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Abstract Livestock wastewater disposal onto rice paddy
fields is a cost- and labor-effective way to treat wastewater
and cultivate rice crops. We evaluated the influence of nitro-
gen loading rates on nitrogen assimilation by rice plants and
on nitrogen losses (leaching and N2O emission) in forage rice
fields receiving liquid cattle waste (LCW). Four forage rice
fields were subjected to nitrogen loads of 107, 258, 522, and
786 kg N ha−1 (N100, N250, N500, and N750, respectively)
using basal fertilizer (chemical fertilizer) (50 kg N ha−1) and
three LCW topdressings (each 57–284 kg N ha−1). Nitrogen
assimilated by rice plants increased over time. However, after
the third topdressing, the nitrogen content of the biomass did
not increase in any treatment. Harvested aboveground bio-
mass contained 93, 60, 33, and 31 % of applied nitrogen in
N100, N250, N500, and N750, respectively. The NH4

+ con-
centration in the pore water at a depth of 20 cm was less than
1 mg N L−1 in N100, N250, and N500 throughout the culti-
vation period, while the NH4

+ concentration in N750

increased to 3 mg N L−1 after the third topdressing.
Cumulative N2O emissions ranged from −0.042 to
2.39 kg N ha−1; the highest value was observed in N750,
followed by N500. In N750, N2O emitted during the final
drainage accounted for 80 % of cumulative N2O emissions.
This study suggested that 100–258 kgN ha−1 is a recommend-
ed nitrogen loading rate for nitrogen recovery by rice plants
without negative environmental impacts such as groundwater
pollution and N2O emission.
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Introduction

The input of reactive nitrogen from human activities is in-
creasingly dominating the nitrogen budget at the global scale
(Galloway et al. 2004). Use of nitrogen fertilizer for food
production, including livestock farming, has been the biggest
input. These activities cause eutrophication, greenhouse gas
emissions, and NOx and NH3 emissions (Galloway et al.
2004). In livestock farming areas, the loss of nutrients and
farm effluents are of concern with regard to the water quality
of rivers and groundwater (Hooda et al. 2000; Mishima et al.
2009).

In recent years, the application of wastewater to rice fields
has gained attention as a means of land-based disposal of
polluted river water (Zhou and Hosomi 2008), liquid cattle
waste (LCW) (Zhou et al. 2009), anaerobic digested cattle
slurry (ADCS) (Lu et al. 2012), and rural wastewater (Li et al.
2009). The use of wastewater on rice fields can be a cost-
effective way of supplying nutrients for rice growth (Shen and
Wu 1998; Zhou and Hosomi 2008). However, the amount of
wastewater that can be applied to rice fields may be limited
because high nitrogen loading could result in rice plant
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lodging (Shimono et al. 2007), a phenomenon where the
lower part of the stem breaks due to the increasing internode
length of rice (Matsushima and Manaka 1961).

In Japan, a new variety of rice for whole-crop silage (forage
rice) has been developed (Kato 2008). It is a feed crop featur-
ing high biomass production and a high lodging resistance,
and forage rice could be cultivated at a higher nitrogen loading
than rice that is cultivated for food production (Zhou et al.
2009). A previous study confirmed the healthy growth of
forage rice at 600 kg N ha−1 (Zhou et al. 2009), which is
higher than the recommended rate of nitrogen fertilizer (50–
100 kg N ha−1) in Ibaraki prefecture, Japan (Ibaraki
Prefectural Agricultural Center 2010). Therefore, high
amounts of wastewater can be applied to forage rice fields.
This is advantageous because this method of fertilization
allows for the disposal of high amounts of wastewater onto
paddy fields over small areas, which will reduce the land use
requirements, costs, and labor for crop management.
However, water and air pollution by nitrogen leaching and
N2O emission from the excessive application of the wastewa-
ter should be taken into account to know application rate with
low environmental impact. Nitrogen assimilation by the rice
plant plays a central role as a nitrogen sink in the rice crop
ecosystem. Therefore, it is important to understand these
nitrogen dynamics as a result of plant nitrogen assimilation
at different nitrogen loading rate.

Although much research has been conducted to evaluate
nitrogen leaching in paddy fields treatedwith chemical fertilizer
(Takamura et al. 1976; Tian et al. 2007; Wang et al. 2004),
nitrogen leaching in paddy fields treated with wastewater has
rarely been examined. Because livestock wastewater contains
high concentrations of NH4

+ and is irrigated onto the surface
water (Zhou et al. 2009), the heavy application of wastewater
causes nitrogen loss through nitrogen leaching and would
influence groundwater quality. Zhou et al. (2009) demonstrated
that, following the application of LCW at a rate of 83–
135 kg N ha−1 onto a forage rice field, the highest NH4

+

concentration in pore water at 20 cm depth was 11 mg N L−1.
However, contrasting results have been reported. Lu et al.
(2012) reported that ADCS application at a rate of 135–
540 kg N ha−1 onto rice paddy fields resulted in less than
2mgNL−1 of NH4

+ in pore water. Sasada et al. (2011) reported
that NO3

− concentrations in drainage water were consistently
low (0.5 mg N L−1) in a paddy field treated with anaerobically
digested cattle or pig slurries at a rate of 300 kg N ha−1. Thus,
the relationship between the nitrogen loading rate and nitrogen
concentration in leached water from rice fields fertilized with
livestock wastewater is not straightforward.

Nitrous oxide (N2O) is a strong greenhouse gas and an
ozone-depleting substance (Ravishankara et al. 2009).
According to the IPCC (2007a), agricultural activity is the
primary cause of the increase in N2O in the atmosphere. It has
been estimated that anthropogenic N2O emission is 6.7 Tg

N year−1, and 42 % of anthropogenic N2O emissions is attrib-
uted to agricultural activity (IPCC 2007b). It has been widely
known that the application of nitrogen fertilizer increases N2O
emissions from agricultural soil (Bouwman 1996; Kim et al.
2013). It has been reported that excessive nitrogen fertilization
suppresses the crop yield increment and leads to an exponential
increase in N2O emissions once the nitrogen requirement of the
crop has been satisfied (McSwiney and Robertson 2005;
Zebarth et al. 2008). McSwiney and Robertson (2005) reported
that N2O emissions from a maize field increased exponentially
with increasing maize yield. Liu et al. (2012) also reported
higher rates of increase in N2O emissions compared with crop
yields in response to nitrogen fertilization in a wheat and maize
cropping system at rates between 270 and 850 kg N ha−1 year−1.
Similar results have been reported for rice ecosystems. Ma et al.
(2007) reported that an increase in nitrogen fertilization from 0
to 270 kg N ha−1 resulted in ten times higher N2O emissions,
while grain yields increased only slightly. Zhou et al. (2011)
calculated the nitrogen balance in a forage rice field treated with
LCWand showed that the percentage of nitrogen uptake by rice
plants decreased, while N2O emission increased in response to
an increase in nitrogen loading. Therefore, the optimal nitrogen
loading rate for low N2O emissions should be determined.
However, the role of the nitrogen loading rate in controlling
the relationship between N2O emission and nitrogen uptake by
rice plants is not understood.

The aim of this study was to evaluate the influence of the
nitrogen loading rate on nitrogen losses to the environment
through nitrogen leaching and N2O emissions. In this study,
different nitrogen loads of LCW were applied to forage rice
fields. We measured temporal changes in nitrogen concentra-
tions in the soil and pore water and the N2O flux from the
fields to determine the nitrogen loading threshold that results
in minimal nitrogen loss to the environment through leaching
and N2O emissions. Additionally, we examined the relation-
ship between the temporal dynamics of nitrogen uptake by
rice plants and nitrogen losses.

Materials and methods

Field plot and management

In 2009, a field experiment was conducted in four experimen-
tal rice fields at the National Institute for Agro-Environmental
Sciences, Tsukuba, Ibaraki, Japan (36°01′N, 140°07′ E). Two
of the four experimental fields had an area of 40 m2 (10×4 m
for treatments N100 and N250), and the other two had an area
of 20 m2 (10×2 m for treatments N500 and N750). The
experimental fields had an inlet for the irrigation water and
an outlet for the overflow of the surface water at the opposite
side of the inlet. The soil at the site was a fine-textured
lowland soil (IUSS Working Group WRB 2006) and particle
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size distribution was as follows: 9.5 % coarse sand, 27.8 %
fine sand, 23.2 % silt, and 39.5 % clay. Total carbon (TC) and
TN contents were 1.96±0.12 and 0.16±0.01 %, respectively,
at 0–20 cm depth.

Forage rice cultivation was conducted from May to
October (Table 1). On 12May, chemical fertilizer was applied
at a rate of 50 kgN ha−1 as a basal dressing after plowing. Rice
seedlings (Oryza sativa L. cv. Takanari; a whole crop silage
rice variety) were transplanted at a density of 20 hills m−2

(three rice seedlings per hill) (0 days after transplanting). After
35, 63, and 91 days, different N loads of LCWobtained from
the Menuma-machi Organic Center (Saitama, Japan) were
applied as supplemental fertilizer to each field (Table 2). The
predominant form of nitrogen in the LCW was NH4

+, with a
concentration ranging from 1,486 to 2,275 mg N L−1

(Table 2), while the maximum NO3
− concentration was only

2.4 mg N L−1 (data not shown). The dissolved organic carbon
(DOC) concentration of the LCW ranged from 1,890 to
2,082 mg C L−1. The total NH4

+ loadings from the LCW
topdressing in the four forage rice fields were 57, 207, 473,
and 736 kg N ha−1 (treatments N100, N250, N500, and N750,
respectively) over the experimental period. Following each
LCW application, each field was flooded for a week.
Midsummer drainage was conducted during the period from
days 48 to 63, and intermittent irrigation was conducted
during the period from days 70 to 117. After that, final
drainage was performed in preparation for the harvest. These
water management practices were based on conventional
Japanese practices (Suzuki 1997).

Sampling and analysis of the water, soil, and rice plants

Soil pore water at 20 cm depth was sampled periodically from
the two locations from each plot. The pore water sampling

was conducted using soil water samplers with porous cups
permanently inserted into the soil. The concentrations of
NH4

+ and NO3
− in the water were analyzed using ion chro-

matography (ICS-90 (for NH4
+) and ICS-1000 (for NO3

−),
Dionex, Sunnyvale, CA, USA) after filtration.

Triplicate soil core samples were collected at 0–20 cm
depth in each rice field periodically. Soil samples were air-
dried and sieved through a 2-mmmesh sieve. Total carbon and
nitrogen contents of the soil samples were analyzed with a
CHN elemental analyzer (Micro Corder JM10, J-Science,
Kyoto, Japan). Adsorbed nitrogen (NH4

+ and NO3
−) in the

soil was analyzed as described by Zhou et al. (2009).
Rice plants were sampled in triplicate periodically during

cultivation. At harvest, rice plants were randomly harvested
from three zones of 1 m2 (1×1 m) in each plot. The above-
ground biomass yield was determined after the harvested rice
plants were air-dried. The rice plants were divided into three
parts (leaves, stems, and grains) and the nitrogen concentra-
tion of each component was determined with a CHN elemen-
tal analyzer.

Determination of N2O flux

The closed chamber technique (Hutchinson and Mosier 1981)
was used to collect gas samples for measurements of N2O
flux. Plexiglas chambers (30 cm diameter, 100 cm height)
equipped with a pressure-adjusting bag were employed to
collect gas samples at 0-, 10-, and 20-min intervals. Nitrous
oxide concentrations in the gas samples were analyzed with a
gas chromatograph equipped with an electron capture detector
(GC-14A, Shimadzu, Kyoto, Japan). The N2O flux was cal-
culated based on the increase in the gas concentration in the
chamber as shown in the following equation:

FN2O ¼ ΔC=Δtð Þ � V=V 0ð Þ � T0=Tð Þ � M � 1=Að Þ
ð1Þ

where FN2O is the N2O flux (g m−2 h−1),ΔC/Δt is the change
in N2O concentration in the chamber per unit time
(μm3 m−3 h−1), V is the volume of the headspace of the
chamber (m3), V0 is the molar volume of an ideal gas
(0.0224 m3 mol−1), T0 is 273 K, T is the air temperature in
the chamber (K),M is the molar weight of N2O (g mol−1), and
A is the sectional area of the base (m2). Cumulative N2O
emissions during the experimental period were estimated by
trapezoidal integration of the mean flux over time.

Statistical analyses

The effect of the LCW application rate on the aboveground
biomass and nitrogen content of different parts of the harvest-
ed rice plants was analyzed using a one-way analysis of

Table 1 Forage rice field management during the experimental period

Date DAT (day) Field management

7 May Plowing

12 May Basal dressing

14 May Irrigation

15 May Puddling

20 May 0 Transplanting

24 June 35 First topdressing

7 July 48 Midsummer drainage (MD)

22 July 63 MD end, second topdressing

29 July to 14 Sept. 70–117 Intermittent irrigation (IM)

19 August 91 Heading

19 August 91 Third topdressing

14 Sept. 117 IM end and final drainage

14 October 147 Harvest

DAT days after transplanting
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variance (ANOVA). Statistical analyses of the amount of soil
adsorbed nitrogen on the different sampling days were per-
formed using a two-tailed t test. All statistical analyses were
completed with SPSS 16.0 Family (SPSS Inc., Chicago, IL,
USA).

Results and discussion

Plant nitrogen uptake and soil nitrogen dynamics

The nitrogen content in the different parts of the forage rice
plants and the weight and the amount of nitrogen in the
aboveground biomass are shown in Table 3. No significant
differences were found in the weight of aboveground biomass
between treatments; values ranged from 14.6±3.0 to 18.5±
1.1 t ha−1. We observed lodging of a part of the area of N500
and N750 after a typhoon occurred on 8 October, significantly
affecting forage productivity.

The amount of nitrogen in aboveground biomass in the
N750 treatment was 2.3 times higher than that in the N100
treatment. One-way ANOVA showed a significant effect of
the LCW application rate on the nitrogen content of the
aboveground biomass. The percentage of nitrogen present in
the different parts of the forage rice was also affected by the
LCW application rate (P<0.05), indicating that higher nitro-
gen loading enhances nitrogen uptake (Zhou et al. 2009).

In this study, aboveground biomass (Table 3) was similar to
that (13–18 t ha−1) of forage rice treated with aerated cattle
slurry or slurry anaerobically digested at a rate of 100–
170 kg N ha−1 (Doi and Kawamoto 2007; Ishii et al. 2005;
Kinoshita et al. 2013). The comparable aboveground biomass
despite the higher nitrogen loading rate in this study may be
due to the lodging that occurred in N500 and N750 or the
growth suppression of the excessive nitrogen application in
N500 and N750. It has been known that excessive nitrogen
application enhances the growth of leaves and stems, where
nitrogen is accumulated (Ikeda 1995). In this study, the nitro-
gen contents of the grain were the highest in N100, N250, and

N750, while the nitrogen content of the leaf was the highest in
N750 (Table 3), suggesting the accumulation of nitrogen in
the leaves in N750. Furthermore, the excessive growth of
leaves intercepts sunlight penetration into the canopy through
mutual shading (San-Oh et al. 2008). As a result, photosyn-
thesis is reduced and the growth of aboveground biomass is
suppressed.

Nitrogen immobilization by rice plants plays a central role
as a nitrogen sink in the rice crop ecosystem. In another study,
it was found that harvested aboveground biomass including
grain and straw contains 100–200 kgN ha−1, which accounted
for more than 30–90% of the fertilizer nitrogen applied to rice
fields (Takamura et al. 1976; Zhao et al. 2009; Zhou et al.
2009; Qiao et al. 2012). Our results are consistent with these
ranges. Meanwhile, since there was lower nitrogen recovery
in N500 and N750 (33 and 31 % of applied nitrogen, respec-
tively) compared with the other treatments (Table 3), we
speculate that the relationship between nitrogen assimilated
by rice plants and the nitrogen loading rate is not linear. This is
partly explained by the relationship between the NH4

+ assim-
ilation rate and NH4

+ concentration around roots, which is
governed by the Michaelis–Menten saturation pattern
(Kronzucker et al. 2000). Furthermore, the production of dead
leaves or stems also regulates the amount of nitrogen in
harvested plants. Figure 1 shows temporal changes in the
nitrogen content of aboveground biomass including grains,
leaves, and stems. Figure 1 clearly shows an increase followed
by a decrease in the nitrogen content of aboveground biomass
in treatments with higher nitrogen loading rates. Nitrogen
contents sharply increased prior to the third topdressing in
N500 and N750, then decreased (Fig. 1). Changes in the
nitrogen contents of aboveground biomass after the third
topdressing would be due to the low nitrogen uptake
activity of rice plants (Riya et al. 2012) and the occur-
rence of dead leaves and stems (data not shown).
According to a review by Kimura et al. (2004), the
amount of dead leaves starts to increase after 42–49 days
and reaches a maximum around 105 days after
transplanting. Ishikawa (2012) also reported the occurrence
of dead leaves after the heading stage.

Table 2 Amount of NH4
+ and DOC applied by basal fertilization and LCW topdressing

Nitrogen application DAT (day) Applied NH4
+ (kg N ha−1) Applied DOC (kg C ha−1)

N100 N250 N500 N750 N100 N250 N500 N750

Basal (chemical fertilizer) 50 50 50 50 0 0 0 0

First topdressing (LCW) 35 57 57 171 284 52 52 156 260

Second topdressing (LCW) 63 0 76 153 229 0 101 201 302

Third topdressing (LCW) 91 0 74 149 223 0 95 189 284

Total addition 107 258 522 786 52 247 546 845

DAT days after transplanting
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Before transplantation, the mean soil adsorbed nitrogen
content was 7.8±1.8 mg N kg−1 soil in all treatments
(Fig. 2). After the application of LCW, increases in adsorbed
nitrogen contents were observed, and ranged from 5.3±0.4 to
36.2±13.7 mg N kg−1 soil (50, 65, and 93 days after
transplanting). Interestingly, increases in the soil adsorbed
nitrogen contents induced by topdressing were reduced to less
than 5 mg N kg−1 soil until the next topdressing in all treat-
ments (Fig. 2). Adsorbed nitrogen contents dropped to 3.6±
1.0 and 4.2±0.3 mg N kg−1 soil before the second and third
LCW applications (63 and 90 DAT). These values were sig-
nificantly lower than those before transplanting (0 DAT) (P=
0.008), suggesting that most nitrogen applied by topdressing
was removed from the soil. The only treatment to exhibit a
higher adsorbed soil nitrogen content following a nitrogen
application was N750 after the third application. The daily
mean decrease in adsorbed nitrogen between 93 and 111 DAT
(1.5 kg N ha−1 day−1) was also lower than those between the
first and second and second and third applications (2.4 and
2.6 kg N ha−1 d−1) in N750. Given the restricted plant nitrogen
uptake in N750 in the late growing period (Fig. 1) and the soil
nitrogen dynamics (Fig. 2), 786 kg N ha−1 (N750) may be an
excessive amount of fertilizer for forage rice growth.

NH4
+ and NO3

− concentrations in the pore water

Concentrations of NH4
+ and NO3

− in pore water at 20 cm
depth are shown in Fig. 3. Before the first topdressing (until
35 days), NH4

+ concentrations were less than 1 mg N L−1 in
all treatments (Fig. 3a). After the LCW topdressing, trends in
NH4

+ concentrations varied in response to the nitrogen load-
ing rate and the topdressing period. At the first topdressing,
NH4

+ concentrations were not influenced by LCWapplication
in any treatments. On the day after second topdressing, in-
creases in NH4

+ concentration were observed and reached
around 0.5 mg N L−1 in N250, N500, and N750 within 5 days
after topdressing. In N250 and N500, the increased NH4

+

concentration decreased to an undetectable level at 80 days.
In contrast to N250 and N500, the NH4

+ concentration in
N750 reached 0.60 mg N L−1 at 70 days and had slightly
decreased at 80 days. The NH4

+ concentration reached its
highest value (2.97 mg N L−1) 3 days after the third topdress-
ing (94 days) in N750, and decreased to 0.41 mg N L−1 at
122 days.

Nitrate concentrations tended to decrease over time, partic-
ularly between 7 days and 42 days (a week after the first
topdressing) (Fig. 3b). At 7 days after transplanting, 0.08–
0.42 mg N L−1 of NO3

− was detected. Nitrate concentrations
had decreased to less than 0.1 mg N L−1 except for N250, in
which the NO3

− concentration increased to 0.14 mg N L−1 at
35 days. After that, NO3

− concentrations were consistently
low (less than 0.1 mg N L−1) with a small increase after
topdressing or during drainage regardless of the nitrogen
loading rate (Fig. 3b).

In previous studies, 0–20 mg N L−1 of NH4
+ and 0–

3 mg N L−1 of NO3
−1 in pore water were observed in a paddy

field treated with 30–540 kg N ha−1 as basal fertilization or
topdressing (Takamura et al. 1976; Wang et al. 2004, 2011;
Kyaw et al. 2005; Tian et al. 2007; Lu et al. 2012). In this

Table 3 Nitrogen contents in different parts of the forage rice plants, yield of aboveground biomass, amount of nitrogen in aboveground biomass at
harvest, and percentage of applied nitrogen in the aboveground biomass

N100 N250 N500 N750 F P

N content (mg N g−1) Leaf 7.4 8.6 10.4 14.9 9.079 0.006

Stem 2.5 5.8 9.9 11.1 11.978 0.001

Grain 8.8 13.2 11.6 13.5 6.371 0.016

Aboveground biomass (t ha−1) a 14.6 15.5 15.9 18.5 0.984 0.447

Aboveground N (kg N ha−1) 99.4 155 172 238 11.208 0.003

Percentage of applied N (%) b 93 60 33 31

F and P values of ANOVA for the effect of nitrogen loading rate on nitrogen concentration, aboveground biomass, and amount of nitrogen are also
shown
aDetermined from all aboveground biomass obtained from an area of 1×1 m
bDetermined by dividing aboveground N by applied N (basal+LCW)

Fig. 1 Temporal change in nitrogen content of aboveground biomass
(g N plant−1) (sum of leaf, stem, and panicles). Vertical dotted lines
indicate LCW application. Horizontal dotted, hollow, and solid arrows
indicate the periods of midsummer drainage, intermittent irrigation, and
final drainage, respectively
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study, the NH4
+ and NO3

− concentrations in the pore water
were within the ranges of those studies. Furthermore, com-
pared with unsaturated soil, the effect of the nitrogen loading
rate seemed small. For example, Tian et al. (2007) observed
less than 1 mg N L−1 of total inorganic nitrogen in the pore
water at a depth of 90 cm in a rice field treated with 0–
330 kg N ha−1, while the concentration at the same depth in
wheat fields treated with 0–248 kg N ha−1 was 8 mg N L−1 of
total inorganic nitrogen. The range of the observed soil water
NO3

− concentration in rice fields receiving nitrogen inputs of
0–360 kg N ha−1 was 1–2 mg N L−1, whereas the soil water
NO3

− concentration in wheat fields receiving nitrogen inputs
of 0–315 kg N ha−1 was 0.4–11 mg N L−1 (Wang et al. 2004).
These values for rice fields were consistent with the NH4

+ and
NO3

− concentrations observed in our study (Fig. 3).

Furthermore, the concentrations observed in this study were
much lower than the environmental standard for groundwater
in Japan (10 mg N L−1 of NO3

− and NO2
−) (Ministry of the

Environment 1997). However, Zhou et al. (2009) reported
11 mg N L−1 of NH4

+ at a depth of 20 cm after LCW
topdressing at a rate of ca. 130 kg N ha−1 in other forage rice
fields with higher percolation rates than those of this study.
Ishikawa et al. (2003) found that a soil column with a higher
percolation rate resulted in higher NH4

+ concentration in the
percolated water. According to Razavipour and Farrokh
(2014), the percolation rate is negatively and positively corre-
lated with clay and sand content, respectively. In this study,
clay content was 39.5 %, while it was 27.6 % in Zhou et al.
(2009). Therefore, this partially explains the differences in the
NH4

+ concentration in the pore water in the different sites.
This suggests that the impact of an N loading rate up to
786 kg N on nitrogen contamination of groundwater is small,
but it depends on the soil type.

The dynamics of the NH4
+ and NO3

− concentrations in the
pore water had different temporal patterns (Fig. 3). Nitrate
leaching after irrigation has been reported previously in rice
fields (Wang et al. 2004; Zhou et al. 2009). Because the main
form of nitrogen in basal fertilizer was NH4

+, NO3
− during

this stage may be produced by nitrification in unsaturated
conditions before irrigation. The shift in the dominant form
of nitrogen from NO3

− to NH4
+ after the first topdressing is

likely to have been caused by the denitrification of NO3
−

under anaerobic conditions (data not shown) and the addition
of LCW rich in NH4

+ (Table 2). Zhou et al. (2009) also
reported that NH4

+ was the main form of nitrogen leached
from forage rice fields treated with LCW. Interestingly, the
NH4

+ concentrations of pore water after topdressing gradually
increased between the second and third topdressing in N750
(Fig. 3a). Since the amount of NH4

+ applied in each topdress-
ing was the same (Table 2), increases in the NH4

+ concentra-
tion of pore water in N750 are likely due to temporal changes
in the mechanism of nitrogen transformation in the rice field.
From the data in Figs. 1 and 3a, we can speculate that a
decrease in the nitrogen uptake by forage rice plants would
lead to an increase in nitrogen leaching after the third top-
dressing in N750. These results suggest that the NH4

+ con-
centration of the pore water is affected by the soil properties
and temporal dynamics of nitrogen uptake of the rice plant.

Nitrous oxide emission and plant nitrogen uptake

Table 4 shows the cumulative N2O emission during the culti-
vation period and percentage of applied NH4

+. Nitrous oxide
emissions ranged from −0.042 to 2.39 kg N ha−1 and likely
increased with increasing nitrogen loading rate (Table 4). It
has been well known that N2O emission increases with the
nitrogen fertilization rate (Hua et al. 1997; Yao et al. 2012;
Zou et al. 2005). In Japanese conventional rice management,
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30–90 kg N ha−1 of nitrogen fertilization resulted in N2O
emissions ranging from near zero to 0.2 kg N ha−1 in most
cases (Itoh et al. 2011; Nishimura et al. 2004). Higher nitrogen
fertilization rates (150–450 kg N ha−1) have been evaluated
outside of Japan in China and the Philippines, and resulted in
0.64–6.17 kg N ha−1 of N2O emission (Bronson et al. 1997a;
Yao et al. 2012; Zou et al. 2005). The trends in N2O emissions
and the nitrogen fertilization rate in this study were consistent
with those studies, suggesting that 107 kg N ha−1 of N loading
rate (N100), which is same to Japanese conventional rice
management, has a low impact on N2O emission. We also
emphasize that extent of N2O emission in N250 is similar
level to N100, suggesting forage rice field can receive more
nitrogen than Japanese standard nitrogen loading rate without
increasing N2O emission.

In contrast to the percentages of uptake of applied
nitrogen by rice plants (Table 3), percentages of N2O
emissions to applied nitrogen were proportional to nitrogen
loading rates from N250 to N750 (Table 4). The nitrous
oxide fluxes from the forage rice fields during cultivation
are shown in Fig. 4. In N500 and N750, the amount of
N2O emitted during the final drainage (117 days after
transplanting to harvest) accounted for 50 and 80 % of
cumulative N2O emissions, respectively, indicating that
final drainage accelerated N2O emission. As Bronson
et al. (1997b) and Zhou et al. (2009) noted, drainage
allowed atmospheric O2 to diffuse into the surface soil
rich in ammonia-oxidizing bacteria (Nicolaisen et al. 2004)
and produced NO2

− or NO3
− that would be denitrified in

the anaerobic subsoil. Therefore, the available nitrogen

content in the soil would determine the amount of N2O
produced during the final drainage. Evidently, the N2O
emissions during the final drainage in N750 (Fig. 4) were
the result of the high soil nitrogen availability after the
third topdressing (Figs. 2 and 3a), exhibiting the reverse
trend observed for the temporal change in aboveground
nitrogen content (Fig. 1).

Figure 5 shows the relationship between the nitrogen load-
ing rate and the ratio of N2O emission to nitrogen uptake by
rice plants. McSwiney and Robertson (2005) reported that
maize grain yields reached a plateau, while N2O emissions
increased sharply, if nitrogen fertilization exceeded
101 kg N ha−1. Liu et al. (2012) demonstrated that an increase
in nitrogen fertilization from 0 to 850 kg N ha−1 caused higher
ratios of cumulative N2O emission to wheat and maize yields
in a wheat–maize rotation system. In our study, the ratio of
N2O emission to nitrogen uptake was higher with higher
nitrogen loading rates, consistent with the results of Liu
et al. (2012) and McSwiney and Robertson (2005). Nitrogen
application over 258 kg N ha−1 is likely in excess of the crop
requirement, leading to higher soil available nitrogen content
(Fig. 2) and subsequent losses by N2O emission (Fig. 4).
Figure 5 also shows that nitrogen fertilization up to
258 kg N ha−1 does not influence N2O emission, implying
that this level of nitrogen fertilization meets the nitrogen
requirement of forage rice and that the associated N2O emis-
sions are low.

Table 4 Cumulative N2O emission during the cultivation period and percentage of applied NH4
+

Treatment N100 N250 N500 N750

N2O emission (kg N ha−1) 0.004±0.085 −0.042±0.586 0.594±0.178 2.39±1.26

Percentage of applied N (%)a 0.004±0.079 −0.02±0.23 0.11±0.03 0.30±0.16

a Fertilized NH4
+ (basal+LCW) basis
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Recommended nitrogen loading rate for forage rice
cultivation

In this study, the evaluated nitrogen loading rates (107–
786 kg N ha−1) go from matching the Japanese standard level
for food rice and forage rice (each around 100 kg N ha−1) to
far exceeding them. From the point of the view of sustainable
agriculture, productivity as well as environmental impacts
should be taken into account in recommendations of the
nitrogen loading rate from LCW for forage rice production.
From the data presented above, 107–258 kg N ha−1 (between
N100 and N250) had the same productivity and environmen-
tal impacts as Japanese conventional food and forage rice
management. In this study, we cultivated forage rice by
Japanese conventional water management. In addition, LCW
application for forage rice production has already been con-
ducted by farmers in some regions of Japan at a rate of
100 kg N−1. Therefore, our findings suggest that the presently
conducted LCW application (100 kg N ha−1) for forage rice
production in Japan had low impacts on nitrogen pollution of
groundwater and N2O emissions. In Japan, 258 kg N ha−1 is
not recommended; however, this nitrogen loading rate is
expected to increase biomass production due to higher nitro-
gen uptake (Table 3) without an increase in the risk of water
pollution and global warming compared with 107 kg N ha−1.
In addition, the application of 258 kg N ha−1 allowed us to
dispose of livestock wastewater more efficiently than
107 kg N ha−1. In order to apply 258 kg N ha−1 in actual
forage rice production, more field trials will be required.

Conclusions

Although nitrogen leaching or N2O emission from rice paddy
field fertilized with wastewater has been reported in recent
years, relationship between them and nitrogen assimilation by
rice plant has not been reported. Nitrogen assimilation by rice
plant plays a central role as a nitrogen sink in the rice crop
ecosystem. Therefore, it is important to understand nitrogen
dynamics as a result of plant nitrogen assimilation. We inves-
tigated the nitrogen assimilation by forage rice plants, inor-
ganic nitrogen concentration of the pore water, and N2O
emission in the forge rice fields treated with LCW at a differ-
ent nitrogen loading rate. Our results suggested that higher
nitrogen loading rate would exceed nitrogen requirement of
the forage rice, leading to increase in the inorganic nitrogen
concentration of the pore water and N2O emissions. The
highest percentage of N uptake by rice plant to N loading rate
was 93 % in N100 and the percentage was decreased with
increasing N loading rate. In N750 (786 kg N ha−1), increases
in the NH4

+ concentration of the pore water and N2O emission
after third topdressing would result from the higher amount of

soil available nitrogen that was not utilized by the rice plants.
Therefore, 786 kg N ha−1 would be an excessive nitrogen
loading rate, leading to the loss of applied nitrogen via nitro-
gen leaching and N2O emissions. We therefore disagree with
previous recommendation for a higher N application rate of
600 kg N ha-1 for forage rice (Zhou et al. 2009).

This study also suggested that 100–258 kg N ha−1 is a
recommended nitrogen loading rate for nitrogen recovery by
rice plants without having a negative environmental impact,
such as groundwater pollution and N2O emissions. The range
of the recommended nitrogen loading rate extends from the
standard Japanese nitrogen fertilization rate (100 kg N ha−1) to
2.5 times that rate. Therefore, our study implies that the
presently conducted LCW application (100 kg N ha−1) for
forage rice production in Japan has a low impact on ground-
water and global warming. Furthermore, a higher rate of LCW
loading (258 kg N ha−1) can be used to treat livestock waste-
water with a low environmental impact.
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