer. In both cultivars,
PFPN was higher in standard fertilizer application method (73.7 g g-1) than the other
methods in Nipponbare. Meanwhile, PFPN was highest in standard fertilizer method
than the other fertilizer methods in Nipponbare.
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Table 5. Nitrogen use efficiency and some relative parameters
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2.3.6. Relationship between sink capacity, grain yield and accumulated N
Sink capacity had a significant relationship with grain yield (Fig. 6a). Higher sink
capacity contributed to higher grain yield in Nipponbare and Takanari. In both cultivars,
deep fertilizer application method had larger sink capacity than the other fertilizer
methods. Close relation was found between accumulated N at heading and sink capacity
but the sink capacity with the same level of accumulated N in Takanari was larger than
that in Nipponbare (Fig. 6b). Sink capacity of Takanari was larger than that in
Nipponbare with each fertilizer method. The more nitrogen accumulated, the higher the
sink capacity produced. Especially with deep fertilizer application method in Takanari,
the largest nitrogen accumulation contributed to the higher sink capacity.
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2.4. Discussion
In recent years, rice grain yield has increased markedly due to the improvement of
rice cultivars and cultivation methods. In this study, we compared the effects of different
fertilizer application methods on dry matter production, N accumulation and yield in rice
cultivars. With more nitrogen fertilizer application, the rice plant can absorb and
produce more dry matter, resulting in higher grain yield (Ju et al., 2009; Lin et al., 2009;
Fukushima et al., 2011a). Previously, it was reported that nitrogen fertilizer plays an
important role in increases dry mater and rice yield (Mohammad et al., 2002; Nakano
and Morita, 2009; Taylaran et al., 2009), because it increases the photosynthetic rate and
thus dry matter especially at the heading and ripening stages (Mohammad et al., 2002;
Hayashi et al., 2012). In this study, plant dry weight increased with different nitrogen
fertilizer applications (Table 2). Plant dry weight showed the higher values in deep
fertilizer, standard fertilizer and high fertilizer application methods than both
conventional method and control (0N). Takanari produced the highest dry matter
production (1891 g m-2) among rice cultivars and fertilizer methods. However, in
Nipponbare, the highest plant dry weight was obtained with standard fertilizer method,
followed by deep fertilizer method (Table 2). Thus, deep fertilizer application method is
effective to obtain a high dry matter production in rice cultivars, and methods using
slow-release fertilizer might have the potential to get higher dry matter production in
rice cultivars.
With differing nitrogen fertilizer dose and timing of application, CGR and mean LAI
tended to be higher with high nitrogen fertilizer applied (Lin et al., 2009; Taylaran et al.,
2009). In the present study, CGR and mean LAI showed the highest values during 62 –
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76 DAT. Deep fertilizer method had a higher CGR at this stage, 29.7 g m-2 d-1 and 25.5 g
m-2 d-1 in Takanari and Nipponbare, respectively (Fig. 5). Similarly, the mean LAI in all
fertilizer methods tended to be significantly higher than control, especially with deep
fertilizer method and high fertilizer method (slow-release fertilizer), and CGR and mean
LAI showed the maximum at the heading and flowering stages. Plants with higher CGR
and mean LAI during this stage might be related with higher grain yield at harvest.
Rice plant can absorb and accumulate more nitrogen under high nitrogen applied
condition. Accumulated N was remarkably affected by nitrogen fertilizer application and
cultivation method (Okumura et al., 1982; Lin et al., 2009; Fukushima et al., 2011a). The
present study showed that nitrogen uptake and accumulation increased consistently
from transplanting to harvesting time. At the same time, nitrogen accumulated was
lowest in control (0N) and higher in the other methods, especially with deep fertilizer
methods (24.0 g m-2) in Nipponbare. This means that plants can uptake and use more
nitrogen when the fertilizer is applied deep and near in the root systems. This method is
easy for rice plant uptake nitrogen fertilizer and produces higher sink capacity (Fig. 10b).
Using slow-release fertilizer, plants can uptake and accumulate more nitrogen compared
with other methods, especially in Nipponbare (Table 4).
Grain yield of rice is the product of different yield components. The panicle density is
the most important component in determining grain yield (Fageria and Barbosa Filho,
2001; Artacho et al., 2009). Okumura reported that deep fertilizer application increased
the number of spikelets m-2 and number of spikelets per panicle which leads to
increasing yield. Wada and Wang also concluded with the same result, but confirmed
that grain yield increased 10% to 13% compared with conventional methods. In this study,
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the number of panicles increased with different fertilizer application methods. The
number of panicles ranged from 249 to 388 which was significantly higher than in the
control (0N). High fertilizer application method produced higher number of panicles than
other method in Nipponbare. On the other hand, the number of spikelets m-2
significantly increased with fertilizer application method. Deep fertilizer application
showed the highest number of spikelets (45,000) in Takanari, and high fertilizer
application method produced the highest number of spikelets (32,000) in Nipponbare.
Higher yield components contributed to higher sink capacity and higher grain yield is
determined by higher sink capacity (Fig. 6a). It indicated that larger sink capacity is one
of the factors that determine grain yield.
YEN decreased more among the other fertilizer application methods than in the
control (0N). These results are similar with the other studies reported for japonica
cultivars (Peng et al., 2006; Artacho et al., 2009). YEN tended to be higher in Takanari
than in Nipponbare. This was due to the higher amount of accumulated N resulting in
larger sink capacity relative to accumulated N, and then increased the yield in Takanari.
Both deep fertilizer application and basal application of slow release fertilizer increased
the recovery efficiency and partial factor productivity of applied N. Using slow release
fertilizer is recommended in terms of labor saving and lower cost.
Conclusion
Nitrogen fertilizer application methods were able to significantly increase dry matter
production, panicle m-2, total spikelet m-2, grain yield, and nitrogen accumulation at
harvesting time. Deep fertilizer application is a good way for rice cultivar uptake of more
nitrogen fertilizer. However, using slow-release fertilizer might be suitable for modern
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rice cultivation because of labor saving and lower cost. Higher grain yield can be
explained by higher dry matter production, higher nitrogen accumulated at harvesting
and larger sink capacity.
Summary
To examine the effects of different types of fertilizer and application method on dry
matter production, yield, nitrogen accumulation and use efficiency in rice cultivars, we
used two rice cultivars (Nipponbare and Takanari) and five fertilizer methods, i.e.
Control (0N), Conventional method, Deep fertilizer method, Standard fertilizer method
and High fertilizer method in 2009. Dry matter production was more markedly increased
with nitrogen fertilizer application than in control, and it was higher with deep fertilizer
application in Takanari and standard fertilizer application in Nipponbare, respectively.
The differences in dry matter production resulted from CGR and mean LAI in rice
cultivars. Greater dry matter production was accompanied with the nitrogen
accumulation at harvesting. Rice cultivars accumulated the largest amount of nitrogen
at deep fertilizer application. Higher fertilizer application increased the number of
panicle and total spikelets m-2. The higher grain yield in Takanari resulted from the
larger sink capacity. The grain yield of rice cultivars tended to be higher with deep
fertilizer application due to the increase in sink capacity. Both deep fertilizer application
and slow-release fertilizer increased the recovery efficiency and partial factor
productivity of applied N, however, using slow-release fertilizer is recommended in term
of labor saving and lower cost.
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Chapter 3.
Cultivar differences in nitrogen use efficiency of field grown rice plant
at different levels of nitrogen fertilizer.

3.1. Introduction
Rice is one of the most important cereal crops, widely grown in many localities
throughout the world with favorable climatic conditions throughout the world (Yoshida,
1981; James, 1983). Rice is the staple food for more than a half of the world’s population
(Jackson et al., 1996; IRRI, 2002). Rice production occupies 27% of total cereal production
in the world and 90% of total was produced in Asian countries (Mae et al., 2006; Artacho
et al., 2009).
Nitrogen (N) plays an important role in irrigated rice production around the world
(Cassman et al., 1998; Fageria and Barbosa Filho, 2001; Samonte et al., 2006). Nitrogen
uptake is affected by various factors, such as soil types, weather conditions, type of
fertilizers and application methods (Mae et al., 2006; Artacho et al., 2009). Rice plants
require N during vegetative stage to raise growth and tiller numbers, which determines
potential number of panicles. Nitrogen not only contributes to spikelets production
during early formation stage but also contributes to sink size during the late panicle
stage (Mae, 1997). Nitrogen also affects on increasing leaf area index and photosynthetic
rate which consequently increases the dry mater production and grain yields (Arima,
1995).
In the past, to satisfy the human’s food demand, farmers applied more fertilizer
especially nitrogen fertilizers in the efforts to enhance rice yield (Matsushima, 1980).
33

However, heavy N application increases not only the costs of production and labors but
also affects the environments (Hasegawa and Horie, 1996; Rivers et al., 1996). Therefore,
we need to develop rice cultivation method that would be harmony between productions
and environmental protection. One solution for this problem is using high yielding rice
cultivars and slow release fertilizer.
In some studies, N use efficiency (NUE) is defined as agronomic N use efficiency
(ANUE) (Peng et al., 2006), and also called internal NUE (Koutroubas and Ntanos, 2003),
which was calculated by grain yield increasing with N application in comparison with no
N application in relation to total N uptake. Recently, NUE has tended to be lower at
different ecosystems because of an excessive amount of N fertilizer application to satisfy
the food demands (Peng et al., 2006). Improving NUE in rice cultivation to get a stable
and high yield, therefore, is necessary.
Many studies have attempted to evaluate the effects of slow-release fertilizer on N
fertilization methods, planting time and densities on dry matter production at heading
and after heading (Mohammad et al., 2002; Taylaran et al., 2009; Fukushima et al.,
2011a; Fukushima et al., 2011b) and effects of N fertilizer on NUE under different soil
conditions (Ye et al., 2007). Although the studies focused on NUE in rice cultivars, there
is still little understanding about N use efficiency in high yielding rice cultivars and their
relatives to dry matter production and yield components.
Thus, this study has been undertaken in order to evaluate the dry matter production,
N accumulation, NUE and grain yield of high-yielding rice cultivars under different N
fertilization levels.
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3.2. Materials and methods
3.2.1. Plant materials and cultivation
Six high yielding rice cultivars (Koshihikari, Nipponbare, Takanari, Momiroman,
Hinohikari and Akimasari) and the other two (Hokuriku 193 and Mizuhochikara) were
used in 2011 and 2012, respectively to investigated the effects of different N fertilization
levels on dry matter production, yield and nitrogen use efficiency. Heading and maturing
time were got earlier in the order of Koshihikari, Nipponbare, Takanari, Hokuriku 193,
Hinohikari, Momiroman, Mizuhochikara and Akimasari (Table 6).
Table 6. Dates of heading time in rice cultivars with different N levels in 2011 and 2012.

Rice plants were grown in the experimental fields of Field Science Center, Okayama
University in 2011 and 2012. The experiment was arranged in the split-plot design with
three N levels (0N: 0 gN m-2; 1N: 8 gN m-2; 2N: 16 gN m-2) in the main-plots and rice
cultivars in the sub-plots. In main-plots, slow release fertilizer (100D-80 and 140E-80;
N : P2O5 : K2O = 14 : 14 : 14) were used and incorporated into the soil at a rates of 8 gN
m-2 and 16 gN m-2 at 1N and 2N plots as a basal fertilizer, respectively. At 0N plot,
phosphate (8 gP2O5 m-2) and potassium chloride (8 gK2O m-2) were applied at the same
time with N application.
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Seeds of rice cultivars were sown on 16 May in both years and the rice seedlings with
5 leaf expansion were transplanted to the field at a hill spacing of 15 cm and a row
spacing of 30 cm (22.2 hill m-2, three plants per hill) on 14 June and 12 June, in 2011 and
2012, respectively. During two years, pests and diseases were controlled for optimum
growth.
3.2.2. Growth analysis and nitrogen use efficiency
Eight hills for each replication were sampled at the panicle initiation (20 days before
heading), heading and harvesting time (45 days after heading), and four hills with an
average numbers of stems were selected to measure dry weight of whole plant. Plant
samples were separated into leaves, stems, panicles and dead leaves. After separation,
leaf area was measured by automatic area meter (AAM-9; Hayashi Denko Co., Tokyo,
Japan). After that, all plant samples were dried in a ventilated oven at 800C until
constant weight.
At the harvesting time, about one square meter sample (20 hills) for each replication
was harvested to determine the yield and yield components. Yield was identified by
brown rice weight. Fully ripened grains were selected by sieving through 1.8 mm and 1.6
mm mesh (Hokuriku 193 and Takanari). Thousand grain weights were measured by
using brown grain and adjusted to a moisture content of 14.5%.
At each stage, eight hills with an average number of stems were selected in which two
hills were used for the determination of accumulated N in a whole plant. All plant parts
were ground into powder by vibrating mill machine (Heiko, Co. Ltd) and nitrogen
concentration in each plant parts were analyzed by CN-Corder (MT-700, Yanaco
Industry). Total accumulated N was calculated by multiplying the above-ground dry
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weight by N concentration.
On the basis of these measurements, NUE indices were calculated (Artacho et al.,
2009; Ju et al., 2009).
Harvest Index (HI) (%) = Grain yield X 0.865 / dry matter production x 100%.
N use efficiency for biomass (BEN) = BY / AN.
Recovery efficiency of applied N (REN) = (AN – AN0) / APN.
Nitrogen use efficiency for grain yield (YEN) = GY / AN.
Partial factor productivity of applied N (PFPN) = GY / APN.
Where BY; Biomass yield (g m-2), GY; Grain yield (g m-2), AN; Accumulated N (g m-2),
AN0; Accumulated N without fertilizer (g m-2), APN; Applied N (g m-2).
Factorial analyses of variances were performed to detect the difference among
treatment by ANOVA. The significance levels of mean values were analyzed using
Tukey’s test.
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3.3. Results
3.3.1. Dry matter production and leaf area index
Dry matter production of rice cultivars was significantly different in cultivars and N
levels (Fig. 7). The dry matter production of rice cultivars was greater in 1N and 2N levels
than 0N level in both years. At the panicle initiation stage (PI), dry matter production of
Koshihikari is significantly smaller than the other rice cultivars in both years, while,
Akimasari constantly produced higher dry matter than the other cultivars in 1N and 2N
levels in accordance with the longer growth duration. At harvesting time, there were no
differences between 1N and 2N levels in all cultivars. With N application from 0N to 1N
levels, dry matter production sharply increased. However, the difference between 1N and
2N levels was not significant in 2011. Increasing the amount of N application from 8 g m-2
to 16 g m-2 did not mean increasing too much the dry matter in rice cultivars. Dry matter
production of Takanari and Akimasari became higher than the other cultivars, which
were 1874 and 1851 gm-2 at the harvesting, respectively.
The same trend was observed in 2012, the plant dry matter production in 1N and 2N
was higher than 0N level. Koshihikari consistently produced the smallest amount of dry
matter in comparison the other cultivars. While, Hokuriku 193 consistently produced a
larger amount of dry matter production at 2N level, followed by Mizuhochikara and
Akimasari.
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Fig. 7. Dry matter production in rice cultivars at panicle initiation (PI), heading (HD)
and harvesting (HV) stages with different N levels in 2011 and 2012. The bars indicate
the SE.
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The increases in dry matter production from PI to HD and from HD to HV during two
year experiments are clearly shown in Fig. 8 and Fig. 9. In 2011, the increase in dry
matter production from PI to HD was higher in Koshihikari than the other cultivars.
However, from HD to HV, the increase in dry matter production of Momiroman was lowest
especially at 2N level, which resulted in lowest dry matter production at the harvesting
than other rice cultivars (Fig. 8). At this stage, Takanari consistently showed a larger
increase in dry matter production than other rice cultivars at 1N level.
In 2012, Koshihikari also showed the higher in increase dry matter production from PI
to HD. However, from HD to HV, Momiroman and Hokuriku 193 at 2N level showed a
larger increase in dry matter production than other rice cultivars.
To identify the factors affected the differences in dry matter production, leaf area
index (LAI) among rice cultivars under different N levels was compared (Fig. 10). Higher
nitrogen fertilizer application increased the number of tillers with larger leaf area in rice
cultivars. LAI of rice cultivars were the largest at 2N, followed by 1N and 0N. LAI also
increased after transplanting and reached maximum at heading. Takanari showed the
largest LAI (10.2 m2 m-2) in 2011, followed by Nipponbare (9.2 m2 m-2), Hinohikari (8.5 m2
m-2). In 2012, Akimasari showed the largest LAI (8.6 m2 m-2), followed by Takanari (8.1 m2
m-2) and Hokuriku 193. In 2011, the LAI of Koshihikari (5.7 m2 m-2) was significantly
smaller than other cultivars. However, Mizuhochikara showed the smallest LAI (6.1 m2
m-2) at 2N in 2012 than other cultivars. Plant with higher dry matter production and LAI
might have the potential for higher grain yield.
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3.3.2. Grain yield and yield components
Yield and yield components in rice cultivars in both years are listed in Table 7 and
Table 8. N fertilization had the significant impacts on grain yield components, such as
number of panicles m-2 and percentage of ripened grain.
Grain yield of rice cultivars at 1N level was 21.6 – 23.6% in 2011 and 8.0 – 15.7% in
2012 higher than 2N and 0N levels, respectively. During two years experiments, the
number of panicles m-2 increased with N fertilizer application, which was in the order of
2N > 1N > 0N. The number of panicles m-2 in Takanari, Momiroman, Hokuriku 193 and
Mizuhochikara was significantly lower than the other rice cultivars in both years. The
highest number of panicles m-2 in Takanari and Momiroman was 274 and 229 panicles,
in 2011, respectively, and those in Takanari, Momiroman, Hokuriku 193 and
Mizuhochikara was 248, 274, 257 and 267 in 2012, respectively. The number of panicles
in these cultivars was significantly lower than the other cultivars. However, the number
of spikelets per panicle in four rice cultivars “panicle weight-type cultivars”, was
considerably higher and resulted in a significantly great number of spikelets m-2. The
number of spikelets m-2 in Takanari exceeded by 48,900 at 1N in 2011, enormously higher
than the other cultivars in both years. In 2012, Takanari also showed the highest number
of spikelets (46,100) at 1N, significantly higher than the other cultivars.
The rice grain yields in 1N level were higher than those in 2N and 0N levels during
two years mainly due to the increase in lodging score. The grain yield of Takanari was
highest (750 and 731 g m-2 in 1N) during 2 years, followed by Hokuriku 193 (669 g m-2 in
2012), Akimasari (597 g m-2 in 2011) and Hinohikari (594 g m-2 in 2012). However, the
grain yield of Momiroman in 0N level was higher than 1N and 2N levels. Although this
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cultivars had a higher number of spikelets per square meter (45,200 in 2011), high N
fertilizer application increased the lodging score, and decreased the percentage of
ripened grains causing the lower grain yield especially in Momiroman.
The grain yield of Takanari and Hokuriku 193 exceeded by 560 g m-2, significantly
higher than the other rice cultivars without N fertilization in 2012. Grain yield at 0N
level in Takanari and Hokuriku 193 was also higher due to the higher number of
spikelets m-2 than the other rice cultivars.
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Table 7. Grain yield and yield components of rice cultivars under different N levels in
2011.
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Table 8. Grain yield and yield components of rice cultivars under different N levels in
2012.
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3.3.3. Nitrogen accumulation
N application levels significantly affected the uptake and accumulation of nitrogen
in each rice cultivar (Fig. 11). In 2N level, rice plants could take up and accumulate a
larger amount of N than 0N and 1N levels in both years. The amount of accumulated N
increased from PI and was the largest at the harvesting. In 2011, Takanari consistently
accumulated the largest amount of N (23.6 g m-2) in 2N, while Koshihikari showed the
smallest value (17.0 g m-2). Hinohikari accumulated the largest amount of N (25.7 g m-2),
followed by Akimasari (24.8 g m-2) in 2012.
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3.3. 4. Nitrogen use efficiency and some relative parameters
N use efficiency and some relative parameters with different N fertilization levels
were presented in Table 9 and Table 10. Nitrogen fertilization and cultivars affected
significantly to BEN, REN, YEN and PFPN. Interaction between N levels and cultivars
were significant for all indices except for REN.
Harvest index (HI) of rice cultivars decreased with the increasing of N levels. HI in
Takanari was significantly higher than the other rice cultivars in all N levels in both
years except for 2N level in 2012. Higher HI contributed to higher grain yield in
Takanari than the other rice cultivars.
N use efficiency for biomass (BEN) tended to be lower with increasing in N levels. In
2011, BEN were significantly higher in Momiroman at 1N, Nipponbare and Koshihikari
at 2N level, respectively. However, in 2012, BEN was higher in Hokuriku 193 than the
other cultivars.
Recovery efficiency of N (REN) reflected the capability of N accumulation in rice
cultivars. REN ranged from 45.0 – 101.8% and 27.4 – 98.2% in 2011 and 2012,
respectively. REN in rice cultivars were significantly different in both years except 1N
level in 2011.
N use efficiency for grain yield (YEN) decreased with higher application of the N
fertilizer and tended to be higher in 1N than 2N levels in both years. YEN of Takanari
and Hokuriku 193 at 0N (51.5 and 57.0 g g-1) and 1N (43.0 and 45.4 g g-1) were
significantly higher than the other cultivars in 2012. These two cultivars showed the
higher grain yield than the others.
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Partial factor productivity for applied nitrogen (PFPN) was defined as the ratio of grain
yield with nitrogen application, which reflected the marginal effect of nitrogen absorbed
by rice plant from N fertilizer. PFPN was significantly higher in Takanari and Hokuriku
193 in both N levels and years than the other rice cultivars.
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Table 9. Nitrogen use efficiency and some relative parameters at different N levels in rice
cultivars in 2011.
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Table 10. Nitrogen use efficiency and some relative parameters at different N levels in
rice cultivars in 2012.
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3.4. Discussion
Nitrogen is one of the most yield-limiting nutrients in lowland rice production and its
uptake is affected by the varietal characteristics, kind of fertilizers, soils, weather
conditions and cultivars (Ye et al., 2007). However, understanding the relation among
LAI, dry matter production, nitrogen accumulation, grain yield and nitrogen use
efficiency in some high-yielding rice cultivars is still limited. In this study, the dry matter
production, nitrogen accumulation, nitrogen use efficiency among high-yielding rice
cultivars under different N levels were compared with the results that indicated that the
dry matter production in rice cultivars increased significantly associating with higher N
levels in both years. However, increasing the amount of N application from 8 g m-2 to 16 g
m-2 did not mean increasing too much the dry matter in rice cultivars (Fig. 7).
Akimasari consistently produced a larger dry matter production among rice cultivars,
while Koshihikari showed a smaller value in dry matter production (Fig. 7), which
corresponded to the late and early maturing cultivars in Okayama prefecture,
respectively. The differences in dry matter production might result in not only
dependence on nitrogen fertilizer but also growth duration. However, Takanari,
Akimasari and Hokuriku 193 had lager dry matter production at the harvesting time. It
implied that the differences among rice cultivars were caused by the increasing of dry
matter production from HD to HV (Fig. 8).
Accumulated N in rice cultivars was remarkably affected by N levels (Fig. 11). It
increased with the increasing in N levels, and was the highest in 2N, followed by 1N and
0N levels. Tananari and Hinohikari accumulated the largest amount of N. While,
Koshihikari and Nipponbare accumulated the smallest amount of N compare with the
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other rice cultivars. Rice plants uptake and accumulate larger amount of nitrogen at 2N.
However, increasing the amount of accumulated N from 1N to 2N level did not increase
the grain yield (Table 7, 8). Moreover, the grain yield of Takanari, Momiroman,
Hinohikari and Hokuriku 193 tended to decrease.
Rice grain yield is the product of different yield components, such as panicle m-2,
number of spikelets per panicle, thousand grain weight and ripened percentage (Yoshida,
1981; Fageria and Barbosa Filho, 2001; Koutroubas and Ntanos, 2003). Panicle number
m-2 is the most important factor determining grain yields (Fageria and Barbosa Filho,
2001; Koutroubas and Ntanos, 2003; Artacho et al., 2009). In this study, panicle numbers
significantly increased with higher N fertilization (Table 7, 8). Koshihikari, Nipponbare,
Hinohikari had higher number of panicles than the others, while Takanari, Momiroman,
Hokuriku 193 and Mizuhochikara had higher number of spikelets per panicle. The
number of spikelets m-2 and sink capacity was larger in Takanari, Momiroman and
Hokuriku 193 due to the greater number of spikelets per panicle. Differences in the
number of panicles might be caused by the cultivars and N levels, especially N has the
larger effects at the tillering stage (Zhong et al., 2003).
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The differences in rice grain yields were affected by percentage of ripened grain. On
one hand, the percentage of ripened grain decreased with more N application in rice
cultivars. Especially in Momiroman, the higher the N application, the lower the grain
yield is (Fig. 12). Although Momiroman showed the high sink capacity (974 g m-2 in 2011),
lower percentage of ripened grain caused to decrease grain yield. Mukoyama et al.,
(2014) also observed the lower ripening ability in Momiroman which was necessary to
clarify the lower ripening characters in Momiroman.
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On the other hand, improving rice yield was attributed to increasing of harvest index
rather than the total dry matter production (Ju et al., 2009). Total dry matter production
is determined by total nitrogen uptake and nitrogen use efficiency for dry matter
production (Akita, 1989; Amano et al., 1993). Besides, (Peng et al., 2000) reported that
the increasing in rice grain yield should be based on the increasing in dry matter
accumulation. In this study, dry matter production had a positive relation with
accumulated N at harvesting significantly (Fig. 13). Larger amount of accumulated N
contributed to a higher dry matter production, and Hokuriku 193 showed a higher dry
matter production at the same levels of accumulated N with higher BEN. The higher BEN
thought to be the higher partitioning of N to the leaves at the same levels of accumulated
N. Further studies are necessarily conducted to clarify the factor affecting the higher
BEN in Hokuriku 193.
Besides, dry matter production of rice cultivars increased with higher N application
(Fig. 7) as well as had a close relationship with N levels (Fig 13). It is means that rice
cultivars which had higher dry matter production at heading might have a potential for
higher grain yield. Furthermore, some rice cultivars had both higher dry matter
productions at harvesting and high harvest index (Fig. 7; Table 9, 10), especially in
Takanari and Hokuriku 193. These two rice cultivars had higher harvest index (47.8%
and 41.2% at 1N level, respectively) than the others, although some cultivars were
significantly higher in total dry matter production than these two cultivars. It can be
concluded that the increasing in dry matter production at harvest combining with high
HI in an important factor in order to improve rice grain yields.
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Wada (1969) found out that the close linear relationship between accumulated N and
spikelets number m-2 until late PI. The higher number of spikelets m-2 is an important
factor that affects sink size. This means that sink size was determined by the N
accumulated until PI. On the other hand, sink capacity which is divided by the
accumulated N until PI, defined as sink formation capacity, indicates the efficiency of
sink formation. Sink formation capacity in Takanari and Hokuriku 193 is almost higher
than the other rice cultivars without N fertilization (Fig. 114). Higher sink formation
capacity contributed to higher grain yield in Takanari and Hokuriku 193 than the other
rice cultivars.
Dry matter production and N uptake were increased with the increasing of N
application, in the order of 2N > 1N > 0N. However, the highest grain yield was attained
at 1N levels. N use efficiency and some relative parameters showed a decreasing
response to N levels in both years (Table 9, 10). YEN decreased with N application and it
was higher in 1N than 2N levels, because the increase in accumulated N was higher than
the increasing in grain yield. Higher YEN observed in Takanari and Hokuriku 193 in
2011 and 2012, respectively, which could be attribute to the higher HI. The same result
was reported by Samonte et al., (2006).
In conclusion, dry matter production, grain yield, nitrogen accumulation increased
corresponding with a higher N application. However, with the highest application of N
level, dry matter production did not mean increasing too much and grain yield of rice
cultivars tended to decrease because of lower the percentage of ripened grains. Grain
yield of Takanari, Hokuriku 193, Akimasari and Hinohikari were the highest at 1N
levels because of higher dry matter production, HI and YEN. High HI and YEN, therefore,
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considered to be important factors to evaluate high yielding cultivars.
Summary
We evaluated the cultivar differences in dry matter production, yield and yield
components, nitrogen accumulation and use efficiency in selected high yielding rice
cultivars. Experiments were conducted in the experimental field of Field Science Center,
Okayama University during two years 2011 and 2012. Six rice cultivars was used in 2011
and more two cultivars in 2012, respectively. All cultivars were grown at three levels of
nitrogen fertilization (0N: 0 gN m-2; 1N: 8 gN m-2; 2N: 16 gN m-2). Dry matter production
became larger in all cultivars with higher nitrogen application during two years. Dry
matter production at harvest was highest in Takanari and Hokuriku 193. Takanari
consistently accumulated the largest amount of N in 2N. The grain yield of Takanari was
highest during 2 years (750 g m-2 and 731 g m-2 at 1N in 2011 and 2012, respectively)
followed by Hokuriku 193 (669 g m-2 at 1N in 2012). Nitrogen use efficiency (YEN)
decreased with the raising of N levels and it was higher in Hokuriku 193 and Takanari.
Both cultivars showed the highest yield among 0N plots (589 and 562 g m-2) due to the
highest YEN and sink formation capacity (sink capacity / accumulated N at panicle
initiation). This study clearly suggests that the higher yield is determined by the larger
sink capacity, higher dry matter production and YEN due to the lager sink formation
capacity at the panicle initiation.
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Chapter 4
Genotypic variation in dry matter production, grain yield and
nitrogen use efficiency in selected rice cultivars under field conditions

4.1. Introduction
In rice production, nitrogen (N) fertilizer plays an important role in increasing dry
matter production and grain yield (Nakano and Morita, 2009; Taylaran et al., 2009).
Cultivars with higher rates of nitrogen accumulation and higher nitrogen use efficiency
are vital to limit both production costs and environmental pollution while, at the same
time, maximizing grain yield. Recently, modern agricultural production require a larger
amount of N fertilizer, it is easy for rice plant uptake and develop the plant height and
tiller numbers. A taller rice plant is more susceptible to lodging and responds less well to
nitrogen (Yoshida, 1978). As the use of nitrogen fertilizer increases, breeding efforts
focused on developing shorter-culmed and higher lodging resistant in rice is necessary.
However, older rice cultivars which were widely grown in Japan might be have the
potential adapt with lower levels of nitrogen fertilizer (Osada, 1995).
Nitrogen use efficiency for grain yield (YEN) has been defined in various ways, but
these definitions generally take into account quantity of N accumulated in the plant,
known as uptake efficiency and quantity of N utilized in grain production known as
utilization efficiency. In chapter 2, the result showed that YEN decreased with increasing
N doses and it was different among fertilizer methods. Without N fertilizer application,
YEN of Takanari and Nipponbare also showed the highest values compared with the
other fertilization methods. The same result was observed in chapter 3, YEN decreased
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with increase N levels. Besides, the grain yields of Takanari and Hokuriku 193 also
higher than other cultivars and some japonica types at 0N level. These cultivars may
adapt with low levels of nitrogen fertilizer. Moreover, there is a little understanding
about rice cultivars grown without N fertilizer, especially cultivars originated from
tropical area. Therefore, this study has been carried out to evaluate the varietal
differences in dry matter production, grain yield and N accumulation of rice cultivars in
field conditions without N fertilizer application.
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4.2. Materials and methods
4.2.1. Plant materials
In the experiment, we used rice cultivars from NIAS Gene

bank (25 accessions from

NIAS World Global Rice Core Collection (WRC), 15 accessions from NIAS Rice Core
Collection of Japanese Landraces (JRC). In addition, we included 9 high yielding (HY)
cultivars, namely: Koshihikari, Nipponbare, Hokuriku 193, Takanari, Momiroman,
Hinohikari, Mizuhochikara, Akimasari and SL 519, which were widely grown in Japan.
Lists of rice cultivars, sites of origin and heading dates are presented in Table 11.
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able 11. Ricce cultivars used in exp
periment.
Ta
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4.2.2. Cultivation
All WRC, JRC and HY cultivars were grown in the experimental field of Field Science
Center, Okayama University in 2013. The field experiment was carried with no
replication and the plot area for each cultivar was approximately 4.5 m2 (50 x 90 cm).
Seeds of rice cultivars were sown on 14 May and transplanted to the field on 12 June. All
rice cultivars were transplanted manually at a density of 22.2 hill m-2 (30 x 15 cm) with
2 plants per hill. Calcium superphosphate (P2O5) and potassium chloride (K2O) were
incorporated into the soil at a rate of 8 g before transplanting.
4.2.3. Dry matter production, accumulated nitrogen and nitrogen use efficiency.
In each cultivar, eight hills were sampled at the harvesting time, and four hills with
an average number of stems were selected to measure dry weight of whole plant. Plant
samples were separated into leaves, stems and dead leaves. After separation, all plant
samples were dried in a ventilated oven 800C until constant weight.
At the harvesting time, eight hills for each cultivar were harvested for the
determination of grain yield and yield components. The plant samples were dried in a
vinyl house and the total above dry weight was recorded. After counting the number of
panicles, threshing and husking, the grains yield and yield components of brown rice
were identified. Fully ripened grains were selected by sieving through 1.8 mm and 1.6
mm mesh. Thousand grain weights and grain yield were measured by using brown rice
with 14.5% moisture.
The two of four hills, which were selected for the measurements of dry weight, were
used for determination of accumulated nitrogen in a whole plant. All plant parts were
ground into powder by vibrating mill machine (Heiko, Co. Ltd) and nitrogen
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concentration of the plant is determined by CN-Corder (MT-700, Yanaco Industry). Total
accumulated nitrogen was calculated by multiplying the above-ground dry weight by
nitrogen concentration.
Nitrogen use efficiency and some indices were calculated by the following formulas;
Harvest Index (HI) (%) = Grain yield x 0.865 / dry matter production x 100%.
N use efficiency for biomass (BYN) = BY /AN.
Nitrogen use efficiency for grain yield (YEN) = GY / AN.
Where BY; Biomass yield (g m-2), GY; Grain yield (g m-2), AN; Accumulated N (g m-2).
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Fig. 15. Total dry matter produ
uction in WR
RC (a), JRC
C and HY (bb) rice cultiv
vars at
harvestin
ng time.
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Table 12 and Fig. 15 showed the differences in dry matter production of rice cultivars
and accessions cultivated without N fertilizer.
The stem dry weight was varied among rice cultivars and tended to be higher in WRC
cultivars than JRC and HY cultivars. The stem dry matter production was ranged from
33 to 892, 176 to 452 and 246 to 640 in WRC, JRC and HY cultivars, respectively. The
stem dry weight was higher in WRC than JRC and HY cultivars. W 53 (Tima) and W 16
(Vary Futsi) showed the highest values of stem dry weight.
Panicle dry weight is considered to be nearly equal to grain yield. HY cultivars
produced the highest panicles dry weight than WRC and JRC cultivars. Mizuhochikara
showed the heaviest panicle dry weight (893 g m-2), followed by Hokuriku 193 (760 g m-2).
The panicle dry weight of WRC was ranging from 275 to 552 g m-2 in W 55 (Tupa 729) and
W 2 (Kasalath), respectively. And also in JRC, the panicle dry weight was 184 to 561 g
m-2 in J 46 (Fukoku) and J41 (Akamai), respectively.
In WRC cultivars, 17 cultivars showed the total dry matter production more than
1000 g m-2. W 53 (Tima), produced the highest dry matter production (1601 g m-2) among
the WRC cultivars, followed by W 16 (Vary Futsi – 1573 g m-2), W 30 (Anjana Dhan –
1305 g m-2), W 5 (Naba - 1276 g m-2) and W3 (Bei Khe - 1273 g m-2). W51 (Urasan 1 – 796
g m-2) and W 14 (IR 58 – 850 g m-2) showed the smallest dry matter production.
In JRC cultivars, J 41 (Akamai), J 10 (Hirayama) and J 23 (Ishijiro) had higher dry
matter production. The total dry matter productions of these cultivars were 1175, 1079
and 1004 g m-2. J 46 (Fukoku), J 20 (Hosogara) and J 17 (Akage) showed the smallest
values among the JRC cultivars.
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4.3.2. Yieeld and yielld componeents
Ta
able 13. Yieeld and yield
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Fig. 162. Grrain yields iin WRC (a), JRC and HY (b) rice c ultivars.
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Yield and yield components in rice cultivars are listed in Table 13 and Fig. 16. In this
experiment, WRC cultivars had higher number of panicles than JRC and HY cultivars.
The number of panicles varied from 159 to 444 m-2. W 36 (Ratul) had the highest number
(444 m-2) than the other rice cultivars, while W 49 (Padi Perack), W 32 (Tupa 121 - 3), J
20 (Hosogara), J 41 (Akamai), Momiroman and Takanari had the lower number of
panicles m-2, in the order of 150, 155, 130, 150, 155 and 214 panicle m-2, respectively.
The number of spikelets per panicle were different among rice cultivars and was
lower in WRC and JRC, especially in J 46 (Fukoku, 42), J 17 (Akage, 43), J 24 (Joushuu,
45), W 6 (Puluik Arang, 56), W 55 (Tupa 419, 63) and W 20 (Takukan, 64). HY cultivars
had the higher number of spikelets than other rice cultivars such as Momiroman,
Takanari, Hokuriku and Mizuhochikara. Such cultivars as J 36 (Sekiyama), J 45
(Hiyadachitou), J 20 (Hosogara), J 10 (Hirayama), W 52 (Khau Tam Chiem), W 51
(Urasan) and W 21 (Shwe Nang Gyi) also showed the higher spikelets numbers than the
other cultivars.
The number of panicles m-2 combined with the number of spikelets per panicle could
increase the total number of spikelets m-2. Hokuriku 193, Mizuhochikara, Akimasari,
Takanari, J 36 (Sekiyama), W 52 (Khau Tan Chiem), W 30 (Anjana Dhan) and W 2
(Kasalath) also showed the higher number of spikelets m-2 than other cultivars.
Grain yield (g m-2) was higher in Hokuriku 193 (478), W 10 (Shuusoushuu, 447),
Takanari (444), Mizuhochikara (400) than the other rice cultivars. These cultivars had
higher number of spikelets per panicle, total num ber of spikekelts m-2 combined with
higher percentage of ripened grains, therefore the higher grain yield. Some cultivars had
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a larger sink capacity but the lower percentage of ripened grain, caused to the grain yield
decrease.
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4.3.3. Nitrogen accum
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Accumulated N in rice cultivars are presented in Table 14 and Fig. 17. The amount of
accumulated N in the HY and JRC cultivars tended to be larger than WRC cultivars. The
amount of accumulated N were ranged between 8.4 – 13.3, 5.0 – 16.6 and 6.1 – 16.2 g m-2
in WRC, JRC and HYV cultivars, respectively. Mizuhochikara accumulated the largest
amount of N (g m-2) among rice cultivars (16.6), followed by Takanari (16.3), J 41
(Akamai, 16.2), Akimasari (13.8), W 53 (Tima, 13.3), J 37 (Shinyamadaho 2, 13.7).
Momiroman, W 51 (Urasan 1), W 14 (IR 58), J 17 (Akage) and J 20 (Hosogara)
accumulated the smallest amount of N than the other cultivars. The amount of
accumulated N reflected the uptake ability of rice cultivars in the field conditions.
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Harvest index (HI), Nitrogen use efficiency for biomass (BEN) and Nitrogen use
efficiency for grain yield (YEN) are listed in Table 15.
HI was varied among the rice cultivars. In WRC cultivars, HI was ranged from 20.8
to 50%. W 14 (IR58) showed the highest HI than the other JRC cultivars, followed by W
18 (Qingyu, 40.2%), W 10 (Shuusoushu, 46.2%) and W 1 (Nipponbare, 39.8%). J 36
(Sekiyama) showed the highest HI (51.5%) among JRC cultivars, and the lowest HI was
observed in J 41 (Akamai, 16.1%). Next to J 36 (Sekiyama), HI of J 45 (Hiyadachitou,
42.7%) and J 30 (Moritawase, 43%) were higher than the other cultivars in the group.
In HY cultivars, HI was ranged from 32.2 to 46.7% and Takanari and Mizuhochikara
had higher HI than the other cultivars.
BEN was varied among rice cultivars and it tended to be higher in HY cultivars than
WRC and JRC cultivars. Hokuriku 193 showed the highest BEN (151.6) than the other
cultivars, followed by SL 519 (130.8) and Momiroman (130.8). In WRC and JRC cultivars,
BEN in W 16 (Vary Futsi) and J 5 (Kaneko) were 127.5 and 101.5, respectively, and it was
higher than the other cultivars.
YEN was different among rice cultivars. YEN was ranged 13.6 – 42.1, 7.3 – 34.3 and
24.1 – 52.1 in WRC, JRC and HY cultivars, respectively. Momiroman showed the highest
in YEN than other rice cultivars, followed by Hokuriku 193 (50.1), W 18 (Qingyu, 42.1), W
14 (IR 58, 40.0), SL 519 (38.2) and J 26 (Aikoku, 34.3).
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4.4. Discussion
Recently, rice grain yield has increased markedly in order to coping with
overpopulation and satisfy the food human’s demand. Improvements of cultivation
techniques such as fertilizer application, using high yielding rice cultivars, plays an
important role in enhancing rice yield. More fertilizer used in rice cultivation coping with
any negative problems, such as soils and water contaminations. Ishihara (1997) reported
that some cultivars were grown in the previous time have some character might be adapt
with lower levels of N fertilizer and accumulate larger amount of N. And in chapter 3
showed that, some high yielding cultivars could attain higher grain yield without N
fertilizer. However, understandings about dry matter production, N accumulation, yield
and nitrogen use efficiency for grain of varietal genotypes with no N fertilizer application
is still limited. In the present study, we evaluated the dry matter production, grain yield,
accumulated N and Nitrogen use efficiency for grain yield among WRC, JRC and HY
cultivars without N fertilizer application.
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Close relation was found between accumulated N and dry matter production of all
cultivars used (Fig. 18). The larger the accumulated N, the larger the dry matter
production. JRC cultivars tended to produce smaller dry matter than WRC and HHY
cultivars. Takanari, J 41 (Akamai) and w 53 (Tima) consistently accumulated the largest
amount of N and produce higher dry matter than other rice cultivars (Fig. 15, 17). Table
12 and Fig. 18 also showed the correlation between amount of accumulated N and the dry
matter production. The result notice that, some rice cultivars in WRC, JRC and HYV
accumulated the larger amount of N and produced heavier dry matter production during
ripening period.
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Fig. 19 showed the relationship between grain yield and accumulated N at harvesting
in rice cultivars. HY cultivars tended to be showed a higher grain yield than WRC and
JRC cultivars. JRC cultivars could uptake more N to produce higher dry matter
production, however, the higher the accumulated N, the higher the grain yields was not
obtained. This was due to the lower HI in JRC cultivars (Table 15). Hokuriku 193,
Takanari, Mizuhochikara, W 2 (Kasalath) and W 10 (Shuusoushu) showed higher grain
yield and larger amount of accumulate N than the other rice cultivars.
On the other hand, improvement of rice cultivars was attributed to increase in harvest
index (HI) rather than total dry matter production (Ju et at., 2009). In this study, HI of
rice cultivars was varied among rice cultivars (Table 15). Rice cultivars having higher HI
can attain the higher grain yield. W 10 (Shuusousuu), W 2 (Kasalath), Takanari and
Mizuhochikara achieved both higher HI and grain yield than the other rice cultivars.
Some cultivars in WRC and JRC showed higher grain yield with lower HI which was
attributed to another factors such as dry matter production or yield components.
The field experiment was conducted using many cultivars without N fertilizer
application, nitrogen used efficiency for grain yield (YEN) was calculated (Table 15). YEN
was higher in HY cultivars than WRC and JRC cultivars. In WRC, W2 (Kasalath) and W
14 (IR 58) showed higher YEN than the other rice cultivars.
In conclusion, without N fertilizer application, the higher dry matter production,
grain yield and HI in HY cultivars and such cultivars as W 2 (Kasalath), W 10
(Shuusoushu), W 30 (Anjana Dhan), J10 (Hirayama), J 23 (Ishijiro) J 36 (Sekiyama), W
18 (Qingyu) and J 26 (Aikoku). These cultivars could accumulate the larger amount of
nitrogen probably from the soil than the other rice cultivars. These cultivars can adapted
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with low levels of N fertilizer. Further study was needed to understand the mechanism
responsible for the efficient accumulation of N with and without N fertilizer.
Summary
The nitrogen use efficiency for grain (YEN) tended to decrease with the increasing N
doses in chapter 2, 3. Besides, the grain yields of Takanari and Hokuriku 193 were also
higher than other rice cultivars in 0N level. Therefore, in chapter 4, we investigated the
cultivars differences in dry matter production, grain yield and nitrogen use efficiency in
some selected rice cultivars.
The results showed that Mizuhochikara consistently produced the largest dry matter
production to compare with WRC and JRC cultivars. Dry matter tended to be higher in
WRC than JRC cultivars. Accumulated N were ranged from 8.4 – 13.3, 8.1 – 16.2 and 5.0
– 16.6 g m-2 in WRC, JRC and HY cultivars, respectively. YEN was ranged from 13.6 –
42.1; 7.3 – 34.3 and 24.1 – 52.1 in WRC, JRC and HY cultivars, respectively. Momiroman
showed the highest in YEN among rice cultivars, followed by Hokuriku 193, W 16
(Qingyu), W 14 (IR 58), SL 519 and J 26 (Aikoku). Grain yield of HY cultivars and W 2
(Kasalath), W 10 (Shuusoushu), W 30 (Anjana Dhan), J10 (Hirayama), J 23 (Ishijiro) J
36 (Sekiyama), W 18 (Qingyu) and J 26 (Aikoku) tended to be higher because of higher
dry matter production and harvest index. These cultivars could not only accumulate a
larger amount of nitrogen from the soil than others but also are well-adapted to low
levels of N fertilizer.
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Chapter 5
General discussion

This study intended to investigate the effects of different types of fertilizers and
methods on dry matter production, yield and nitrogen use efficiency of rice cultivars.
Besides, the cultivar differences in nitrogen use efficiency at different levels of nitrogen
fertilizer also were conducted in the experimental farm at the Field Science Center,
Okayama University during 2 years 2011 and 2012.
First, the differences in dry matter production, grain yield, nitrogen accumulation
and nitrogen use efficiency were characterized (Chapter 2). Then, the suitable fertilizer
types and methods for rice cultivars were recommended to clarify nitrogen use efficiency
of rice cultivars under different levels of nitrogen fertilizer (chapter 3). In chapter 3,
grain yield of Takanari and Hokuriku 193 tended to be higher in 0N level than 2N level,
and even higher than other japonica rice cultivars cultivated with conventional methods.
Moreover, nitrogen use efficiency decreased with the increasing of N levels and it even
was higher in 0N than 1N and 2N levels. In chapter 4, an experiment was conducted to
evaluate genotypic differences in dry matter production, grain yield and nitrogen use
efficiency in selected rice cultivars without N fertilizer.
The results of the experiment presented in the preceding chapter have been discussed
and elucidated in this chapter. For more illustration factors and possible reasons of
variation obtained due to treatment differences have been discussed in this chapter
according to the objectives of the present investigation.
In term of improving rice yield to deal with the problem of overpopulation in the near
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future, researchers have focused on rice breeding programs and cultivation methods. The
breeding programs also released new varieties which had a potential to higher grain
yields than standard japonica varieties (San-oh et al., 2004; Mae et al., 2006).
The amount of absorbed N during panicle initiation makes the most effective
contribution to spikelet production as well as grain filling. A larger amount absorbed N
increases specific leaf weight and N content in leaves, which leads to increasing
photosynthesis and promotion of carbohydrate accumulation in culms, leaves and
transfer to grain after heading (Mae, 1997). Therefore, heavy nitrogen fertilization
during panicle development, has been popular to improve population dynamics, make
fertilizer use more efficient and raise grain yield (Jiang et al., 2004). However, increasing
fertilizer N efficiency will be a major challenge for rice researchers and farmers. Greater
fertilizer N efficiency may be achieved through improved timing and application methods
and particularly through better incorporation of basal fertilizer N. Other promising
alternative practices are use of N-efficient rice varieties, hand or machine deep
placement of urea super granules, and use of slow-release N fertilizers
In chapter 2, nitrogen fertilizer was supplied at the 45 and 30 days before heading
(DBH) in conventional and deep fertilizer methods as topdressing in order to provide
nutrient for rice uptake to the contribution to dry matter and spikelets production. The
dry matter production increased with fertilizer methods and was at the highest in
Takanari with deep fertilizer method which was likely to be effective to obtain high dry
matter production and improve the efficiency of nitrogen use. Roger et al., (1980), De
Datta, (1986) and (Okumura et al., (1982) also reported the same results with this study.
However, slow-release fertilizer application can be an advantage in rice production since
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plant can absorb nitrogen efficiently, leading to high dry matter production and grain
yield (Ohnishi et al., 1999; Taylaran et al., 2009). In chapter 2, the method using
slow-release fertilizer produced higher dry matter production than conventional methods
which shows that slow-release fertilizer method can get higher dry matter production,
and has the potential to higher grain yield.
Wu (2008) showed that, the rising LAI enhanced the CGR. The results indicate that
the high yield of rice mostly comes from the products of photosynthesis after heading,
which shown by the increased CGR at middle and later stages. Taylaran et al., (2009)
also reported that CGR after heading of Takanari was larger than the other cultivars.
This matter explained the greatest in dry matter production and grain yield. In this
study, differences in timing and application methods also affected to CGR and mean LAI.
CGR and mean LAI showed the maximum at the heading stage with deep fertilizer
method ad high fertilizer method. After heading, the CGR were also higher in deep
fertilizer application and fertilizer methods using slow-release fertilizer (Fig. 3). It is
suggested that CGR might be used to explain the higher grain yield at harvest.
The importance of sink size in enhancing grain yield has been recognized by many
researchers (Amano et al., 1993; Kropff et al., 1994). Rice yield can improve by increase
sink size. Yoshida and Parap, (1976) reported that sink size accounted for 81% of the
seasonal variations in rice yield. Grain yield is the product of different yield components,
such as number of panicles m-2, number of spikelets panicle, and thousand grain weight.
Okumura, Wada and Wang also reported that deep fertilizer increased the number of
spikelets m-2 and grain yield raised 10 to 13% compared with conventional method. In
chapter 2, N fertilizer doses and methods increased number of spikelets m-2, resulting in
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a higher sink capacity. Deep fertilizer method also showed higher grain yield in both
cultivars. Takanari consistently produced the highest number of spikelets m-2 (45,000)
while, high fertilizer method (using slow-release fertilizer) produced the highest number
of spikelets (32,600) compared with other fertilizer methods in Nipponbare. Sink
capacity had a significant relationship with grain yield (Fig. 6a). High sink capacity
contributed to higher grain yield in rice cultivars. Deep fertilizer method had larger sink
capacity than the other fertilizer methods. However, the more nitrogen accumulate, the
higher sink capacity produced (Fig. 6b). Accumulated N was affected by nitrogen
fertilizer application and cultivation method (Lin et al., 2009; Fukushima et al., 2011a).
In chapter 2, Nitrogen accumulation increased with nitrogen fertilizer doses and it were
highest with deep fertilizer method in both cultivars. Therefore, higher rice grain yield
could be explained by larger amount of accumulated N.
YEN decreased more among the other fertilizer application methods than in the
control (0N). YEN tended to be higher in Takanari than in Nipponbare. These results are
similar with the other studies reported for japonica cultivars (Peng et al., 2006; Artacho
et al., 2009).
Yoshida (1983) reported that LAI of a rice crop increases as growth advances and
reaches maximum at around heading, when the rice plant has its five largest leaves.
After heading, LAI declines as the lower leaves die. In chapter 3, LAI increased with
more N fertilizer application and it was in the order of 2N > 1N > 0N. The maximum LAI
values were 10.2 m2 m-2 in Takanari, consistently largest in rice cultivars and N levels.
High LAI contributed to higher CGR, leads to higher dry matter production in rice
cultivars. Besides, the dry matter production in rice cultivars increased significantly
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associating with higher N levels in both years. However, increasing the amount of N
application from 8 g m-2 to 16 g m-2 did not mean that increasing too much the dry matter
in rice cultivars. Akimasari consistently produced a larger dry matter production among
rice cultivars, while Koshihikari showed a smaller value in dry matter production (Fig. 7),
which corresponded to the late and early maturing cultivars in Okayama prefecture,
respectively. Yoshida, (1983) and Ying et al., (1998) also concluded biomass production
can be increased by increasing growth duration or crop growth rate or both. These results
were the same in this study. The differences in dry matter production might result in not
only dependence on N fertilizer but also growth duration. However, Takanari, Akimasari
and Hokuriku 193 had lager dry matter production at the harvesting time. It implied
that the differences among rice cultivars were caused by the increasing of dry matter
production from HD to HV (Fig. 8, 9).
Higher number of panicles m-2 and total number of spikelets m-2 also increased sink
capacity in rice (Kropff et al., 1994). With high nitrogen fertilizer, number stem m-2
increased significantly with N levels and it was in the order of 2N, 1N and 0N. Number of
stem is the most important components yield. Hinohikari, Koshihikari, Nipponbare and
Akimasari also produced higher number of stems, resulted in higher number of panicles
m-2. Besides, the number of spikelets per panicle of Takanari, Hokuriku 193,
Mizuhochikara and Momiroman was significantly higher than other cultivars, resulted
in significantly great number of spikelets m-2. Plants with higher sink capacity have a
potential for higher grain yield. However, grain yields of some rice cultivars decreased
with more N fertilizer application and the grain yield at 2N levels significantly lower to
compare with 0N and 1N levels. Moreover, the accumulated N increased and showed the
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largest at harvesting. In 2011, Takanari consistently accumulated the largest amount of
N (23.6 g m-2) in 2N, while Koshihikari showed the smallest value (17.0 g m-2).
Hinohikari accumulated the largest amount of N (25.7 g m-2), followed by Akimasari
(24.8 g m-2) in 2012. High accumulated N produced higher sink capacity and grain yield
(Chapter 2). However, in chapter 3, rice grain yield tended to be decrease gradually,
especially in Momiroman. These results indicate that increased sink capacity is not
sufficient to increase rice yield. Otherwise, lodging also affected to grain yield. High N
levels increased plant height and caused to lodging occurs in some cultivars. Grain yields
in 1N level were higher than 2N and 0N levels during 2 years mainly due to the increase
in lodging score in 2N levels. Besides, in 2012, we found that grain yield of Takanari and
Hokuriku 193 exceeded 560 g m-2. The grain yield in Takanari and Hokuriku in 0N levels
was higher due to high sink formation capacity (Fig. 14). Wada (1969) also reported the
same result.
Ripened percentage also affected to grain yield. Plants with lower ripened percentage
had lower grain yield than other cultivars. During 2 year experiments, the grain yield of
Momiroman showed the lowest values among cultivars and N levels. Although
Momiroman showed the high sink capacity (974 g m-2 in 2011) but lower ripened
percentage caused the decreasing of grain yield (Table 7, 8 and Fig. 12). Mukoyama et al.
(2014) also observed the lower ripening ability in Momiroman which was necessary to
clarify the lower ripening characters in Momiroman.
Grain yield can be improved by increasing total dry matter production (Ju et al.,
2009). Total dry matter production is determined by total N uptake and N use efficiency
for dry matter production (Akita, 1989). Besides (Peng et al., 2000) reported that the
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increasing in rice grain yield should be based on the increasing in dry matter
accumulation. In this study, dry matter production had a positive relation with
accumulated N at harvesting significantly (Fig. 13). A larger amount of accumulated N
contributed to a higher dry matter production, and Hokuriku 193 showed a higher dry
matter production at the same levels of accumulated N with higher BEN. The higher BEN
was thought to be the higher partitioning of N to the leaves at the same levels of
accumulated N. Further studies are necessarily conducted to clarify the factor affecting
the higher BEN in Hokuriku 193.
YEN decreased with N application and it was higher in 1N than 2N levels, because the
increase in accumulated N was higher than the increasing in grain yield. YEN of
Takanari at 1N were 40.5 and 43.0 in 2011 and 2012, relative with highest HI. Hokuriku
193 also showed higher YEN (45.4) and HI (41.2) at 1N in 2012 (Table 9, 10). Higher YEN
observed in Takanari and Hokuriku 193 during 2 years which could be attribute to the
higher HI. The same result was reported by Samonte et al., (2006).
YEN tended to decrease with increasing in N doses in chapter 2 and 3. In addition,
the grain yields of Takanari and Hokuriku 193 also higher than other rice cultivars in 0N.
Therefore, in chapter 4, we investigated the genotypic differences in dry matter
production, grain yield and nitrogen use efficiency in several selected rice cultivars in
field conditions without N fertilizer application. In WRC cultivars, 17 cultivars showed
the total dry matter production of more than 1000 g m-2. W 53 (Tima), which produced
the highest dry matter production (1601 g m-2) among the WRC cultivars, followed by W
16 (Vary Futsi – 1573 g m-2), W 30 (Anjana Dhan – 1305 g m-2), W 5 (Naba - 1276 g m-2)
and W3 (Bei Khe - 1273 g m-2). Among JRC cultivars, J 41 (Akamai), J 10 (Hirayama)
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and J 23 (Ishijiro) had higher dry matter production with the total of 1175, 1079 and
1004 g m-2, respectively. J 46 (Fukoku), J 20 (Hosogara) and J 17 (Akage) showed the
smallest values among the JRC cultivars. Close relation was found between accumulated
N and dry matter production of all cultivars used (Fig. 18). The larger the accumulated N,
the larger the dry matter produced. The result notice that, some rice cultivars in WRC,
JRC and HYV accumulated the larger amount of N and produced heavier dry matter
production during ripening period.
Fig. 19 showed the relationship between grain yield and accumulated N at harvesting
in rice cultivars. HY cultivars tended to be showed a higher grain yield than WRC and
JRC cultivars. JRC cultivars could uptake more N to produce higher dry matter
production, however, the higher the accumulated N, the higher the grain yields was not
obtained. This was due to the lower HI in JRC cultivars (Table 15). Hokuriku 193,
Takanari, Mizuhochikara, W 2 (Kasalath) and W 10 (Shuusoushu) showed higher grain
yield and larger amount of accumulate N than the other rice cultivars. (Kyaw et al.,
2005) also reported the same result with this study.
Without N fertilizer application, the higher dry matter production, grain yield and HI
in HY cultivars and such cultivars as W 2 (Kasalath), W 10 (Shuusoushu), W 30 (Anjana
Dhan), J10 (Hirayama), J 23 (Ishijiro) J 36 (Sekiyama), W 18 (Qingyu) and J 26 (Aikoku).
These cultivars could accumulate the larger amount of nitrogen probably from the soil
than the other rice cultivars and adapt with low levels of N fertilizer. Further study was
needed to understand the mechanism responsible for the efficient accumulation of N with
and without N fertilizer.
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Appendix
List of symbols and abbreviation used in the thesis
Symbol/
Description

Unit

Abbreviation
0N

Treatments with total N fertilization of 0 g m-2

1N

Treatments with total N fertilization of 8 g m-2

2N

Treatments with total N fertilization of 16 g m-2

A1

Leaf area index at corresponding time t1

m-2 m-2

A2

Leaf area index at corresponding time t2

m-2 m-2

AN

Accumulated nitrogen

g m-2

AN0

Accumulated nitrogen without fertilizer

g m-2

APN

Applied nitrogen

g m-2

ANUE

Agronomic nitrogen use efficiency

g g-1

BEN

Nitrogen use efficiency for biomass

g g-1

BY

Biomass yield

g m-2

CGR

Crop growth rate

DAH

Day after heading

DAT

Day after transplanting

DBH

Day before heading

FAO

Food Agriculture Organization

GY

Grain yield

HD

Heading

g m-2 day-1

g m-2
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HI

Harvest index

%

HY

High yielding

HV

Harvesting

IRRI

International Rice Research Institute

JRC

Rice core collection of Japanese Landraces

LAI

Leaf area index

N

Nitrogen

NAR

Net assimilation rate

NUE

Nitrogen use efficiency

g g-1

PFPN

Partial factor productivity of applied nitrogen

g g-1

PI

Panicle initiation

REN

Recovery efficiency of applied nitrogen

W1

Dry weight at corresponding time t1

W2

Dry weight at corresponding time t2

WRC

World global rice core collection

YEN

Nitrogen use efficiency for grain

m-2 m-2

g m-2 day-1
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%

Abstract
Rice is one of the most important cereal crops, widely grown in many localities with
favorable climatic conditions throughout the world. Rice is the staple food of more than
half of population. Rice production accounts for 27% of total cereal production in the
world, and 90% of rice production takes place in Asian countries.
Nitrogen (N) is not only necessary for rice growth but also the most important
nutrient in lowland rice production all over the world. N plays an important role in
increasing dry matter production and grain yield. In order to improve rice yield to satisfy
the food demands, farmers use high-yielding cultivars and excessively apply N fertilizer.
However, heavy fertilizer application increases the cost of productions, decreases
nitrogen use efficiency and pollutes the environment. Therefore, it is imperative to
develop rice cultivation methods that would increase the absorption of nitrogen of rice
plants, while still maintaining high and reliable dry matter production and grain yield.
To clarify the relationship between dry matter production, grain yield and nitrogen
use efficiency, we conducted the field experiments at the Field Science Center, Okayama
University. 1) effects of different types of fertilizers and methods on dry matter
production, grain yield and nitrogen use efficiency of rice cultivars, 2) cultivar differences
in nitrogen use efficiency at different levels of nitrogen fertilizer, and 3) genotypic
differences in dry matter production, yield and nitrogen use efficiency in selected rice
cultivars without nitrogen fertilizer, were examined.
In chapter 2, we used 2 rice cultivars (Nipponbare and Takanari) and five fertilizer
methods, i.e. Control (0 gN m-2), Conventional method (10 gN m-2), Deep fertilizer method
(10 gN m-2), Standard fertilizer application method (8 gN m-2) and High fertilizer
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application method (16 gN m-2). In this study, standard and high fertilizer methods use
slow-release fertilizer. Dry matter production was increased more markedly with
nitrogen fertilizer application than that in control, and it was higher with deep fertilizer
application in Takanari and standard fertilizer application in Nipponbare, respectively.
With differing nitrogen application doses and timing of application, crop growth rate
(CGR) and mean leaf area index (mean LAI) tended to be increased and showed the
maximum at heading and flowering stages. Plants with higher CGR and mean LAI
during this stage might be resulted in higher grain yield at harvest. N accumulation
increased consistently from transplanting to harvesting time and it showed the highest
value with deep fertilizer method (24.0 g m-2) in Nipponbare. Higher N accumulation
contributed to larger sink capacity. Higher fertilizer application increased the number of
panicle and total spikelets m-2. The higher grain yield in Takanari resulted from the
larger sink capacity. The grain yield of rice cultivars tended to be higher with deep
fertilizer application due to the increase in sink capacity. Both deep fertilizer application
and slow-release fertilizer increased the recovery efficiency and partial factor
productivity of applied N. However, the uses of slow-release fertilizer is recommended in
terms of labor saving and lower cost.
In chapter 3, experiments were conducted during two years, 2011 and 2012. Six rice
cultivars (Koshihikari, Nipponbare, Takanari, Momiroman, Hinohikari and Akimasari)
were used in 2011 and two more cultivars (Hokuriku 193 and Mizuhochikara) in 2012,
respectively. All cultivars were grown at three levels of nitrogen fertilization (0N: 0 gN
m-2; 1N: 8 gN m-2; 2N: 16 gN m-2). Dry matter production became higher in all cultivars
with higher the nitrogen application during two years. Dry matter production at harvest
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was highest in Takanari and Hokuriku 193. Takanari consistently accumulated the
largest amount of N at 2N. The grain yield of Takanari was highest during the 2 years
(750 g m-2 and 731 g m-2 at 1N in 2011 and 2012, respectively) followed by Hokuriku 193
(669 g m-2 at 1N in 2012). Nitrogen use efficiency for grain (YEN) decreased with the
raising of N levels and it was higher in Hokuriku 193 and Takanari. Both cultivars
showed the highest yield among 0N plots (589 and 562 g m-2) due to the highest YEN and
sink formation capacity (sink capacity / accumulated N at panicle initiation).
YEN tended to decrease with increasing N doses in chapter 2 and 3. Besides, the grain
yields of Takanari and Hokuriku 193 also higher than other rice cultivars in 0N.
Therefore, in chapter 4, we investigated the genotypic differences in dry matter
production, grain yield and nitrogen use efficiency in some selected rice cultivars. In this
experiment, 49 rice cultivars (which were selected from NIAS Global Rice Core Collection,
Rice Core Collection of Japanese Landraces and recently developed high-yielding
cultivars) were grown in the field without N fertilizer. The results showed that
high-yielding (HY) cultivars and such cultivars as W 2 (Kasalath), W 10 (Shuusoushu),
W 30 (Anjana Dhan), J10 (Hirayama), J 23 (Ishijiro) J 36 (Sekiyama), W 18 (Qingyu) and
J 26 (Aikoku) produced the higher dry matter production, grain yield and harvest index
(HI) to compared with the other cultivars. These cultivars could accumulate a larger
amount of nitrogen probably from the soil than the other rice cultivars and adapt to low
levels of N fertilizer with high YEN.
The overall results demonstrate that deep fertilizer application is a good way for rice
cultivar to uptake more nitrogen fertilizer. However, using slow-release fertilizer might
be suitable for modern rice cultivation because of labor saving and lower cost. Dry matter
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production, grain yield, N accumulation increased corresponding to higher N application.
However, the highest application of N level did not mean that dry matter production was
increased considerably and grain yield of rice cultivars tended to decrease because of the
lower percentage of ripened grains. Gain yields of Takanari, Hokuriku 193, Akimasari
and Hinohikari were the highest at 1N levels because of higher dry matter production,
HI and YEN. High HI and YEN, therefore, are considered to be important factors to
evaluate the high-yielding ability of rice cultivars. Some rice cultivars could accumulate a
larger amount of N and produce higher grain yield. These cultivars can adapt with low
levels of N fertilizer. High-yielding cultivars showed the higher grain yield and YEN not
only under standard fertilization, but also under without N fertilization.
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