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ABBREVIATIONS

P phosphorus

TP total phosphorus
PO,4-P phosphate phosphorus
CI cyclic irrigation

LWI lake-water irrigation

Non-I non-irrigation

C phosphorus concentration, mg * L™

0 volumetric flow rate, mm + d’'

Cin phosphorus concentration of influent water, mg * L™
Cout phosphorus concentration of effluent water, mg « L
On volumetric flow rate of influent water, mm * d”'

Oout volumetric flow rate of effluent water, mm * d”

Lt net phosphorus export, kg * ha' - d!

dcr cyclic irrigation ratio

Olgw surplus irrigation water ratio

% concentration ratio

X TP concentration ratio of total phosphorus

B neutral effect curve for the net phosphorus export



ABSTRACT

Phosphorus (P) effluent load discharged from paddy fields has a substantial impact on
water quality in downstream areas. We evaluated the effectiveness of cyclic irrigation,
in which drainage water is reused for irrigation purposes, in reducing the P load from a
paddy-field district neighboring Lake Biwa, Japan. We measured temporal variations in
the P concentration in drainage water and estimated the P mass balance for the study
district for three consecutive years (2007-2009). A simple model was developed to
characterize the hydrological structure and effects of cyclic irrigation using three
parameters: the ratio of the P concentration in drainage water to that in irrigation water,
the degree to which drainage water is reused, and the ratio of surplus irrigation water to
the total amount of irrigation water. The total annual exports of P were 2.62-3.13 kg-ha™
! Phosphorus exports during the cyclic irrigation periods (April-June) were 0.27-0.63
kg-ha ' (period average rate = 3.7-8.8 g-ha '-d"), lower than those during the lake
water irrigation periods (July—August) of 0.82—1.66 kg-ha ' (8.9-18.0 g-ha '-d™).
Phosphorus export was lowest during the cyclic irrigation period, consistent with the
small amounts of discharged drainage water. Our results suggest that cyclic irrigation is
an effective district-scale method for reducing effluent P loads. Reuse of drainage water
and efficient use of irrigation water are important in reducing the P load from the

district.
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1. Introduction

Removal of pollutants such as suspended solids, organic matter, and nutrients from
non-point sources is an important issue in managing water quality in downstream areas.
Phosphorus (P) is a nutrient that when present in high concentrations causes water
quality problems in many aquatic systems (Correll, 1998; Sharpley, 1993). Rice-paddy
fields, which use large amount of irrigation water, are among the major non-point
sources (Bouman et al., 2007; Krupa et al., 2011; Yoshinaga et al., 2007). Suspended
solid and nutrient loads in paddy-field effluent have substantial impacts on downstream
ecosystems—notably, eutrophication, algal blooms, and freshwater red tides—that can
be reduced through environmentally friendly farming practices. Various management
practices have been carried out for reducing nutrient loads from paddy fields.
Field-scale practices include reducing the amount of chemical fertilizer used by
applying slow-release fertilizer (e.g., Choi and Nelson, 1996; Fan and Li, 2010).

Cyclic irrigation, in which drainage water is reused for irrigation, is considered
an effective water management technique for reducing pollutants from paddy fields
(Feng et al., 2005, 2004; Hama et al. 2011, 2010; Takeda and Fukushima, 2006, 2004;
Takeda et al., 1997)). Using this technique, more water is retained in the paddy fields,
reducing the volume of run-off carrying potential pollutants. In addition, the water that
does leave the fields is partially purified, because the longer hydraulic retention time
allows for increased absorption of nutrients in the fields, reducing the amount released
as pollutants (Takeda and Fukushima, 2006; Takeda et al., 1997). The effectiveness of

cyclic irrigation is directly proportional to the amount of water that is reused (Kaneki,
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2003) and to the intensity (Hitomi et al., 2006; Shiratani et al., 2004). However, because
cyclic irrigation requires using large quantities of freshwater to reduce the risks
associated with pathogens and heavy metals (Zulu et al., 1996), there is a limit to the
intensity used in many paddy-field districts that capture industrial or domestic
wastewater from upstream areas. Accordingly, little is known about the effectiveness of
high-intensity cyclic irrigation in reducing nutrient effluent loads from paddy-field
districts.

Our objectives in this study were to understand the characteristics of P effluent
loads in a paddy-field district implementing high-intensity cyclic irrigation, and to
evaluate the effectiveness of that technique in reducing these loads. We focused our
analysis on a paddy-field district neighboring Lake Biwa, Japan, over three consecutive

years (2007-2009).

2. Materials and methods

2.1. Study site

Our study site was a low-lying paddy-field district located on the southeastern edge of
Lake Biwa (35°05'N, 135°56'E, Fig. 1(a)). Lake Biwa (670 km?) is the largest lake in
Japan and the most important water resource for about 14 million people in the Kinki
region, including Osaka and Kyoto Prefectures. The mean annual temperature and

rainfall are 15°C and 1550 mm. The district covers an area of about 1.5 kmz, with more



than 90% of that area comprised of paddy fields. Rotation crops, specifically wheat
(from November to June) and soybeans (from June to November), are grown on about
one-third of the area on a three-year cycle.

Within the district, a drainage and irrigation system is employed in which the
canals for each process are separate (Fig.1(b)). Further, no industrial or domestic
wastewater from outside the district flows into the drainage or irrigation canals. The
drainage portion of the system contains one main and 14 lateral canals and floodgates at
both ends of the main canal. In addition, each paddy field has an outlet at the surface
(surface water drainage) and an underground pipeline with an outlet (tile drainage).
These outlets are connected to the adjacent lateral drainage canals. When rice is
cultivated, the surface outlet is shuttered with a board and the outlet of the tile drainage
is capped to flood the fields. In contrast, the outlets of the fields that are fallow or under
crop rotation cultivation are opened to enhance drainage of rainfall. Runoff water or tile
drainage water from the fields during rainfall events flows into the main drainage canal
via each lateral drainage canal and then is discharged through the floodgates. During our
study period, the northern floodgate was closed, forcing the outflow of all drainage
water through the southern floodgate. Two pump stations are located at the northern and
southern ends of the main drainage canal with maximum capacities of approximately
2.5x 10> and 0.2 x 10’ m*-h™', respectively. The northern pump station has two water
inlets that connect to Lake Biwa and to the main drainage canal, whereas the southern
pump station has a single water inlet that connects only to the main drainage canal. The
inlets of the northern pump were switched according to irrigation method. Because there

are no water sources other than Lake Biwa, the maximum amount of available water for



irrigation depends solely on the capacity of these pumps.

In the district, two irrigation techniques were used at specific times of year
during the four-month irrigation period (Table 1). Cyclic irrigation was employed for
the first half of the season (the cyclic irrigation period), where recycled drainage water
was used to flood the paddy fields. When the drainage water level fell by
evapotranspiration and the lake-side inlet of the northern pump was closed, water
flowed from the lake to the drainage canal through the floodgate. Lake water irrigation
was then used for the second half of the irrigation period (the lake water irrigation
period), when cool water was needed for maximum rice quality. Under lake water
irrigation, irrigation water was pumped directly from Lake Biwa through the northern
pump. A 10-day midsummer drainage season separated the use of these irrigation
techniques. The pumps were operated every day except on rainy days during the cyclic
irrigation period, whereas operation was intermittent during the lake water irrigation
period. The period from the end of the irrigation period to the beginning of the next
irrigation period is referred to as the non-irrigation period.

About 30 kg P-ha™ of chemical fertilizer is normally applied to rice in late
April before transplanting (Hama et al., 2012). In wheat cultivation, about 80 kg P-ha™
is applied to the fields as base fertilizer in November and 30 kg P-ha™ is added in

December and in February. Phosphorus fertilizer is not applied to soybeans.

2.2. Water quality and hydrological measurements

Drainage water in the district was sampled daily at noon at the southern end of the main



drainage canal (St. 1; Fig. 1(b)) for three consecutive years (from April 2007 to April
2010) using a programmable automatic water sampler (3700 Sampler; Teledyne Isco
Inc., Lincoln, NE, USA). A small plastic tank was placed near the northern pump station
to collect rainfall. The drainage water and rainfall samples were collected during weekly
field visits. In addition, drainage water, irrigation water, and water in the lake were
sampled at weekly intervals at St. 1, St. 2 (pump outlet), and St. 3 (near and outside of
the northern floodgate), respectively, during field visits. The manually sampled water
was analyzed for total P (TP) and phosphate P (PO4-P). Drainage water samples from
the automatic sampler and rainfall water samples were analyzed for TP. Total P was
determined by potassium persulfate digestion followed by the molybdenum blue
method (Murphy and Riley, 1962); PO4-P was also determined by this method after
filtration through a 1-pm filter.

Meteorological instruments for measuring rainfall, air temperature, wind
velocity, relative humidity, and solar radiation were installed in an open area at the
southern pump station (Fig.1(b)). Evapotranspiration during the irrigation period was
estimated by the Penman method (Penman, 1948) using data measured at the southern
pump station and the crop coefficient value for rice (Sakuratani and Horie, 1985).
Evapotranspiration during the non-irrigation period was estimated from the water
balance for the district. We measured the flow rates of discharged drainage water (lake
water irrigation period) and of inflowing lake water (cyclic irrigation period) using a
flow meter (2150 Area Velocity Flow Module; Teledyne Isco, Inc.) installed at the
southern end of the main drainage canal. We estimated the volume of pumped water by

multiplying the amount of time the pumps were in operation by their capacities. We did



not measure subsurface percolation from the district but assumed it to be negligible
because the district is low-lying and close to the lake with high groundwater levels.

We calculated the water balance over a fixed portion of each irrigation period
to compare values across years, although the lengths of the irrigation periods varied
(Table 2); water balance for the cyclic irrigation period was measured from April 20 to
June 30, for the lake water irrigation period from July 1 to September 30, and for the
non-irrigation period from October 1 to April 19 of the following year. Daily inputs and

exports of P were estimated by multiplying P concentrations by flow volumes.

2.3. Simple model for assessing the effect of the irrigation system on effluent load

In this study, we determined the net P export as a mean of assessing the effects of
irrigation techniques on reducing effluent loads in the district, where the net P export is
defined as P export — P input. Because P load is dependent on both the P concentration

and the volumetric flow rate, we defined the net P export, Lne (kg-ha'-d™), as:

Lnet = Cout X Qout - Cin X Qin (1)

where C is the P concentration (mg-L™) and O the volumetric flow rate (mm-d™), and
the subscripts out and in refer to outflow from and inflow into the district, respectively.
In this case, Coy is the P concentration of the drainage water; Qqy, the amount of
drainage water discharged from the district; Ci,, the P concentration of the lake water or

irrigation water under lake water irrigation; and Qj,, the amount of lake water intake.



Lyt > 0 indicates that the district is adding to the P load downstream (net export), while
Lyt < 0 indicates that the district is reducing it (net retention). In a previous study
(Durisch-Kaiser et al., 2011), a similar concept to the net load was used to estimate the
rate of nutrient transformation or production (referred to as the reaction rate) in lakes.
They calculated the reaction rate as R = (Coyt — Ci) X O/A, where R represents the
reaction rate (mmol-m™-d™"), C the concentrations at the inflow and outflow of a lake, O
the average flow (L-d™"), and 4 the total lake surface area (m?). Positive R and negative
R indicated production or transformation, respectively, of nutrients or carbon species
(Durisch-Kaiser et al., 2011).

Considering the neutral condition in which L, = 0, Eq. 1 reduces to:

Cout/ Cin = Qin/ Qout (2)

where C,,/Ci, 1s defined as the concentration ratio, y. If ¢ > 1, there is internal load of
nutrients from the sediment (Portielje and Van der Molen, 1999). In our study, y > 1
suggests that the P concentration increases through internal loading from the main
drainage canal (Fig. 1), whereas ¢ <1 indicates a decrease in P concentration.

We were able to determine the values of each variable needed to calculate net P
export through a conceptual understanding of the relationships among water flows in
the system (Fig. 2). Because this system uses a closed irrigation canal, we determined
the volume of irrigation water (Q,) directly from the volume of water that is passed
through the pump. The inflow of water from the lake (Qj,) can then be calculated by
multiplying the volume of the irrigation water by the proportion of water that is not
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reused through cyclic irrigation:

Oin=(1-ac) Op (3)

where o is the cyclic irrigation ratio, defined as the ratio of the amount of reused water
to the total amount of irrigation water (Hama et al., 2010).

The amount of drainage water that is discharged from the district (Qoy) can be
calculated as a function of the percentage of water that is considered surplus irrigation
water and not used in the paddy fields (asw) and the percentage of water that is reused

for cyclic irrigation:

Qout = (OLSW - OLCI) Qp (4)

This model does not consider temporary deficits in the inflow of water, which
can lead to a decrease in the amount of drainage water stored in the drainage canal. As
noted previously, when the amount of drainage water in the canal falls (alternatively,
when agw < oy in Eq. 4), water must be brought in from the lake. In this case the net P

export can be described as a negative net export:

Lyet=- (1 — asw) Cin X Oin < 0 for any oy (5)

and cyclic irrigation may always show a net retention effect.

From the above-mentioned relationships between water flows in our model
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(Fig. 2), we can replace the variables on the right side of Eq. 2 with the relationships

established in Egs. 3 and 4:

B = (- ac))/(asw— ocr) (6)

where [3 varies as a function of both oy and agw. Using this information, we can show
the effect of irrigation on Ly for a given agw value (Fig. 3). The irrigation system has a
net export effect when the concentration ratio of TP (yrp) is above the B curve and a net
retention effect when yp is below that curve. In addition, when y1p < 1, irrigation for
any acp may show a net retention effect of irrigation because 3 > 1 for any combination
of oy and asw. This simple model allows us to determine the effect of cyclic irrigation
on the effluent load from the paddy district under various cyclic irrigation intensities

(OLCI).

3. Results

3.1. Water balance

Figure 4 shows the daily variations in rainfall and water discharged from the district.
Drainage water was mainly discharged in association with rainfall events during cyclic
irrigation periods, whereas drainage water of 10-15 mm-d ' was released even on clear

days during the lake water irrigation periods. Discharge of water during lake water
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irrigation was due to surplus irrigation water and lateral water flow from the paddy
fields to the drainage canals. The amount of lateral water flow was estimated at about 3—
5 mm-d ', based on previous research (Hama et al., 2010, 2011). This indicates that
surplus irrigation water is the main source of drainage water discharged during lake
water irrigation. During the non-irrigation period, water was only discharged during
rainfall events because no irrigation water was taken in.

Water balances for the district for the three investigation periods are shown in
Table 2. Annual rainfall ranged from 1332 mm in 2009 to 1633 mm in 2007. Weather
conditions in the investigation years were considered normal because annual rainfall
was within the mean + standard deviation (1549 £+ 291 mm) for three decades of data
(1980-2009; Japan Meteorological Agency, 2010). The amount of water discharged was
lowest during the cyclic irrigation period, likely due to reuse of drainage water. The
amount of irrigation water, equivalent to pumped water estimated from operation of the
pumps, during the cyclic irrigation period was 965 mm in 2007, 964 mm in 2008, and
1046 mm in 2009. These amounts of irrigation water under cyclic irrigation represent
the lake water intake that would have to be pumped from Lake Biwa if lake water
irrigation had been used instead of cyclic irrigation. The difference between the amount
of irrigation water and the lake water intake represents the amount of water reused
under cyclic irrigation. Thus, the amount of reused water was 792 mm in 2007, 864 mm
in 2008, and 878 mm in 2009. The cyclic irrigation ratio is the proportion of drainage
water reused to irrigation water and is an indicator of the intensity of cycling of
irrigation water (Hama et al., 2010). The cyclic irrigation ratio in the study district was

82, 90, and 84% in 2007, 2008 and 2009.
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The highest amount of discharged water was measured during the lake water
irrigation periods in 2007 and 2008, even though rainfall was not the highest in these
investigation years. This large amount of discharged water was due to surplus irrigation
water not used for the paddy fields (Fig. 4). During lake water irrigation, the amount of
lake water intake (Table 2) is approximately the same as the total irrigation water
(reused water at the southern pump was less than 7% of total irrigation water) and was
677, 648, and 605 mm in 2007, 2008, and 2009, respectively. The amount of irrigation
water during the lake water irrigation period was lower than that during the cyclic
irrigation period, suggesting that the amount of lake water intake during the lake water
irrigation periods was reduced by intermittent operation of the pumps; more water

would have been discharged if the pumps had been operated every day.

3.2. Phosphorus concentrations

Figure 5 shows daily variations in TP concentrations in drainage water. Phosphorus
concentrations were high in early May, coinciding with the transplanting season for rice
seedlings. These high TP concentrations resulted from runoff from the paddy fields after
soil puddling, which is a practice to soften the soil and level the surface for
transplanting and flooding. High TP concentrations were also observed on rainy days.
Total P concentrations on clear days during the irrigation period were 0.10-0.20 mg-L".
Table 3 lists the mean concentrations of TP in drainage water sampled daily during the
various irrigation management phases. The TP concentration tended to be highest during

the non-irrigation period. However, rainfall may have had a large influence on
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variations in the TP concentrations, particularly during non-irrigation periods when the
rice crop had already been harvested in the paddy fields and the P-rich paddy soil was
susceptible to erosion.

Mean concentrations of TP and PO4-P in drainage water and irrigation water
during the various irrigation management phases are shown in Table 4. Pairs of data for
drainage water and irrigation water sampled on the same days were used for these
calculations, although we collected some drainage water samples without irrigation
water samples on clear days during the lake-water irrigation period in which the pumps
were intermittently operated. The sampled P concentrations in drainage water and
irrigation water are believed to be representative for the irrigation methods because
drainage water and irrigation water were sampled on the same day, when the pumps
were operating. The percentage of PO4-P of TP in the drainage water was low (14-26%),
suggesting that P in the drainage water is discharged mainly as particulates. The mean
TP concentration in drainage water during the cyclic irrigation period tended to be
higher than that during the lake water irrigation period. The mean TP concentration in
irrigation water during the cyclic irrigation period was also significantly higher than that
during the lake water irrigation period (all data, p < 0.05). Phosphorus concentrations in
irrigation water during lake water irrigation represent P concentrations in the lake water,

which were low.

3.3. Phosphorus inputs and exports

The inputs of TP in rainfall and lake water and the exports of TP in discharged water
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during the various phases of irrigation management are shown in Table 5. The total
annual exports of P were 2.62-3.13 kg-ha™'. The P exports during the cyclic irrigation
periods (72 days) were 0.27-0.63 kg-ha ' (3.7-8.8 g-ha '-d™"), whereas those during the
lake water irrigation periods (92 days) were 0.82—1.66 kg-ha ' (8.9-18.0 g-ha '-d ™).
Phosphorus exports were lowest during the cyclic irrigation periods, consistent with the
small amounts of water discharged (Table 2). Phosphorus exports during the lake water
irrigation periods were higher than during the cyclic irrigation periods, although TP
concentrations in the drainage water were lower than those during cyclic irrigation
(Table 4). Some of the P exports during the lake water irrigation period were associated
with discharge of surplus irrigation water on clear days (Fig. 4). During the
non-irrigation periods, P exports were highest in 2008 and 2009. Phosphorus exports
during the non-irrigation periods accounted for 27, 48, and 54% of the total annual

export of P in 2007, 2008, and 2009, respectively.

3.4. Model of net phosphorus exports under cyclic irrigation

Figure 6 shows the results of application of the model to irrigation management. The TP
concentration ratios (yrp) were 1.5-10.0 during lake water irrigation (ac; = 0.0-0.16)
and 2.2-16.5 during cyclic irrigation (oc; = 0.62—1.0), with yrp typically higher during
cyclic irrigation than during lake water irrigation. The y1p in 2007, compared to 2008
and 2009, was lower due to higher TP concentration in the lake water (0.05 £ 0.02
mg-L™, Table 4). These results indicate that TP concentrations in water flowing through

the drainage canals increase under both irrigation methods because yrp > 1 (y1p > P; in
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Fig. 6) regardless of oy for all of our measurements.

Figure 6 also suggests that use of cyclic irrigation with high o has a net
retention effect for any y1p, whereas use of lake water irrigation has a net export effect
when the surplus irrigation water ratio (asw) is large (e.g., asw > 0.7). An order of
magnitude estimate of the amount of surplus irrigation water can be determined based
on the difference between the amount of irrigation water and evapotranspiration (Table
2) by assuming that the amount of water supplied to the paddy fields is comparable to
that of evapotranspiration. The amount of surplus irrigation water was estimated as
approximately 790-860 mm during cyclic irrigation periods and 200—350 mm during
lake water irrigation periods. Accordingly, oisw (surplus irrigation water / irrigation
water) was estimated as 0.71-0.73 during the cyclic irrigation and 0.31-0.48 during the
lake water irrigation. Lower aisw during the lake water irrigation periods may be due to
intermittent operation of the pumps. Therefore, lake water irrigation in the district may
lead to net P export, even when asw is low during the irrigation period. In contrast,

cyclic irrigation has a net retention effect on P for any possible asw.

4. Discussion

It can be concluded that cyclic irrigation decreases the P effluent load compared to
typical irrigation, such as lake water irrigation, in which the drainage water is not reused.
The beneficial effect of cyclic irrigation results from reducing the outflow of discharged

water. However, cyclic irrigation does not necessarily decrease P concentrations in
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drainage water. During the cyclic irrigation period, mean TP concentrations in irrigation
water tended to be higher than in drainage water (Table 4). We sampled drainage water
at St.1 (Fig. 1) near the southern floodgate, which acted as the inlet for lake water under
cyclic irrigation, whereas we sampled irrigation water at St. 2 near the outlet of the
water pumped from the northern end of the drainage canal. Sampling point St. 1 is
therefore upstream of St. 2 during cyclic irrigation. This suggests that water flowing
through the main drainage canal is contaminated with P, which may derive from the
bottom sediment, because P concentrations in the drainage water sampled near the
floodgate may be diluted by inflow of lake water with low P concentrations. On the
other hand, during lake water irrigation, mean TP concentrations in the irrigation water
were lower than in the drainage water (Table 4). This result also supports the potential
for P contamination from the drainage canal, because the drainage water is not reused
and irrigation water is pumped directly from the lake (St. 2, Fig. 1) to the floodgate (St.
1) through the canals.

We previously confirmed that the suspended solids concentration in the
drainage water was higher under cyclic irrigation than under lake water irrigation, and
that drainage water intake under cyclic irrigation caused a higher flow velocity in the
drainage canal, which caused sediment resuspension (Hama et al., 2010). Additionally, a
previous study of the paddy plots demonstrated that runoff from the plots occurred
primarily during rainfall events (Hama et al., 2011), suggesting that P may not be
supplied to the drainage canal from the fields on clear days. Resuspension of sediment
containing P is, therefore, regarded as the primary cause of higher P concentrations

under cyclic irrigation. Takeda and Fukushima (2004) reported that P concentrations in
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discharged water decreased as the water flowed downstream, and that precipitation of
sediment containing P was an important factor in reducing P concentrations in a cyclic
irrigation system. The difference between their and our results may relate to whether
there is regular dredging of the sediment, which allows the stream bed to store fresh
sediment transported from the paddy fields. In our study district, dredging of the
sediments in the main drainage canal, other than in the southern area (about 100 m long),
has not been conducted since 2004 when the canal was constructed. Therefore, we infer
that the capacity of the drainage canal for storing new sediment has been reduced, and
fresh sediment can be stored temporarily but is easily resuspended by water flow under
cyclic irrigation. The sediments in the drainage canal generally have a large P buffering
capacity and act as source or sink of P for the overlying water by P release from or
absorption to the sediments (e.g., Banaszuk et al., 2011; Froelich, 1988; House et al.,
1995; Kroger et al., 2008; Reddy et al., 1996; Sallade and Sims, 1997; Smith et al.,
2005). Our results suggest that the sediment in the drainage canal in the studied
paddy-field district can act as a source of P and is an important hydro-chemical link
between field-scale and district-scale P exports (Barlow et al., 2003).

Figure 6 confirms that in the studied system, the beneficial effect of cyclic
irrigation is mainly due to a decrease in discharged water volume rather than a decrease
in P concentration. The arrows in Fig. 6 conceptually describe the effects of cyclic
irrigation compared to lake water irrigation, as well as changes in these effects on the
net P export if oy is increased. If the P concentration increases by implementing cyclic
irrigation, both oy and yrp increase, shown in our results by arrow 1. Fig. 6 indicates

both the present results of these irrigation methods and potential approaches to reducing
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net P export: reducing the P concentration in the drainage water (decrease in y1p),
increasing the amount of reused drainage water (increase in o), and efficient use of
irrigation water such as implementation of intermittent irrigation (horizontal left shift in
the B curve associated with a decrease in ogy).

To reduce y1p, dredging the sediment may be effective because removal of
sediment containing P reduces the possibility of P release from the sediment and
increases the capacity of the drainage canal for storing fresh sediment. However, Smith
et al. (2006) pointed out that dredging left behind a smaller percentage of fine particles
and organic matter in the sediment, which decreased the P buffering capacity of the
sediment as a P sink. In addition, land use affects P content in the sediment, and high P
input to the drainage canal decreases the P buffering capacity of the sediment
(Ahiablame et al., 2011; Haggard et al., 2007).

As shown in Eq. 4, the two quantitative parameters o and agw are closely
linked. For example, the quantity of discharged water resulting from lake water
irrigation assuming ocy = 0.0 and asw = 0.3 would be equivalent to that of cyclic
irrigation with oc; = 0.7 and agw = 1.0. These irrigation management approaches would
both have a net export effect (Fig. 6), although asw = 0.3 (only 30% of irrigation water
becomes water waste) and oc; = 0.7 (70% of irrigation water is supplied by reuse water)
are highly improved values compared to the usual cases (e.g., Kaneki, 2003; Zulu et al.,
1996). Both parameters, therefore, should be simultaneously improved to reduce
discharged water and net P export.

The amount of water discharged during lake water irrigation (Fig. 4) suggests

that irrigation water can be one of the primary driving forces of water flow and effluent
20



load in a paddy-field district equipped with an extensive irrigation and drainage system.
Cyclic irrigation interrupts and reduces this driving force through reuse (Eq. 3). The
efficiency of water quality conservation measures is generally evaluated based on
reducing either P loads (kg-ha™) or concentrations (mg-L™") (Kleinman et al., 2011).
Thus, cyclic irrigation is considered an effective district-scale measure for reducing P
loads, although it may not necessarily reduce P concentrations in water.

However, one important remaining issue is reduction of the P loads during
rainfall events, which is another major driving force. Water discharged during rainfall
events canceled out the beneficial effect of cyclic irrigation, resulting in positive net P
exports from the district during the cyclic irrigation periods in all investigation years
(Table 5). To reduce the P load, improvement of management practices at the field scale
is important because cyclic irrigation is not available during rainfall events; other
district-scale practices such as construction of a large treatment wetland or regular
dredging of the drainage canals are impractical.

In the district, P export during the non-irrigation periods accounted for
approximately half of the annual total export of P (Table 5). Therefore, reduction of the
P load during non-irrigation periods is also important. Previous studies have also
suggested that reductions in the effluent load of suspended solids or P from watersheds
during the non-growing season or winter and spring season provide opportunities for
further reduction in the load (Ball Coelho et al., 2012; McDowell and Wilcock, 2004;
Richards et al., 2008). Phosphorus load during the non-irrigation period can be reduced
by closing the outlets and enhancing the water storage capacity of the field, which may

reduce effluent with particulate (soil-bound) P in surface runoff water and dissolved P in
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tile drainage water (Ball Coelho et al., 2012; Heathwaite and Dils, 2000; Simard et al.,
2000; Uusitalo et al., 2000). However, this measure is not available for the crop rotation
fields because the outlets in those fields must be open to prevent crop damage caused by
waterlogging. Our previous study suggests that rotation farming in low-lying districts is
a significant non-point source and the development of best management practices for
rotation crops are required (Hama et al., 2012).

In this study, we did not evaluate another effect of cyclic irrigation, i.e.,
returning P to the paddy fields. Total P concentrations in irrigation water under cyclic
irrigation are high (Table 4), and P returned by cyclic irrigation water may be available
for uptake by the rice, although P in irrigation water exists mainly in the particulate
form. If the potential for particulate P to serve as fertilizer can be quantitatively clarified,
farmers could reduce their use of P fertilizer. This may in turn decrease P in the soil and
in effluent from the paddy fields via overflow or tile drainage flow during rainfall
events. Further studies are required to evaluate the fertilization potential of particulate P

in cyclic irrigation water.

5. Conclusions

We determined that use of cyclic irrigation techniques, in which drainage water is
reused, can effectively reduce P effluent loads from paddy-field districts. The reduction
of P load in cyclic irrigation is mainly due to a decrease in the amount of water

discharged from the district. Reuse of drainage water may not decrease and may even
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increase P concentrations in drainage and irrigation water, which have initially low P
concentrations.

The hydrological structure and effects of cyclic irrigation systems can be
characterized using three parameters: the concentration ratio (), the cyclic irrigation
ratio (o), and the surplus irrigation water ratio (asw). This simple model may be
applied to assess the effects of irrigation techniques on nutrient or suspended solids
effluent loads in other paddy-field districts. We found that when ytp > 1 under cyclic or
lake water irrigation, the sediment in the drainage canal in the paddy-field district may
act as a source of P. acy and asw, which are linked together, are quantitative parameters
and strong indicators of the efficiency of water use in the district. The effects of cyclic
irrigation can be determined by using a high value for o;.

However, reduction of P loads during rainfall events remains a major issue.
Discharged water during rainfall events canceled out the beneficial effects of cyclic
irrigation, resulting in positive net P exports from the district during the cyclic irrigation
period. In particular, P exports during the non-irrigation periods associated with rainfall
were large and accounted for about half of the annual P exports in the district.
Improvement of water management practices during the non-irrigation period is

required to further reduce P loads from paddy-field districts.
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Fig. 1 — (a) Location of the study site. (b) Layout of paddy fields, water source, pump

stations, and irrigation and drainage canals in the study district.
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Tables

Table 1 - Irrigation schedule for the study district.

Irrigation schedule

2007

2008

2009

Start of irrigation
Cyclic irrigation period
Mid-summer drainage
season

Lake water irrigation
period

End of irrigation

April 25

April 25—June 23

June 24—July 5

July 6—August 28

August 28

April 26
April 26—June 24

June 25—July 6

July 7—August 26
August 26

April 24
April 24—June 25

June 26—July 9

July 10—September 2
September 2
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Table 2 - Water balance (mm) for the study district during the irrigation periods.

Inflow Outflow Imigation
Year Period® water
Rain Lake water Evapotransp Discharged (Pumped
fall  intake iration water water)
2007 Cyehic 405 173 277 277 965
1rrigation
Lake
water 565 677 376 919 727
irrigation
Non-rriga 63 - 59 558 -
tion
Total 1633 850 712 1754 1692
2008 Cyelie 481 100 277 285 964
irrigation
Lake
water 347 648 442 610 644
irrigation
Non-rriga ¢4 - 65 527 -
tion
Total 1428 748 784 1422 1608
2009 Cyelic 280 168 287 124 1046
rrigation
Lake
water 331 605 365 583 618
irrigation
Non—lmga 71 _ 61 622 _
tion
Total 1332 773 713 1329 1664

*Cyclic irrigation = April 20-June 30 (72 days); lake water irrigation = July 1-September 30

(92 days); non-irrigation = October 1-April 19 (201 or 202 days).
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Table 3 — Mean total phosphorus concentrations in drainage water sampled daily during

the three irrigation management phases, 2007—-2009.

period 2007 2008 2009
ero TP (mg'L) TP(mgL) »  TP(mgL") n

Cyclic 0.18+0.04 61 020+0.05 61  0.19+0.07Y 64

irrigation

Lake water 0.16+0.08* 55 0.13+0.03 52 0.16 +0.06* 56

rrigation

Irfon'lmga“" 0.12+0.07* 241 0.17+0.11% 240  0.14+0.08° 230

* TP, total phosphorus. Statistically significant differences of p < 0.05 (Tukey-test) are
indicated by lower-case letters respectively (x, cyclic irrigation vs. lake water
irrigation; y, cyclic irrigation vs. non-irrigation; z, lake water irrigation vs.
non-irrigation).
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Table 4 — Mean concentrations of total phosphorus and phosphorus as phosphate in

drainage water and irrigation water sampled weekly during the cyclic irrigation and lake

water irrigation periods, 2007-2009.

Year

Period

Drainage water

Irrigation water

TP* (mg'L"

PO,-P°
(mg-L")

TP (mg'Lh

PO,-P
(mgL™")

2007

Cyclic
irrigation
(n=18)
Lake
water
irrigation

(n=3)

0.18 = 0.06™

0.12 +0.02™

0.02 £0.01

0.02+0.01"

0.27 £0.10™

0.05 +0.02™"

0.02+0.01%

0.01 +0.00™

2008

Cyclic
irrigation
(n=11)
Lake
water
irrigation

(n=3)

0.21£0.07""

0.14 £ 0.04™

0.05+0.02*

0.03 = 0.00™

0.30 £ 0.06™

0.02+£0.01™"

0.06 £ 0.02"

0.01 +£0.00™"

2009

Cyclic
irrigation
(n=8)
Lake
water
irrigation

(n=3)

0.25+0.11

0.14+0.07%

0.06 £ 0.04

0.03 £0.04

0.34+0.12"

0.03 £0.01™

0.08 +£0.03"

0.01 £0.01%

* TP, total phosphorus. ® PO,-P, phosphate phosphorus. Statistically significant
differences of p < 0.05 (z-test) are indicated by lower-case letters respectively (x, cyclic

irrigation vs. lake water irrigation; w, drainage water vs. irrigation water).
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Table 5 - Inputs and exports of total phosphorus during each irrigation management

phase, 2007-20009.

Inputs Exports

Year Period® Rainfall Lake water intake Discharged water Net®

(kg'ha')* (g'ha'-d")' (kg'ha!) (g'ha'd’)  (kg'ha) (grhal'd’) (kg'ha) (g'ha’d’)

Cyclic

2007 Y€ 0.08 1.0 0.20 2.8 0.63 8.8 0.35 5.0
irrigation
Laks-water 0.10 1.1 0.39 43 1.66 18.0 1.17 12.6
rrigation
Non-irrigation ~ 0.12 0.6 0.00 0.0 0.84 4.1 0.72 3.5
Total 0.30 0.8 0.59 1.6 3.13 8.5 2.24 6.1
2008 CYelic 0.09 12 0.07 1.0 0.58 8.0 0.42 5.8
irrigation
i 0.06 0.7 0.15 1.7 0.82 8.9 0.61 6.5
rrigation
Non-irrigation ~ 0.11 0.6 0.00 0.0 1.28 6.3 1.17 5.7
Total 0.26 0.7 0.22 0.6 2.68 7.3 2.20 6.0
2009 Cyelic 0.05 0.7 0.09 12 0.27 3.7 0.13 1.8
irrigation
Lale-waiter 0.06 0.7 0.17 1.9 0.93 10.1 0.70 7.5
rrigation
Non-irrigation ~ 0.13 0.7 0.00 0.0 1.42 7.1 1.29 6.4
Total 0.24 0.7 0.26 0.7 2.62 7.2 2.12 5.8

* Cyclic irrigation = April 20—June 30 (72 days); lake-water irrigation = July 1-September 30 (92 days); non-irrigation =
October 1-April 19 (201 or 202 days). ® Net export = expert of "discharged water" minus inputs of "rainfall" and "lake water
intake." ¢ Period integrated value. ¢ Period average rate.
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