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Abstract Flowing irrigation which drains a large

volume of water is one of agricultural techniques for

ensuring rice quality. In this study, the nitrogen input

and output were characterised in paddy fields under

flowing irrigation based on observation in Central

Japan, and the estimated nitrogen loadings were

compared to the reported values in traditional paddy

fields under stagnant irrigation by using budget anal-

ysis. The annual water fluxes in the studied fields were

calculated to bemore than ten times larger than those in

traditional fields. The concentrations of most nitrogen

forms in surface drainage and subsurface drainage

were detected at highest level during paddling periods,

while those of nitrate and nitrite in subsurface drainage

increased during non-irrigation periods. The total

nitrogen inputs were at upper level (236–332

kg N ha-1) of or larger (490–581 kg N ha-1) than

the reported values under both flowing irrigation and

stagnant irrigation, and the larger contribution of

irrigation pathway was observed. Surface drainage

(78.3–163.5 kg N ha-1) and transport to underground

system (73.1–210.4 kg N ha-1) were significantly

higher than reported values obtained from stagnant-

irrigation paddy fields. The differences between input

and output were thereby estimated and the large

negative balance was attributed to the soil accumula-

tion, which was distinctly detected in the field with

presumably higher adsorption capacity. Therefore,

assessing the effect of water flow on soil nitrogen

accumulation as well as discharge is recommended by

evaluating nitrogen balance in paddy field.

Keywords Rice cultivation � Water pollution �
Budget analysis � Soil accumulation

Introduction

Paddy fields cause nitrogen pollution in surface and

subsurface water environments (Cho et al. 2000; Guo

et al. 2004; Shinozaka et al. 2016). Nitrogen flow is

detected in the paddy fields as several types of inputs

or outputs. Inputs include fertiliser, irrigation, precip-

itation and biological nitrogen fixation, whereas

outputs include the assimilation of rice, surface

drainage and underground flow, denitrification,

volatilisation, assimilation by other plants including
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algae, and accumulation in soil (Takakai et al. 2017;

Liang et al. 2007; Antonopoulos 2010). Based on the

relation between the amount of applied chemical

fertiliser and the loading of nitrogen discharge, Liang

et al. (2007) observed increased amount of surface

drained nitrogen (5.05, 11.78, 19.25 and

27.86 kg N ha-1) and percolated nitrogen (9.07,

18.04, 25.00 and 33.22 kg N ha-1) with increase in

fertiliser amount (90, 180, 270 and 360 kg N ha-1) in

an experiment that was conducted inChina. In contrast,

in Korea, Cho and Han (2002) observed little changes

in surface drainage loading (111, 101 and 129 kg N

ha-1) and percolation loading (19, 18 and 20) with

increase in applied chemical fertiliser (155, 187 and

210 kg N ha-1). In Japan, Sugimoto et al. (2008)

observed that 78 kg N ha-1 of applied fertiliser

resulted in surface drainage loading of 41.6 kg N

ha-1 that was higher than the value reported by Liang

et al. (2007) with similar or higher level of fertilisation.

According to these researches, some cases showed that

the output loading increased with an increase in input

from fertiliser in the same field but others showed that

the output was not directly related with the amount of

fertiliser when the experimental results in different

fields were compared. In addition, it was reported that

the nitrogen outputs from paddy fields is dependent on

the volume of irrigationwater rather than the amount of

chemical fertiliser (The Japanese Society of Irrigation,

Drainage and Rural Engineering: JSIDRE 2001). The

inputs and outputs are not directly connected, and

paddy fields exhibit complicated nitrogen bioreactions,

including mineralisation, nitrification and denitrifica-

tion (Ishii et al. 2011). These bioreactions are affected

by the physicochemical factors including temperature,

pH and redox conditions in the vicinity of the paddy

fields (Chowdary et al. 2004). Thus, to ensure sustain-

able water environment, it is important to estimate and

evaluate the nitrogen loading considering all the

processes that occur in paddy fields.

Recently, the budget analysis has been applied to

identify the mechanism of nitrogen pollution in the

water environment owing to paddy fields (Cho et al.

2000; Liang et al. 2007; Zhang et al. 2013). The nitrogen

budget can be used for comprehensively evaluating

nitrogen loading by considering multiple inputs and

outputs. In majority of the previous studies, however,

irrigation, biological fixation, ammoniumvolatilization,

denitrification, assimilation by other plants and accu-

mulation in the soil were rarely evaluated in nitrogen

budget estimation. Roger and Ladha (1992) estimated

biologicalN2fixation using blue–green algae andAzolla

inwetland rice fields, whichwere 0–80 and 10–50 kg N

ha-1 in a rice cropping season, respectively. The

contributions of volatilization and denitrification fluc-

tuate responding to various physicochemical factors

such as pH and percolation rate. Antonopoulos (2010)

calculated the amount of nitrogen uptake using algae,

which resulted in 9.4% of total input NH4–N and 15.7%

of total input NO3–N. The identification of nitrogen

storage in soil is necessary formanaging the soil nutrient

(Takakai et al. 2017).

In Japan, several agricultural techniques have been

developed for improving the rice quality (Morita

2008) and for reducing the loading of nutrients from

paddy fields (Haruta et al. 2015). Flowing irrigation

has been applied to maintain the ponded water at a low

temperature for ensuring high rice quality (Nishida

et al. 2015) and to maintain a constant water depth in

the paddy fields, where the soil has a high percolation

rate (Takeda et al. 1991). A large volume of water is

drained in flowing irrigation-type paddy. The results

obtained by Yoshinaga et al. (2007) implied that

runoff nitrogen was affected more by the irrigation

water volume than by the area of the paddy fields.

Therefore, the water environment may be notably

impacted by the nitrogen discharge under flowing

irrigation conditions. However, we have observed

only a limited number of reports on nitrogen discharge

evaluation (Takeda et al. 1991; Yamazaki et al. 2013;

Hama et al. 2015) and, to our knowledge, no report on

the nitrogen budget for flowing irrigation paddy fields.

This study intended to characterise the nitrogen

input and output in paddy fields under flowing

irrigation in Japan. The nitrogen loadings to water

environments were estimated based on field observa-

tion and then the nitrogen balances were evaluated

using budget analysis, and the water-derived nitrogen

flow of the flowing irrigation-type paddy fields was

compared with the traditional paddy fields under

stagnant irrigation-type.

Methodology

Study area

The study area located at 35.6�N 138.5�E in Kai City,

Yamanashi Prefecture, Japan, includes two paddy
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fields, E1 (0.11 ha: 37 9 30 m; soil depth: 55 cm) and

W2 (0.11 ha: 33 9 33 m; soil depth: 10 cm), man-

aged by a farmer (Table 1). This research experiment

was conducted from 2013 to 2015, and the fields were

detailed in a previous report (Nguyen et al. 2015). The

farmer applied organic fertiliser in early spring only in

the first year of our experiment, and chemical fertiliser

was used for a basal fertiliser before the first irrigation

every year. The water management type of both the

fields was flowing irrigation. The irrigation water was

supplied to each paddy field continuously through the

inlet gate systems from the end of May to the end of

September (irrigation period). However, in July, the

farmer stopped irrigation for approximately 1 week to

dry the soil of the paddy fields. After the final drainage,

no irrigation water flew until next spring (non-

irrigation period). Further, the ponded water was

directly drained from the paddy fields to a ditch though

outlets (surface drainage) or was percolated into the

soil. The percolated water was partly discharged via

pipes installed below the paddy soil (subsurface

drainage). E1 had four such outlets for subsurface

drainage at depths of 51, 70, 75 and 78 cm from the

soil surface in the rice paddy, and the outlet was at a

77 cm depth in W2.

Field survey and analysis

The E1 and W2 paddy fields were surveyed at weekly

intervals from 21 May, 2013, to 20 December, 2015,

and at hourly intervals during paddling, mid-summer

drainage, final drainage and heavy rain events. During

the survey, the acidity and electric conductivity (EC)

of irrigation, surface drainage and subsurface drainage

water, the water level of ponded water and discharge

of surface drainage and subsurface drainage water

were measured on site. The surface drainage, subsur-

face drainage, irrigation and soil water were collected

during irrigation period, and the surface drainage and

subsurface drainage water samples were collected at

non-irrigation period too. Surface soil, fertiliser, rice,

duckweed and algae as solid samples were also

collected. Soil samples were obtained after basal

fertilisation (nine from E1 and five from W2 in 2013;

Table 1 Agricultural practices of the experimental fields and information of the fertiliser and the rice yield

Period Year Date Activity Note about the fertiliser and the rice yield (nitrogen content)

Non-irrigation
2013 Feb. – Mar. First fertilisation Organic fertiliser; 0.90%N; 2000 kg ha-1 for both fields

4 May Basal fertilisation Chemical fertiliser; N:P:K = 8:8:8; 600 kg ha-1 for both fields

Irrigation

21 May Pre-flooding, paddling

25 May Transplanting

18 – 25 Jul. Mid-summer drainage

19 Sep. Final drainage

Non-irrigation
12 Oct. Harvesting Rice grain: 5406 kg ha-1 in E1 (0.88%N); 5785 kg ha-1 in W2 (0.90%N)

2014 4 May Basal fertilisation Chemical fertiliser; N:P:K = 8:8:8;900 kg ha-1 for both fields

Irrigation

20 May Pre-flooding, paddling

24 May Transplanting

20 – 27 Jul. Mid-summer drainage

19 Sep. Final drainage

Non-irrigation
11 Oct. Harvesting Rice grain: 5406 kg ha-1 in E1 (0.88%N); 6427 kg ha-1 in W2 (0.96%N)

2015 4 May Basal fertilisation Chemical fertiliser; N:P:K = 10:12:12; 727 kg ha-1 for E1, 545 kg ha-1 for W2

Irrigation

27 May Pre-flooding, paddling

31 May Transplanting

17 – 21 Jul. Mid-summer drainage

23 Sep. Final drainage

Non-irrigation 13 Oct. Harvesting Rice grain: 5036 kg ha-1 in E1 (0.88%N); 5727 kg ha-1 in W2 (0.84%N)
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seven from E1 and three from W2 in 2014; four from

E1 and four from W2 in 2015) and after harvesting

(two samples from E1 and four fromW2 in 2014; four

from E1 and four fromW2 in 2015). Fertiliser samples

(one sample of organic fertiliser in 2013 and one

sample of chemical fertiliser in each of the 3 years)

and rice samples (four samples from E1 and four from

W2 in 2013; six from E1 and four from W2 in 2014;

three from E1 and four from W2 in 2015) were

obtained from the farmer. Three samples of duckweed

and algae were skimmed from an area measuring

10 9 12 cm on the pond water surface in September

2018 and were further stored in plastic bags. Rainwa-

ter samples were collected 11 times in 2013 and 2015

at the University of Yamanashi (5 km north of the

study area). After sampling, the concentrations of

dissolved total nitrogen (DTN), ammonium nitrogen

(NH4–N), nitrite nitrogen (NO2–N) and nitrate nitro-

gen (NO3–N) in the water samples were measured, and

the dissolved organic nitrogen (DON) concentration

was calculated by subtracting the NH4–N, NO2–N and

NO3–N fromDTN. The nitrogen content in the surface

soil and rice samples and d15N in the soil samples were

also measured. All the chemical analyses were con-

ducted according to a previous report (Nguyen et al.

2015). The samples of duckweed and algae were dried

over night then weighed.

The daily weather data (precipitation, temperature,

wind speed and humidity) recorded at Kofu meteoro-

logical station, which is located approximately 6 km

southwest of our study area, were obtained from the

Japan Meteorological Agency (JMA 2016).

Estimation of the water balance

Water balance was estimated on a daily basis by

DWD ¼ I þ P� D� B� G� E; ð1Þ

where DWD denotes the daily change in the water

depth of the ponded water, and I, P, D, B, G and

E denote the daily flux (mm day-1) of irrigation,

precipitation, surface drainage, subsurface drainage,

percolation to groundwater and evapotranspiration,

respectively. DWD,D and Bwere obtained by the field

survey, and the values for the unobserved periods were

filled by the average values of observations before and

after. E was calculated from the local temperature,

wind speed and humidity data using the ET0 calculator

version 3.1 (Food and Agriculture Organization of the

United Nation: FAO 2015). The permeability coeffi-

cient of Darcy’s Law during the irrigation periods was

estimated by using hourly observation DWD, D and E,

that were recorded on the day without irrigation flow

and precipitation. Such observation was conducted

four times for E1 and five times for W2, and the

calculated permeability coefficients were averaged

and used for estimating total permeated water flux.

G during irrigation periods was then calculated by

subtracting B from total permeated water.G during the

non-irrigation periods was calculated by subtracting

the total B and total E from P in case of a rainfall event

that started from December 11, 2015. Finally, I was

calculated based on Eq. (1) from other fluxes mea-

sured or estimated above.

Estimation of the nitrogen budget

The nitrogen budget (Nbudget) was estimated by

Nbudget ¼ Nfer þ Nirri þ Npre þ Nfix

� Nrice þ Ndrain þ Nsub þ Nper

�

þNvol þ Nden þ NotherÞ;
ð2Þ

where Nfer, Nirri, Npre and Nfix denote the amounts of

nitrogen inputs from fertiliser, irrigation, precipitation

and biological fixation, respectively;Nrice,Ndrain,Nsub,

Nper, Nvol, Nden and Nother denote the amounts of

nitrogen outputs by rice uptake, surface drainage,

subsurface drainage, percolation, ammonia volatilisa-

tion, denitrification and uptake by other plants,

respectively. Nirri, Npre, Ndrain, Nsub and Nper were

calculated by multiplying the daily water flux with the

concentration of each form of nitrogen. The concen-

trations in unobserved days were interpolated by the

average of the observed values before and after. The

nitrogen concentration in subsurface drainage was

used for calculating Nsub with all nitrogen forms and

Nperwith only nitrite and nitrate. The multiplication of

the nitrogen content with the amount of applied

fertiliser, yield of rice plant and amount of duckweed

and algae generated Nfer, Nrice and Nother, respectively.

The nitrogen content of fertiliser and rice grain, the

amount of applied fertiliser and the rice grain yield

were shown in Table 1. The ratio of straw to grain in

our study were assumed as 0.96 that was the average of

values in references (Ha et al. 2001; Zhang et al.

2012). The amounts (dry weight) of duckweed and

algae were measured as 33 g m-2 and 0.26 g m-2,
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respectively. The values of 3.1% (Li et al. 2009) and

3.3% (Meltem et al. 2008) were applied for the

nitrogen content in duckweed and algae, respectively.

Nfix was assumed to be 50 kg N ha-1 in a crop season

according to the maximum value for Azolla in the

paddy fields as reported by Roger and Ladha (1992).

Hayashi et al. (2006) suggested that Nvol depends on

the amount of chemical fertiliser and pH value of

ponded water, then they proposed volatilization ratio

to the applied chemical fertiliser (1.4 ± 0.8%) esti-

mated based on the experiments in lysimeter plots for

paddy fields in central Japan. In this study, the pH

value of ponded water was similar to that obtained by

Hayashi et al. (2006), and the same ratio was used for

the calculation of Nvol for each year. Nden was

calculated by multiplying the NO3–N concentrations

in ponded water by its depths and denitrification rate

constant (0.13 day-1) that was estimated on the basis

of a one-order reaction by Liang et al. (2007) for

research in Jiaxing, China.

Results

Water balance

The estimated water balances are presented in Fig. 1.

For inflows to E1 and W2, irrigation was observed to

constitute a 30–45 times and 13–16 times larger

proportion than precipitation, respectively. For out-

flows, percolation, surface drainage and subsurface

drainage were the main components of E1. On the

other hand, in outflows forW2, both of percolation and

surface drainage constituted more than 40% of the

total outflow and subsurface drainage constituted less

than 10% of the total outflow, except for 2015. In W2

in 2015, surface drainage was considerably low

because the farmer more tightly closed the drainage

gate than that in other years. Evapotranspiration was

considerably small (\ 3.6% of total outflow) in both

the fields. The annual water flux for E1 was about

twice as much (36,010–38,035 mm) as for W2

(11,265–20,522 mm), which exhibited high values

for subsurface drainages and for percolation. In our

study fields, the permeability coefficients were esti-

mated as 196 ± 46 mm day-1 in E1 and

80 ± 63 mm day-1 in W2. A considerable water flux

was thus estimated in total. Surface drainage consti-

tuted the second largest outflow, averaging 31.2% of

the total outflow for E1 and 42.2% of that for W2.

Nitrogen concentrations in water samples

The nitrogen concentrations in rainwater were at lower

level (DON: 0.0 mg L-1; NH4–N: 0.29 mg L-1; NO2–

N: 0.0028 mg L-1; NO3–N: 0.12 mg L-1) within the

range previously reported in Japan: 0.21–4.0 mg L-1

for NO3–N and 0.26–2.5 mg L-1 for NH4–N (Kyaw

et al. 2005; Yoshinaga et al. 2004; Takeda et al. 1991).

The temporal variations of the nitrogen concentration

of each form in irrigation and in surface and the

subsurface drainage obtained by analysing the water

samples are depicted in Fig. 2. The maximum nitrogen

concentrations in irrigation water were 1.44, 1.56 and

0.51 mg L-1 for DON, NO3–N and NH4–N, respec-

tively. In this study, NO2–N concentration was

detected only two times in irrigation periods. All the

forms of nitrogen except NO2–N in both surface and

subsurface drainages were high at the paddling time

and after paddling, they decreased rapidly. However,

* 0.3 mg L-1 of NH4–N was detected in subsurface

drainage even after the paddling period, and NO2–N

and NO3–N in subsurface drainage increased during

the non-irrigation periods, whereas undetected or at

low level during irrigation periods.

Nitrogen balance

The calculated input and output values based on

nitrogen balance are depicted in Fig. 3. In case of

nitrogen inputs, irrigation was constantly the largest,

and the precipitation was significantly small (\ 1.5%

of total input) in both E1 andW2. The total input of E1

was twice as large as that of W2 because of large

irrigation water flux. The outputs for E1 were

distributed among rice, surface drainage, subsurface
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123

Nutr Cycl Agroecosyst (2020) 116:19–30 23



(a) Irrigation water

(b) Surface drainage in E1

(c) Surface drainage in W2

(d) Subsurface drainage in E1

(e) Subsurface drainage in W2

0

0.5

1

1.5

2

0

5

10

15

20

1-May-13 9-Aug-13 17-Nov-13 25-Feb-14 5-Jun-14 13-Sep-14 22-Dec-14 1-Apr-15 10-Jul-15 18-Oct-15 26-Jan-16

N
H

4-
N

or
N

O
2-

N
(m

g/
L)

D
O

N
or

N
O

3-
N

(m
g/

L)

N
H

4- N
o r

N
O

2- N
(m

g
L-1

)

D
O

N
or

N
O

3-N
(m

g
L- 1

)

0

1

2

3

4

5

6

0

5

10

15

20

1-May-13 9-Aug-13 17-Nov-13 25-Feb-14 5-Jun-14 13-Sep-14 22-Dec-14 1-Apr-15 10-Jul-15 18-Oct-15 26-Jan-16

N
H

4-
N

or
N

O
2-

N
(m

g/
L)

D
O

N
or

N
O

3-
N

(m
g/

L)

N
H

4-N
o r

N
O

2- N
(m

g
L-1

)

D
O

N
or

N
O

3-N
(m

g
L-1

)

0

1

2

3

4

5

6

0

5

10

15

20

1-May-13 9-Aug-13 17-Nov-13 25-Feb-14 5-Jun-14 13-Sep-14 22-Dec-14 1-Apr-15 10-Jul-15 18-Oct-15 26-Jan-16

N
H

4-
N

or
N

O
2-

N
( m

g/
L )

D
O

N
or

N
O

3-
N

(m
g/

L )

N
H

4- N
o r

N
O

2-N
(m

g
L-1

)

D
O

N
or

N
O

3-N
(m

g
L-1

)

0

0.5

1

1.5

2

0

5

10

15

20

1-May-13 9-Aug-13 17-Nov-13 25-Feb-14 5-Jun-14 13-Sep-14 22-Dec-14 1-Apr-15 10-Jul-15 18-Oct-15 26-Jan-16

N
H

4-
N

or
N

O
2-

N
(m

g/
L)

D
O

N
or

N
O

3-
N

(m
g/

L )

N
H

4-N
or

N
O

2-N
(m

g
L-1

)

D
O

N
or

N
O

3-
N

(m
g

L-1
)

0

0.5

1

1.5

2

0

5

10

15

20

1-May-13 9-Aug-13 17-Nov-13 25-Feb-14 5-Jun-14 13-Sep-14 22-Dec-14 1-Apr-15 10-Jul-15 18-Oct-15 26-Jan-16

N
H

4-
N

or
N

O
2-

N
(m

g/
L)

D
O

N
or

N
O

3-
N

(m
g/

L)

N
H

4- N
o r

N
O

2- N
(m

g
L- 1

)

D
O

N
or

N
O

3-N
(m

g
L-1

)

123

24 Nutr Cycl Agroecosyst (2020) 116:19–30



drainage and percolation; the contribution of subsur-

face drainage for W2 was only 6.7–7.1% of the total

output, and rice, drainage and percolation were

observed to dominate total output of W2. The surface

drainage, subsurface drainage and percolation for E1

were within 91.5–163.5 kg N ha-1, 72.4–98.3

kg N ha-1 and 74.9–112.1 kg N ha-1, and those for

W2 except for 2015 were within 78.3–113.0

kg N ha-1, 17.5–25.1 kg N ha-1 and 55.6–94.0 kg N

ha-1, respectively. The percolations of E1 and W2

were similar while the nitrogen that was transported to

the underground system (by subsurface drainage and

percolation) in E1 (147.3–210.4 kg N ha-1) having

higher water permeability was twice that observed in

W2 (73.1–119.1 kg N ha-1). Nitrogen assimilated by

rice in E1 (66.5–75.4 kg N ha-1) was* 30% smaller

than that in W2 (86.3–98.4 kg N ha-1) for all the

years. The emissions to the atmosphere from both

fields by volatilisation and denitrification were low. In

W2 in 2015, surface drainage was considerably low

due to the tight control of surface drainage water

output as described before; however, the other outputs

remained similar with those in 2013 and 2014.

Eventually, the total output of E1 was 1.3, 1.1 and

2.3 times larger than that of W2 in 2013, 2014 and

2015, respectively.

Discussion

Evaluation of water flux

Previous researchers reported ten times smaller water

flux than that exhibited by this study under both

stagnant irrigation and flowing irrigation (Table 2).

The surface drainage fluxes for E1 and W2 were

31.2% and 42.2% of the total outflux, respectively, and

were within the ranges of the previously reported

values for both the two irrigation types: 29.8–45.2% of

the total outflux for flowing-irrigation type and

7.9–73.4% of the total outflux for stagnant-irrigation

type. The average percolation rate was 2 mm day-1 as

calculated by Zhao et al. (2009) and 3.25 mm day-1

as observed by Cho and Han (2002) in stagnant-

irrigation type. In flowing-irrigation type, Takeda et al.

(1991) reported the water requirement (based on

evapotranspiration and percolation) to be

15–23 mm day-1, and Hama et al. (2015) estimated

the percolation rate to be 30 mm day-1. In our study,

higher percolation rates were exhibited when com-

pared to these previous studies (139 mm day-1 in E1

and 76 mm day-1 in W2 in average during the

irrigation periods). The average percolation fluxes

were 45.3% and 45.8% of total outflux for E1 andW2,

respectively, and were also within the ranges of

previous values: 42.3–66.2% of total out flux for

flowing irrigation and 4.8–67.3% of total out flux for

stagnant irrigation. In the flowing irrigation, the ranges

for surface drainage and percolation were smaller than

those in stagnant irrigation, implying the stable water

discharge of not only surface drainage but also

percolation under flowing condition.

Characterisation of nitrogen concentration

Hama et al. (2015) observed NO3–N (0.53–0.73

mg L-1) and Total Dissolved Nitrogen

(0.7–1.7 mg L-1) in irrigation water and NH4–N and

NO2–N were below the detection limit, and the

maximum DON concentration was estimated as

1 mg L-1. On the other hand, NO3–N and NH4–N of

irrigation water were detected: average of 0.66 and

0.16 mg L-1 in the paddy field located near industrial

park (Takeda et al. 1991). Both of the paddy fields of

this study were irrigated by waters containing nitrogen

concentrations within the range of those of other

studies in Japan. Previous reports also showed similar

bFig. 2 Change in nitrogen concentration for each form of

nitrogen. Close triangle: DON; close circle: NH4–N; open

triangle: NO3–N; open circle: NO2–N; grey zone, irrigation

period

0

100

200

300

400

500

IN
O

U
T IN

O
U

T IN
O

U
T IN

O
U

T IN
O

U
T IN

O
U

T

Inputs

Precipitation

Irrigation

Denitrification

Percolation

Subsurface drainage

Surface drainage

Volatilization
Uptake by other plants

Rice

Fertiliser

Fixation

Outputs

A
m

ou
nt

of
ni

tro
ge

n
(k

g
N

ha
-1

)

2013 2014 2015 2013 2014 2015
E1 W2

600

Fig. 3 The annual nitrogen budget for each paddy field

123

Nutr Cycl Agroecosyst (2020) 116:19–30 25



variations in which the nitrogen concentrations were

high at the paddling time then decreased in surface

drainage (Sugimoto et al. 2008; Takeda et al. 1991)

and percolation (Sugimoto et al. 2008) regardless of

irrigation water management type. On the other hand,

during non-irrigation period, Takeda et al. (1991)

reported the increase of total nitrogen and NO3–N

concentrations in both subsurface drainage and per-

colation caused by enhancement of oxidation under

dry soil condition.

Comparison of nitrogen balance between different

irrigation types

The study results for nitrogen loading and nitrogen

balance within the paddy fields are summarised in

Table 3. According to previous reports, the total input

for flowing-irrigation type was 222 kg N ha-1 and

was 85–270 kg N ha-1 in case of stagnant-irrigation

type; the nitrogen inputs for both the irrigation types

were similar. In this study, the total inputs were

490–581 kg N ha-1 in E1 and 236–332 kg N ha-1 in

W2 (Fig. 3). Comparing our results with the previous

researches, although the water volume differed by ten

times, the total input amount of nitrogen in E1 was

twice as large as the reported values, and that in W2

was at upper level of reported results. The inputs

through irrigation were the only factor being much

larger than previous reports in both the fields. With

respect to outputs, the nitrogen runoff through surface

drainage was significantly higher than reported results

under stagnant irrigation. Cho and Han (2002)

estimated an exceptionally large amount of nitrogen

in surface drainage (118.7 kg N ha-1) under stagnant

irrigation in Korea, in which the total nitrogen

remained at higher concentration level in ponded

water and eventually in surface drainage water after

fertilisation than that obtained in our study under

flowing irrigation. The subsurface drainage was

reported as 39.4–47.7 kg N ha-1 under stagnant irri-

gation only by Takakai et al. (2017). In this study

under flowing irrigation, the nitrogen loss by subsur-

face drainage ranged from 21.3 kg N ha-1 in W2 to

86.9 kg N ha-1 in E1. These results imply that the

irrigation type, i.e. flowing and stagnant irrigation,

does not simply affect the nitrogen loading, controlled

by both nitrogen concentration and water flux, through

surface drainage and subsurface drainage. The output

of percolation was similar to that observed in a

previous report under flowing irrigation (Takeda et al.

1991), and higher than those under stagnant irrigation.

As the result, the total output amounts of nitrogen in

the present study were estimated to be at maximum

level compared to the reported values, owing to

contribution of large water flux under flowing

irrigation.

In other studies listed in Table 3, nitrogen balances

are evaluated with multiple inputs and outputs of

waterflow, rice uptake and air emissions. The rice

uptake was not considered as a major contributor to

total nitrogen outputs by Takeda et al. (1991), Cho and

Han (2002), Sugimoto et al. (2008) and Zhao et al.

(2012). These studies did not account for the nitrogen

assimilated by rice because they focused only on the

Table 2 Water balances of paddy fields from literatures

Irrigation type Inflow (mm) Outflow (mm) Balance (%) Calculation

days (days)

Literature

I P Total D G E Total

Stagnant 967 1510 2477 1324 618 491 2433 1.8 365 Cho et al. (2000)

816 1231 2048 1027 561 452 2040 0.4 294 Cho and Han (2002)**

2176 1595 3771 2768 183 821 3771 0.0 365 Sugimoto et al. (2008)**

1781 522 2303 1699* 528 2227 3.3 76 Feng et al. (2004)

906 589 1495 255 808 463 1495 0.0 124 Hama et al. (2011)**

1156 660 1816 144 1222 451 1816 0.0 118 Hitomi et al. (2007)

– 750 750 502 201 – 703 6.2 138 Zhao et al. (2012)**

Flowing 4007 509 4516 1357 3018 185 4560 -1.0 103 Hama et al. (2015)

3735 926 4661 2105 1970 584 4659 0.0 138 Takeda et al. (1991)**

*Sum of drainage and infiltration; **Average of the reported values
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estimation of nitrogen loading by water flows. Addi-

tionally, the uptake by other plants was not considered

in all of the previous reports which studied nitrogen

balance in paddy field. In Kyaw et al. (2005), there was

a large negative balance between the total input and

the total output because of the high nitrogen removal

capacity owing to the high nitrogen uptake by the

whole rice plant body, high denitrification activity and

low water flow to avoid surface water drainage. In our

study, to the contrary, the large positive balance was

found in E1. We assumed these differences to be

attributed to the accumulation in the soil, because we

considered the conceivable other major factors for

outputs. The amount of accumulated nitrogen was

estimated to be 27.2% of the total input for E1 and

0.7% of that for W2 by performing nitrogen budget

analyses. Takakai et al. (2017) studied the nitrogen

loss in a field with upland-paddy rotation and different

histories of manure application by measuring the

change in the soil nitrogen content and found soil

nitrogen was significantly decreasing. To the contrary,

Zhao et al. (2009) observed the positive amount of

residual nitrogen (19.2% and 21.7% of chemical

fertiliser) determined using the 15N tracing method

with rice–wheat rotation in China. In addition,

Chowdary et al. (2004) and Liang et al. (2007) also

reported the nitrogen left in the soil as 8–20% of the

total input with a balanced nitrogen amount. Com-

pared with these positive accumulations, our nitrogen

balance attributed to soil accumulation in E1 was

relatively larger. For identifying the soil characteris-

tics, we measured the nitrogen contents and stable iso-

tope ratios (Fig. 4). The isotope ratios of the surface

soil nitrogen were slightly different (p\ 0.05). The

nitrogen content in the surface soil, however, was

demonstrated to be significantly different (p\ 0.01)

between E1 andW2: higher in E1 than inW2 implying

the higher potential of soil adsorption in E1, and it

showed the increasing tendency during the period of

our experiment in the both field. In addition, the depth

of the ploughed soil in E1 (55 cm) was greater than

that in W2 (10 cm), and it may also cause the

significant nitrogen accumulation in E1. Previous

studies have reported that the accumulation rate

observed in a field would increase with increasing

application of chemical fertilisers (Liang et al. 2007;

Zhao et al. 2009). However, E1 exhibited a higher

accumulation than other studies in Table 3, in some of

which the amount of applied fertiliser is much higher

than that in E1. With respect to total input, E1 was

largest because of high nitrogen input by flowing

irrigation. The nitrogen accumulation in soil may be

enhanced not only by the amount of applied fertiliser

but also by the water flow characteristics.

Conclusions

In this study, the nitrogen balances for two paddy

fields were estimated under flowing-irrigation condi-

tion using four factors as inputs and seven factors as

outputs. The observed fields exhibited high percola-

tion rates because of the installation of subsurface

drainage. The calculated annual water flows were

observed to be more than 10 times larger than that

observed in previous reports. Regarding the changes in

nitrogen concentration in water over time, it rapidly

decreased after paddling in both surface and subsur-

face drainage waters. The NO3–N and DON concen-

trations constituted 43% and 47% of the dissolved

nitrogen in irrigation water, respectively. Further-

more, the NH4–N concentration was also detected

even though majority of the previous studies did not

detect it in irrigation water. The sizes of the nitrogen

balances were near the higher levels or much higher

than the levels that were reported in previous studies.

Notably, there was a large difference in nitrogen input

via irrigation water between our study and previous
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studies. The nitrogen balances in our study fields

showed large difference between the total input and

the total output: the positive balance was considered to

be caused by not taking nitrogen accumulation in soil

into account. According to previous researchers, the

nitrogen remaining in the soil was related to the

amount of applied fertiliser. However, the fertiliser

rates in our study fields were not higher level

compared with the experimental fields in other studies.

Therefore, in addition to effect of fertilizer applica-

tion, the effect of nitrogen input via water flow on soil

accumulation as well as nitrogen discharge to water

environment is to be assessed by evaluating the

nitrogen balances for better control of environmental

quality.
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