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Abstract Lake Kojima, an artificial lake located in the coastal area of western Japan, is categorized as a
hyper eutrophic lake due to the nutrient inputs from the Sasagase River, Kurashiki River and Kamo River.
The input nutrient loads from the rivers have never been assessed because there are no observation stations
for runoff rate. The objective of this study is to confirm the total nitrogen (T-N) and total phosphorus (T-P)
loads into Lake Kojima using the SWAT model for 60 years and considering changes in land use and the
amount of domestic wastewater in the watersheds. Estimation results show that more than 90% of the total
nutrient load comes from the Sasagase and Kurashiki rivers. The estimated T-N and T-P loads indicated two
different trends in the rivers; an increasing trend is found during the period from 1950 to 1980, while a
decreasing trend is found during the period from 1980 to 2009. It was suggested that the increasing trend
was commonly caused by the combined effects of increase of the amount of domestic wastewater and
agricultural wastewater in the watersheds, while the decreasing trend was caused by the expansion of
domestic wastewater treatment and decrease of agricultural land use. The contribution ratio of domestic
wastewater to the total amount of nutrient load was estimated to be 60% in Sasagase River and 15% in
Kurashiki River because the treatment ratio of domestic wastewater in Kurashiki River was higher than in
Sasagase River.
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INTRODUCTION

Lakes and reservoirs which are built near cities have suffered from water quality problems, such as
eutrophication and harmful algal bloom, due to human activities such as wastewater discharge
(Heisler et al., 2008). Hydrological models have been used to estimate nutrient loads from
inflowing rivers for confirmation of lake dynamics or as support to decision makers for water
management. Hydrological models have become powerful tools for cases which have scarce data
or no monitoring data. Studies about estimating inflowing nutrient load to a lake using
hydrological models have previously been done all over the world (e.g. Bulut and Aksoy, 2008;
Huang et al., 2009). Although it is necessary to confirm the long-term nutrient load, because lake
sediments hold historical nutrients which could affect lake water quality due to diffusion, most of
the studies have made estimates for relatively short periods, around 10 years (e.g. Zhang et al.,
2010). The few studies that have covered more than 30 years have space to improve regarding the
effect of human activities such as changes in land use and population (e.g. Yu ef al., 2007). The
objective of this study is to confirm total nitrogen (T-N) and total phosphorus (T-P) loads into a
hyper-eutrophic lake in western Japan using the SWAT model for 60 years and considering both
changes in land use and the amount of domestic wastewater in the watersheds.

STUDY AREA

Lake Kojima, located in western Japan, has a catchment area of 504 km?. The lake has a water
capacity of 2.6 x 10’ m* and an area of 10.8 km? with a mean depth of 1.8 m. There are three
inflowing rivers (the Sasagase, Kurashiki and Kamo rivers) into Lake Kojima. Lake Kojima was
formerly the inner part of the Kojima Bay and was isolated from the bay by dam construction in
1959 to store fresh water for irrigation to reclaimed agricultural lands. Water quality problems
have occurred since the 1980s due to the increasing nutrient loading from the rivers. Although
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nutrient sources have been regulated since 1984 by the law to reduce the phosphorus load so
recovering the lake water quality, the lake still has been under hyper-eutrophic condition (Jin et al.,
2013). Sasagase River catchment (283 km?) has mountainous area covered by forest in the
upstream, while rice paddy fields and residential area are dominant downstream. In contrast,
Kurashiki River catchment (160 km?) is flat from the upstream to downstream. Residential area
dominates in the upstream while rice paddy field dominates the downstream of Kurashiki River
catchment. Kamo River catchment (61 km?) has a mountainous area covered by forest in the
upstream while rice paddy field is dominant downstream. Residential area is distributed in the
middle portion of Kamo River catchment. Land-use change from rice paddy field to residential
area was found in the Sasagase River and Kurashiki River because the watersheds have relatively
large populations. The soil types of the study area are categorized into Cambisols (45.5%),
Gleysols (17.2%), Fluvic Gleysols (16.3%), Lithosols (12.7%), Acrisols and Luvisols (2.5%) and
others (5.8%).
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Fig. 1 Study area: (a) location of monitoring station, and (b) land-use change.

METHOD
Input data description

The Soil And Water Assessment Tool (SWAT) (Amold ef al., 1998) was selected for estimating
the nutrient discharge. The SWAT model is a river-basin scale model developed to predict the
impact of land management practices on water, sediment, and agricultural chemical yields in large,
complex basins with varying soils, land use and management conditions over long periods of time
(Arnold et al., 1998). In this study, ArcSWAT version 2009.93.7b was used for preparing input
files from spatial GIS data using ArcGIS 9.3. A land-use change module, SWAT2009 LUC (Pai
and Saraswat, 2011), was used for long-term estimation with ArcSWAT. Observed precipitation,
temperature, wind speed, and relative humidity from 1978 to 2009 at the four weather stations of
Okayama, Takahashi, Fukuwatari and Kurashiki were obtained from the Japan Meteorological
Agency. Due to data limitations, weather data observed at Okayama was used from 1947 to 1978.
Evaporation was estimated by the Penman-Monteith method using SWAT. Geographical data, soil
maps, land-use maps, and elevation maps required in SWAT were obtained from the following
sources. The soil data were obtained from the 1:200 000 digital soil map of Okayama prefecture by
the Ministry of Land, Infrastructure, Transport and Tourism (MLIT). The land-use map with a
100-m grid was obtained for five periods (1976, 1987, 1991, 1997, 2006) from the National and
Regional Planning Bureau of MLIT. The elevation map with a 30-m grid was obtained from the
Japanese Geographical Survey Institute (GSI). Fertilizer consumption rates in agriculture were
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obtained from Nishio (2005). The amount of domestic wastewater was estimated using statistical
population data for the period from 1947 to 2009, considering with expansion of the domestic
wastewater treatment system.

Calibration and model validation

The calibration period for river runoff was set during the period from 2002 to 2006. Monthly river
runoff was calibrated by the Sequential Uncertainty Fitting, version 2 (SUFI2) method using
SWAT-CUP version 5.1.6. The Kanagawa gauging station, located north of the study area, was
selected for calibration of river runoff because there are no gauging stations inside the area.
Monthly river runoff data at Kanagawa gauging station were obtained from the Japan River
Association. Concentrations of total nitrogen (TN), total phosphorus (TP), and suspended solids
(SS) in the river water at the Sasagase-bashi, Bikuni-bashi, Irie-bashi, Kurashikigawa-bashi, and
Tsunamori-bashi monitoring stations were obtained from the Measurement Results of Water
Quality in Public Waters in Okayama Prefecture. The model was validated for the period from
2007 to 2009. The Nash-Sutcliffe index (NSE) (Nash and Sutcliffe, 1970), RMSE-observations
standard deviation ratio (RSR), and percent bias (PBIAS) were used to evaluate the performance
of the model. The performance of the model using the calibrated parameters, shown in Tablel, was
evaluated as an acceptable result according to Moriasi et al. (2007).

Table 1 Reproducibility of estimation by SWAT model

Calibration Validation

NSE RSR PBIAS NSE RSR PBIAS
Runoff 0.92 0.29 -17.3 0.87 0.33 -21.9
Sediment 0.61 0.59 25.1 0.52 0.63 34.5
Total Nitrogen 0.59 0.52 32.1 0.57 0.52 339
Total Phosphorus 0.58 0.54 33.7 0.52 0.58 37.6
RESULTS AND DISCUSSION

Annual runoff changes in inflowing rivers

Mean estimated annual runoff of Sasagase, Kurashiki and Kamo rivers were 6.61, 4.58 and 1.32
m?/s, respectively (Fig. 2). The contribution ratios of the inflowing water volumes of the Sasagase,
Kurashiki and Kamo rivers were 52.9 £ 3.2 %, 36.6 £ 3.0 % and 10.5 £ 0.2 %, respectively.
Sasagase River has the largest water volume of the rivers. The results showed that there were no
significant trends of increase or decrease during the period. However, the fluctuation of annual
runoff may have increased in recent years. The fluctuation could be due to changing precipitation
patterns near the study area which resulted from climate change (Onodera et al., 2007; Shimizu et
al., 2011; Shimizu and Onodera, 2013).

Trends in nutrient concentration of inflowing rivers

Estimated mean T-N concentration of Sasagase, Kurashiki and Kamo rivers were 2.29 + 0.97
mg/L, 3.18 = 1.16 mg/L and 1.86 + 0.17 mg/L, respectively (Fig. 3). The estimated T-N
concentrations indicate two clearly different trends; these are increasing T-N from 1950 to 1980
and decreasing from 1980 to 2009, in the Sasagase and Kurashiki rivers. The increase of T-N
concentration was caused by increasing domestic wastewater due to population increasing in the
catchment. Decrease of T-N concentration was caused mainly by expansion of the area covered by
sewage treatment. Estimated mean T-P concentrations of the Sasagase, Kurashiki and Kamo rivers
were 0.27 £ 0.11 mg/L, 0.40 = 0.16 mg/L and 0.07 £ 0.01 mg/L, respectively. Although the trend
of T-P concentration was similar to the trend of T-N concentration, individual T-P concentrations
were obviously different; high concentrations in Kurashiki River, middle concentrations in
Sasagase River and low concentrations in Kamo River.
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Fig. 2 Estimated annual mean runoff.

7.0 09
(a) (b)
—~ 80 _ 0.8
E! 5 07
£ 50 =
Fl = 06 —
g . =
-% 20 Kurashiki R. % . Kurashiki R.
g ! g !
; 30 g oa
3 g
> @ 03
z 20 N
- = 0.2
o ™~ ¥~ Sasagase R.  Kamo R.
Sasagase R. Kamo R. or L — ¥ A
00 0.0
FR283285558888888E¢s¢% 228 P3225:LEBS82888E33
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
Year Year

Fig. 3 Estimated annual mean concentrations of (a) TN and (b) TP.

Trends in nutrient load to the lake

Estimates of T-N load during 1950 to 2009 for the Sasagase, Kurashiki and Kamo rivers were 462
+ 178, 455 = 182 and 76 = 16 Mg/year, respectively (Fig. 4(a)). The contribution ratios of T-N
load into the lake were 46.6%, 45.8% and 7.6%, respectively. The estimated annual mean T-P
loads were 54 £ 21, 57 + 23 and 3 + 1 Mg/year (Fig. 4(b)), and the contribution ratios were 47.5%,
50.0% and 2.6%, respectively. The Sasagase River and Kurashiki River were major nutrient
sources to the lake. Even though the runoff rate of Kurashiki River was smaller than of the
Sasagase River, both contribution ratios of the Kurashiki River were higher than Sasagase River.
In addition, the specific T-N load of Sasagase, Kurashiki and Kamo rivers were 1.63, 2.84 and
1.25 Mg/km?*/year, respectively. Furthermore, the specific T-P loads were 0.19, 0.36 and 0.05
Mg/km?/year, respectively.

The results indicate that Kurashiki River has the highest nutrient effluent from domestic
wastewater and agricultural wastewater. The estimated nutrient sources of nitrogen and
phosphorus load increased from 1950 to 1980 with mostly the same ratio of domestic wastewater
and agricultural wastewater. However, the ratio of nutrient source to nutrient load was different in
Sasagase River and Kurashiki River after the peak in 1980. While domestic wastewater was
dominant source in Sasagase River, agricultural wastewater was dominant source in Kurashiki
River and Kamo River. The decreasing nutrient load was caused by the combined effect of land-
use change and expansion of domestic wastewater treatment. In the Sasagase River, agricultural
wastewater amount decreased due to urbanization, which has led to decrease in agricultural area.
Although domestic wastewater has been treated, it does not completely cover the whole area of the
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Sasagase River catchment. In contrast, domestic wastewater treatment covers most of the
catchments of the Kurashiki and Kamo rivers. In Sasagase River watershed, nutrients of domestic
wastewater accounted for 60% of the annual total nutrient yield of the stream; nutrients of
agricultural wastewater accounted for 40% of the annual total nutrients yield. The corresponding
figures for the Kurashiki River watershed were 15% and 85%, respectively. The total loads of
nitrogen and phosphorus from the Sasagase River and Kurashiki River in 2009 were
approximately 60% and 15%, respectively. While domestic wastewater is higher than agricultural
wastewater in Sasagase River, agricultural wastewater is higher than domestic wastewater in
Kurashiki and Kamo River.
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Fig. 4 Estimated nutrient loads from the rivers to the lake, (a) T-N and (b) T-P.

CONCLUDING REMARKS

The objective of this study was to confirm long-term nutrient load into a hyper eutrophic artificial
lake using the SWAT model. Estimated loads of T-N and T-P from Sasagase River and Kurashiki
River were major nutrient sources to the lake, and accounted more than 90% of the total load to the
lake. The loads obviously indicate an increasing trend from 1950 to 1980 in the two rivers. The
increase of nutrient load was caused by both of increases of domestic wastewater and agricultural
wastewater in the catchments. Since the peak in 1980, the nutrient load has decreased due to
expansion of domestic wastewater treatment and decrease of agricultural land use. In Sasagase
River watershed, nutrients of domestic wastewater accounted for 60% of the annual total nutrients
yield; nutrients of agricultural wastewater accounted for 40% of the annual total nutrients yield. In
Kurashiki River watershed, the corresponding figures are 15% and 85%. Therefore, it is suggested
that to improve lake water quality for the future, reduction of domestic wastewater input is
important for Sasagase River, while reduction of agricultural wastewater is important for
Kurashiki River. This study still has space for improvement in terms of accuracy and uncertainty.
In future it will be necessary to compare these results with results from sediment core samples and
also to couple the information with hydrodynamic models of the lake.
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