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Rice production with minimal irrigation and no nitrogen
fertilizer by intensive use of treated municipal wastewater
Ayumi Muramatsu, Toru Watanabe, Atsushi Sasaki, Hiroaki Ito
and Akihiko Kajihara

ABSTRACT
We designed a new cultivation system of rice with circulated irrigation to remove nitrogen
from treated municipal wastewater effectively and assessed the possibility of nitrogen removal in
the new system without any adverse effects on rice production through bench-scale experiments
through two seasons. Overgrowth of the rice plant, which can lead to lodging and tasteless rice,
was found in the ﬁrst season probably because nitrogen supply based on standard practice in
normal paddy ﬁelds was too much in the closed irrigation system. In the second season,
therefore, the amount of treated wastewater initially applied to the system was reduced but this
resulted in a considerably decreased yield. On the other hand, the taste of the rice was
signiﬁcantly improved. The two-season experiments revealed that the new system enabled rice
production with minimal irrigation (approximately 50% on the yield base compared to normal
paddy ﬁelds) and no nitrogen fertilizer. The system also achieved >95% removal of nitrogen from
the treated wastewater used for circulated irrigation. The accumulation of harmful metals in the
rice was not observed after one season of cultivation in the new system. The accumulation after
cultivation using the same soil repeatedly for a longer time should be examined by further
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INTRODUCTION
Treated municipal wastewater is recognized as a relatively
stable water source alternative to natural ones such as surface water and groundwater, and it is already reused for
ﬂushing toilets, cleaning streets and machines, waterrelated recreation, watering plants, melting snow and so
on. Among these uses, a large volume of reused wastewater
has been applied for agricultural irrigation since it usually
contains rich nutrients which are beneﬁcial for plant
growth (Qadir et al. ; Norton-Brandao et al. ),
although harmful substances such as heavy metals (Singh
et al. ) and pathogens (Mok & Hamilton ) in
reused wastewater may contaminate the foods produced
and pose health risks to consumers. Paddy rice is one of
the agricultural products which require considerable
water and therefore reuse of treated wastewater is suitable
for its cultivation (Tanaka & Okamoto ). Since rice
plants grow while consuming nutrients in treated
doi: 10.2166/wst.2014.250
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wastewater used for irrigation, removal of nutrients from
the wastewater is expected at the same time (Li et al.
; Jang et al. ). Also, nitrogen can be further
removed by bacterial activities (i.e., nitriﬁcation and denitriﬁcation) in paddy soil.
Although reuse of untreated or treated wastewater for
rice cultivation has been investigated (Chiou ; Papadopoulos et al. ; Yoon et al. ), we designed a new
cultivation system with circulated irrigation to remove nitrogen from treated wastewater as effectively as possible. This
study aims to assess the possibility of nitrogen removal
from the treated wastewater in the new system, through
bench-scale experiments for two farming seasons, without
any adverse effects on rice production, in terms of plant
growth, and yield, taste and safety of cultivated rice. In the
safety assessment, although the concentrations in the treated
wastewater were sufﬁciently lower than the threshold levels
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for crop production in the FAO guidelines (FAO ),
special attention was paid in this study to heavy metals
since the circulated irrigation may enhance metal accumulation in rice. We expect that our new system will
contribute to effective water and resource management
through simultaneous reductions of irrigation water and
chemical fertilizer applied to paddy ﬁelds.

MATERIALS AND METHODS
Experimental apparatus
Figure 1 illustrates the experimental apparatus for rice cultivation with circulated irrigation. The experimental
apparatus consisted of a simulated paddy ﬁeld with an
area of 0.18 m2 and a storage tank for irrigation water.
The simulated paddy ﬁeld had an underdrain at the
bottom of a 15 cm soil layer, from which irrigation water
inﬁltrating the soil layer was continuously drained (7 to
10 L/d). The drained water was stored in the storage tank
and then continuously pumped up into the paddy ﬁeld.

Figure 1

Table 1
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The ﬂow rate of irrigation water was about 20 L/d. The
apparatus was covered by a transparent plastic roof and
sheet to avoid the effect of rainfall.
Experimental conditions
Using the apparatus, we cultivated rice plants with circulated
irrigation under six experimental conditions (Table 1). Runs
A to C were for the experiment of rice cultivation in the
ﬁrst season from May to September in 2011. In Runs A and
B, 30 L of treated wastewater taken from a municipal wastewater treatment plant, which contained an amount of
nitrogen (1,080 mg) equivalent to that applied to paddy
ﬁelds following the standard practice in this region, was
used for irrigation together with the same volume of channel
water taken at the University Farm, Yamagata University,
Tsuruoka, Yamagata, Japan. Deﬁciencies of phosphorus
(1,066 mg as P2O5) and potassium (725 mg as K2O) in the
treated wastewater were compensated by chemical fertilizers.
In Run C, only channel water was irrigated and all of the
nitrogen, phosphorus (1,080 mg as P2O5) and potassium
(1,080 mg as K2O) were supplied as chemical fertilizers.
Soil for the experiment was taken from the surface of
paddy ﬁelds in the farm where channel water was taken
and applied to the apparatus after being air-dried.
Runs D to F were for the experiment in the second
season. In the second season, the experimental conditions
were modiﬁed since overgrowth of the rice plant and low
score of its taste, probably due to excessive absorption of
nitrogen (Hu-Lin et al. ; Nguyen et al. ) and a
high temperature (Zheng-Xun et al. ), were found in
the ﬁrst season. First, soil for the experiment was not dried
before being used, although it was taken from the same
paddy ﬁeld as in the ﬁrst season. This was intended to
reduce the supply of bioavailable nitrogen with mineralization of organic nitrogen in the soil, which is enhanced by
drying the soil (Ando et al. ). Secondly, the initial

Runs in the rice cultivation experiment with circulated irrigation

Run

A

B

C

D

E

F

Irrigation of treated MWW*

Yes

Yes

No

Yes

Yes

Yes

Chlorination of treated MWW

Yes

Yes

–

Yes

No

No

Intermittence of irrigation

Yes

Yes

Yes

Yes

No

Yes

Rice planting

Yes

No

Yes

Yes

Yes

Yes

Nitrogen fertilizer (mg)

0

0

1080

0

0

0

Paddy soil

Dried

Dried

Dried

Undried

Undried

Undried

*Municipal wastewater.
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supplies of nitrogen at the beginning of the experiment was
reduced to 810 mg. The initial supplies of phosphorus (as
P2O5) and potassium (as K2O) were also changed to 1,440
and 1,260 mg, respectively, according to another standard
practice aiming at a high score of taste which was recommended by the local government. Moreover, to avoid
too high a temperature around the simulated paddy ﬁeld,
the ventilation was improved. Except for these modiﬁcations and the initial volume of water (100 L), the
experimental condition in Run D was the same as in Run
A. In Runs E and F, treated wastewater before chlorine disinfection, which was taken from the same treatment plant as
in the ﬁrst season, was used for irrigation to examine the
effect of chlorine disinfection on the rice production.
Schedule of transplantation, cultivation and harvesting
In the ﬁrst season, the young rice plant (Oryza sativa L cultivar Haenuki) was transplanted in Runs A and C on May
31, 2011. During the experiment, the level of surface
water on the simulated paddy ﬁeld was kept at 5 cm.
Only in the period from July 5 to 10 was the pump-up of
stored water intermittent and water remaining in the
paddy ﬁeld drained for drying up the paddy soil. This intermittency of irrigation, called midsummer drainage (MSD),
is usually performed in this region to supply air to paddy
soil. The supplied air enhances the nitriﬁcation of unused
nitrogen in the soil and the transformed nitrate is easily
removed by leaching and denitriﬁcation after the MSD.
The air supply also contributes to the growth of roots by
inhibiting H2S production. We continued the experiment
after the MSD, adding a total of 240 L of channel water
to each run. On August 26, a small amount of irrigation
water (up to 20 L) was lost in Runs A and C by an accidental leakage and ﬁnally the rice was harvested on October
12, 2011. At that time, only a few litres of water remained
in the storage tanks.
In the second season, the same cultivar of rice as in the
previous season was transplanted in Runs D to F on May 24,
2012. Similar to the ﬁrst season, the water level was kept at
5 cm throughout the experiment except the MSD period
(July 17 to 22). The MSD was not performed in Run E
(Table 1) to examine its effect on the rice growth. Just
after the MSD, 6.1 to 6.2 L of treated wastewater, which
was taken again from the same treatment plant, was added
to the storage tank in all runs since the growth of rice
seemed insufﬁcient. The date of harvesting rice was September 24, 2012. The ﬁnal volume of water in the storage tanks
was 67 to 85 L.
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Analyses of water, rice and soil
From the beginning of the experiment, water temperature,
electrical conductivity (EC), pH and dissolved oxygen
(DO) of irrigation water were routinely measured in the
storage tank using their mobile meters (OM-51 and
D-54, HORIBA, Japan). Total nitrogen (TN) concentration
in the tank was also analysed with the TN measuring unit
(TNM-1, SHIMADZU, Japan) attached to the total organic
carbon analyser. In parallel, the growth of the rice plant
was recorded by measuring its height, number of shoots
and SPAD (soil plant analysis development) value indicating
leaf chlorophyll concentration (Markwell et al. ).
After harvesting, yield and dry weight of rice were
measured following the standard method. In order to examine
the quality of the harvested rice, we analysed its taste and
metal content. The taste was analysed with its analyser (TM3500, SHIZUOKA SEIKI, Japan) in the ﬁrst season. In the
second season, on the other hand, the taste was estimated
based on the protein content, a main component of taste,
since we could not obtain a sufﬁcient amount of rice for the
above analyser. The protein content was converted from the
nitrogen content in the rice plant analysed with the automatic
high sensitivity NC analyser (SUMIGRAPH NC-220F, SCAS,
Japan). The nitrogen contents in the other parts of the rice
plant and the paddy soil after the experiment were analysed
with the same NC analyser. The metals (Li, Na, Mg, Al, K,
Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Cd, In, Ba, Pb and Bi) in
the harvested rice were measured with the inductively coupled
plasma (ICP) spectrometer (iCAP 6000 SERIES, Thermo
Scientiﬁc) after the treatment with a wet digestion method.
Statistical analysis
We could not prepare replicates of the experiment in any of the
runs. Instead, we cultivated four sets of rice plants in each run,
as illustrated in Figure 1, and statistical analyses were conducted on the assumption that each set of rice plants grew
independently from the other sets. Student’s t-test was used
for comparison of results from two runs, while Tukey’s test
was used for comparison among three or more runs.

RESULTS AND DISCUSSION
Growth of rice plants
The growth of rice plants, evaluated as the height, number
of shoots, SPAD and dry mass, in Run A was similar to
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Yield and quality of harvested rice

that in Run C (Table 2), which indicates no signiﬁcant
effect of irrigation of treated wastewater on growth. However, in comparison with the target values for cultivar
Haenuki recommended by the prefectural government,
the rice plants cultivated in both runs were overgrown.
The overgrowth is due to excessive absorption of nitrogen
which was probably caused by circulated irrigation in the
closed system. Since leaching of nitrogen, which is
observed in normal paddy ﬁelds, never happened in the
system, the amount of nitrogen applied to each run
seemed too much. Another possible reason is the increased
bioavailable nitrogen in the soil which was dried before
being applied to the experiment, as described in ‘Materials
and methods’.
In the second season, we modiﬁed the experimental
conditions, i.e. a reduction of the initial supply of nitrogen
and improvement of ventilation, and obtained the results
for the growth of the rice plants as shown in Runs D to
F in Table 2. The effect of the initial supply of nitrogen
was obvious in the number of shoots, which was only
half of the target value in all three runs. The number of
shoots increases with tillering in the early stage of cultivation. That is why the additional supply of nitrogen after
the MSD was not effective. In this season, the tillering
did not proceed properly, which resulted from shortage
of the initial nitrogen supply, although the height was
not affected and exceeded the target value. The height
and dry mass of rice plant cultivated in Run E were
higher than those in Runs D and F, indicating that the
MSD surely contributed to inhibition of its growth. On
the other hand, the comparison between Runs D and F
revealed no adverse effect of chlorine disinfection of treated wastewater on plant growth.

Table 2

Water Science & Technology

Table 2 also shows the yield and taste of harvested rice. There
was no signiﬁcant difference in the yield among Runs A and
C, indicating no signiﬁcant effect of treated wastewater irrigation on rice production. As for the components of yield, the
number of panicles per area and number of grains per panicle
were higher than the target value for this cultivar, while
ripening rate and kernel weight were lower. The overgrowth
of rice plant contributed to the increase in the number of
grains, resulting in the smaller size of the harvested rice.
No signiﬁcant difference in the taste of the rice was found
between Runs A and C. The low score of taste is probably
due to the high nitrogen content that resulted from excessive
absorption of nitrogen as above mentioned.
Compared to Run A, the yield in Run D in the second
season was considerably decreased and was only half of
the target value. This low yield was commonly observed in
Runs E and F. The yield per shoot (1.3 to 1.5 g) was comparable to that (1.5 g) in the previous season. This fact means
that the low number of shoots, due to the shortage of nitrogen supply at the beginning, caused the low yield observed
in the second season. On the other hand, the taste of the
rice harvested satisﬁed the target value (<6.8% as protein
content) in every run and it seemed to be successfully
improved by reduction of the initial supply of nitrogen.
Among 19 species of metals analysed in the ﬁrst season,
the contents of Li and Na in brown rice in Run A were signiﬁcantly higher than those in Run C (data not shown). The
increased content of Na is understandable since the concentration of sodium ions in treated wastewater used for
irrigation was more than 10 times higher than that in channel water. On the other hand, Li was not detected in either

Growth of rice plant, yield and taste of harvested rice in each run (average ± standard error, n ¼ 4)

Run

Height (cm)*

A

C
a

82.4 ± 2.4

83.8 ± 3.3

a

Number of shoots*

35.8 ± 1.3

SPAD*

46.9 ± 1.4a

D
a
a

69.3 ± 1.1

b

F
a

68.8 ± 0.5b

b

77.1 ± 2.4

36.8 ± 2.2

13.5 ± 1.1

12.5 ± 0.5

13.5 ± 1.1b

47.9 ± 2.3a

41.4 ± 1.2b

41.6 ± 0.4b

41.6 ± 0.8b

a

b

b

Dry mass (g/set)

88.9 ± 11.7

88.3 ± 9.0

22.9 ± 0.5

25.6 ± 2.7

22.6 ± 0.6b

Yield (g/m2)**

727 ± 86a

811 ± 141a

278 ± 9b

339 ± 27c

283 ± 22b,c

Score of taste (/100)
Protein (%)

a

E
b

a

69.0 ± 1.7
–

a

66.5 ± 1.5
–

Targets in the 1st season: height < 70, shoots < 24, SPAD < 38, yield > 580 and score of taste > 80.
Targets in the 2nd season: height < 62, shoots < 27, SPAD < 39, yield > 560 and protein < 6.8.
*Highest value in the cultivation period of each run.
**Based on the weight of brown rice.
a,b,c

Different letters indicate a statistically signiﬁcant difference between runs (p < 0.05)
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–
a

5.8 ± 0.5

–
a

5.9 ± 0.1

5.7 ± 0.1a
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treated wastewater or channel water and therefore the
reason for the increased Li content in Run A is not clear.
The level of cadmium, a heavy metal to be monitored
most carefully in rice, was substantially lower than the regulation (0.04 mg/kg) established for edible white rice by the
Codex Alimentarius Commission, demonstrating that circulated irrigation of treated wastewater did not enhance the
accumulation of harmful heavy metals in rice under the current experimental conditions. Heavy metals were not
analysed in the second season because a smaller amount
of treated wastewater was irrigated than in the ﬁrst season.
Removal of nitrogen from reused wastewater
The treated wastewater used for irrigation contained
1,080 mg of nitrogen at the beginning of the experiment in
the ﬁrst season. For several days after irrigation started,
TN concentration in the irrigation water increased, probably
due to desorption from paddy soil, and reached 18.2 mg/L
on June 7 (Figure 2(a)). Then the TN concentration gradually decreased with growth of the rice plant and was
9.4 mg/L on July 7 during the MSD. At that time, all

Figure 2

|

TN concentration of irrigation water observed in the storage tank in Runs A and D.
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irrigation water was returned to the tank. The irrigation
water returned to the tank had 84.6 mg of nitrogen and we
can estimate, taking into account irrigation water lost by
sampling, that 92% of nitrogen in the reused wastewater
was removed in the ﬁrst month of the experiment. After
the MSD, a maximum of 8.2 mg of nitrogen was lost due
to an accidental leakage and only 0.9 mg remained unused
at the end of experiment.
Run B was tested to investigate nitrogen removal without any effect of rice plants but a leakage of a
considerable amount of irrigation water happened on June
16 and also a failure in drainage from the underdrain was
found. Although we could not obtain analysable data in
this run due to these problems, no decrease of TN concentration in the irrigation water was observed in the ﬁrst
month before the MSD.
Figure 2(b) shows the ﬂuctuation of TN concentration in
the storage tank in Run D. This was almost the same as in
Runs E and F. The TN concentration gradually decreased
from 6.6 to 7.0 mg/L at the beginning to 0.7 to 0.8 mg/L
during the MSD. The concentration rose to 3.7 to 4.4 mg/L
by the additional supply of treated wastewater and the
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ﬁnal concentration was as low as 0.7 to 0.8 mg/L. In this
season, we supplied initially 810 mg and additionally
270 mg of nitrogen to the paddy ﬁeld. The removal efﬁciency of nitrogen through the experiment was about 96%.
The amount of nitrogen (965 to 971 mg) removed from the
irrigation water during this experiment was smaller than
the amount (1,300 to 1,435 mg) in the biomass of the rice
plants and other weeds. Nitrogen supplied from soil and
atmosphere is likely to account for this difference, although
this was not measured.

Reduction of irrigation water by its circulation
The daily reduction in surface water depth, due to inﬁltration and evapotranspiration, in standard paddy ﬁeld in
Japan is about 20 mm. A total of 3,000 L of water is
needed to maintain the water depth of 1 m2 of paddy ﬁeld
for the ﬁve months of the rice cultivation period. The average precipitation in the ﬁve months is 800 mm in the
region where we conducted this study. If all of the precipitation can be used in the paddy ﬁeld, 2,200 L/m2 of water
should be irrigated. Based on the targeted value of yield
(560 kg/m2), the volume of irrigation water required to get
1 kg of rice can be estimated as 3,930 L/kg. In our ﬁrst
and second experiments, approximately 280 and 100 L of
irrigation water were lost excluding an accidental leakage,
respectively. These water usages can be converted to 1,940
and 2,058 L/kg, which are somewhat smaller than that estimated for the normal paddy ﬁeld. This comparison revealed
that the circulated irrigation system proposed in this study
can contribute to efﬁcient water use in areas like the
urban–rural fringe, with the additional aims of protecting
the receiving water environment and producing a high quality of rice with no nitrogen fertilizer. The circulated
irrigation system can be realized smoothly in paddy ﬁelds
with underdrains. However, since pumping up the drained
water is required, the cost of the pumps may limit the
system implementation. The feasibility of this system
should be evaluated by further studies on cost–beneﬁt analysis considering saved water sources and nitrogen fertilizer.

CONCLUSIONS
We designed a new cultivation system with circulated irrigation in order to remove nitrogen from treated municipal
wastewater effectively. Through bench-scale experiments
for two seasons, we obtained the following ﬁndings.
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(1) The new system enabled rice production with minimal
irrigation (approximately 50% on the yield base compared to normal paddy ﬁeld) and no nitrogen fertilizer.
(2) Nitrogen supply based on standard practice in normal
paddy ﬁelds seemed too much for the new system, resulting in overgrowth of rice plants and poor eating quality
of rice in the ﬁrst season. By reducing the initial nitrogen
supply, the yield of rice was considerably reduced in the
second season, while the taste of the harvested rice was
signiﬁcantly improved.
(3) Accumulation of harmful metals in the rice was not
observed after one season of cultivation in the new
system.
(4) In both seasons, more than 95% of nitrogen in the
reused wastewater was removed through rice cultivation
in the new system.
(5) Impact of chlorination of reused wastewater on rice production in the new system was negligible and the
intermittency of irrigation (MSD) did not improve
yield and quality of harvested rice.
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