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Abstract — The study was conducted in the Shibetsu River watershed (SRW), Hokkaido, Japan, in order to
examine the possibility of using the soil and water assessment tool (SWAT) to provide an understanding of
sediment and particulate organic nitrogen (PON) and particulate organic phosphorous (POP) yields between
2003 and 2008. The SRW is a non-conservative catchment (the surface catchment lying on a continuous
impervious horizon) and it is recognized that it receives external groundwater (EXT) from other watersheds.
The EXT yield from each hydrologic response unit (HRU) was added to streamflow in the SWAT model.
Simulated daily sediment and PON and POP yields from the SWAT model showed a strong agreement with
the observed values. The simulated annual sediment yield ranged from 5 to 45 tonnes.km 2yr~' (annual
mean of 24 tonnes.km ~2.yr~"). Annual PON yield ranged from 0.1 to 0.3 tonnes.km ~2yr~' (annual mean of
0.18 tonnes.km ~2.yr—"). Annual POP yield ranged from 0.01 to 0.03 tonnes.km 2.yr ' (annual mean of 0.02
tonnes.km ~%.yr ). Snowfall, snowmelt and rainfall seasons contributed about 10, 20 and 70% respectively
to total sediment and associated PON and POP yields. The SWAT model identified that sub-basins located in
the upper part of the watershed were critical source area of land surface erosion. This research demonstrates
the ability of the SWAT model to estimate sediment and associated PON and POP yields, and to improve the
understanding of soil erosion mechanisms at catchment scale receiving external water.
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and water assessment tool (SWAT)

Introduction

Sediment and sediment-bound pollutants, including
pesticides, particulate nutrients, heavy metals and other
toxic substances transported from the land surface to
stream networks are responsible for reservoir sedimen-
tation and aquatic habitat degradation (Haag et al.,
2001; Boithias et al., 2011, 2013; Kerr et al., 2011;
Cerro et al., 2013, 2014). Several adverse economic and
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environmental impacts due to the damaging effects of
soil erosion have been reported. The on-site effect of soil
erosion in terms of declining soil fertility and decreased
agricultural yields are well known around the world.
Environmental consequences are primarily off-site effects
due to the pollution of natural waters (Lal, 1998). Under-
standing the dynamics of sediment transfer from land to
watercourses and quantifying sediment yields are essential
for controlling land soil erosion and implementing appro-
priate mitigation practices to reduce stream sediment and
associated pollutant loads, and hence improve surface
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water quality downstream (Heathwaite et al., 2005).
Downstream erosion and sedimentation implications are
of increasing interest for catchment management, such as
the design of dam reservoirs, river restoration, the design
of stable channels and the protection of fish and wildlife
habitat.

It has remained a challenge to estimate changes in sedi-
ment yield over time in a catchment owing to the com-
plexity of the processes involved in the detachment and
transport of fluvial sediment. Different approaches have
been adopted for sediment yield estimation. The most
reliable method for sediment load estimation is direct
measurement at the catchment level. Sediment concentra-
tions are usually measured infrequently because very fre-
quent monitoring over the long term is costly. It has also
been noted that a sediment sampling strategy should be
designed to capture high sediment concentrations for long-
term monitoring to provide better results (Thomas, 1988).

The applications of empirical models for estimating
sediment load have shown promise. Estimation of sedi-
ment load is commonly achieved by establishing a sedi-
ment rating curve. Empirical rating curves describing
relationships between sediment load and instantaneous
water discharge are often used. Some researchers have
suggested that an excellent sediment rating curve could
be constructed using a limited set of data (Gao, 2008).
Sediment rating curves are useful in predicting sediment
yield, but they are site specific and have limitations when it
comes to interpreting erosion processes (landscape erosion
and in-stream erosion/sedimentation). Distributed and
process-based watershed models are capable of capturing
these complex processes both spatially and temporally.
This category of models can be used to provide an en-
hanced understanding of the relationship between hydro-
logic processes, landforms, land management, soil factors
and erosion/sedimentation (Van Rompaey et al., 2001;
Easton et al., 2010). Many of the model parameters have
a physical meaning and can be measured in the field,
and therefore model validation can be concluded on the
basis of a short field survey and a short time series of
meteorological and hydrological data. Various hydro-
logical models have been proposed to predict sediment
export to rivers, such as the European soil erosion model
(EUROSEM) (Morgan et al., 1998), the water erosion
prediction project (WEPP) (Nearing et al., 1989) and the
soil and water assessment tool (SWAT) (Neitsch et al.,
2005).

The sediment yield estimation model used in this
study is the SWAT model. It is a comprehensive process-
based model that simulates water, sediment and chemical
fluxes in watersheds under varying climatic conditions,
soil properties, stream channel characteristics, land use
and agricultural management (Jayakrishnan et al., 2005;
Talebizadeh et al., 2010). The SWAT model has been
applied to enhance understanding of sediment loss and
transport processes over a wide range of environments
around the world (Oeurng et al., 2011). For sediment yield
modelling, Mukundan et al. (2010) examined the suit-
ability of SWAT at the North Fork Broad River

catchment located in the Piedmont region of Georgia,
and their results suggested that the SWAT model is a
better substitute than the sediment rating curve for esti-
mating sediment yield. Many researchers have reported
that the SWAT model predicted reasonable results for
sediment yield estimation (especially on monthly and
yearly timescales) when provided accurate input data and
model parameterization (Chu et al., 2004; Saghafian et al.,
2012).

The SWAT model can estimate soil erosion from the
landscape and in-stream depositional and degrading pro-
cesses. The sediment yield from the landscape is calculated
using the modified universal soil loss equation (MUSLE;
Williams, 1975). Sediment deposition and degradation in
the stream channel are both calculated during sediment
routing. The maximum amount of sediment that can be
transported from a reach segment during the channel
sediment routing is determined by the modified Bagnold’s
equation (Bagnold, 1977). However, both MUSLE and
the modified Bagnold’s equation in the SWAT model are
empirical equations; therefore SWAT may not produce
accurate results in all situations. As a surface hydrological
model, SWAT also has limited applicability in complex
hydrological environments, such as non-conservative
watersheds where the drainage area does not correspond
to the hydrological watershed. Non-conservative water-
sheds may either lose internal groundwater to neigh-
bouring watersheds or gain external groundwater (EXT)
originating from outside the watershed. These inter-
catchment groundwater fluxes are made possible by the
well-known karstification phenomena, widespread in lime-
stone all over the world, although similar phenomena can
also exist in volcanic substrata as well as in chalk horizons
(Le Moine et al., 2008; Jiang et al., 2011). The evaluation
of the hydrological component of SWAT completed
in previous studies has pointed out that SWAT has
no mechanism to account for external water (EXT) con-
tributions through subsurface flow from outside the
watershed (Chu ef al., 2004; Salerno and Tartari, 2009).
Consequently, the SWAT model cannot consider the effect
of EXT on sediment routing in reaches where EXT finally
enters. Jiang et al. (2011, 2014) examined the possibility of
using the SWAT model in a non-conservative watershed,
the Shibetsu River watershed (SRW, 672 km?, Hokkaido,
Japan), which is recognized to receive external ground-
water. They reported that the SWAT model could be
successfully used to understand components of stream
discharge and nitrate export by assuming EXT as a con-
stant value (1.38 mm.d ', estimated from a long-term
annual water balance budget) and including it as a point
source of water and nitrate in the model. However, the
suitability of the SWAT model for estimating sediment
and associated particulate organic nitrogen (PON) and
particulate organic phosphorous (POP) yields and for
understanding the soil erosion mechanism by taking into
account the EXT contribution to streams is still unclear in
the Shibetsu River watershed.

The main objective of this study was to apply the
SWAT model to accurately estimate sediment and
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associated PON and POP yields and to understand soil
erosion mechanisms in SRW containing forest and agri-
culture, which is dominated by volcanic soils with an EXT
source.

Materials and methods
Study site description

The SRW is located in Eastern Hokkaido, Japan
(Fig. 1). This region has a hemi-boreal climate with
long-term (1980-2008) average annual precipitation of
1128 mm and an annual mean temperature of 5 °C (Japan

Meteorological Agency, http://www.jma.go.jp). The
weather stations and main outlet locations are shown
in Figure 1.

The SRW is characterized as receiving a large amount
of external water from neighbouring watersheds, although
there are no external surface rivers, streams or ditches
from neighbouring watersheds flowing into the SRW.
However, the presence of springs and volcanic substrata in
this watershed indicates that the geology presents a com-
prehensive picture of a rich underground water network,
with external water recharging the SRW as groundwater
(Le Moine et al., 2007; Jiang et al., 2011). About 29% of
the watershed is a mountainous area where slopes
are greater than 10% and elevations range from 295 to
1059 m, as shown in Fig. 1 (Jiang et al., 2011). The SRW
was divided into sub-basins based on the stream network
(Fig. 1). The major soil types of the SRW include Peat soils
(3.26%), Regosolic Kuroboku soils (13.94%), Brown
Forest soils (20.56%), Kuroboku soils (46.08%), Brown
Lowland soils (9.10%), Regosols (4.51%) and Grey
Lowland soils (2.55%) (Cultivated Soil Classification
committee, Japan, 1995), which corresponds to Histosols,
Vitric Andosols, Cambisols, Silandic Andosols, Haplic
Fluvisols, Regosols and Gleyic Fluvisols, in the World
Reference Base (WRB), respectively (IUSS, 2006). The
principal characteristics of the soils have been presented
by Jiang et al. (2011). All the soils in this watershed
are volcanogeneous soils. Land uses of the SRW consist
of forest (53.7%), agriculture (40.8%), urban (4.5%) and
water (1.0%). Pastureland occupies more than 95% of
the agricultural land area and the remaining minor agri-
cultural crops are ignored in this study. The SRW soil and
land use maps are shown in Figure 1. Substantial sediment
may enter stream water through surface runoff due to
steep slopes in the mountainous area or improper intensive
dairy farming in the pastureland (Woli er al., 2004;
Hayakawa et al., 2009; Jiang et al., 2011).

Instrumentation and sampling

For the whole watershed outlet of the SRW, hourly
stream discharge data (2003-2008) were obtained
from the Water Information System (Ministry of Land,
Infrastructure and Transport, Japan).

Water samples were collected using an autosampler
(ISCO® 3700, Isco, Lincoln, NE, USA). The autosampler
was triggered when rainfall was >4 mm per 30 min, with
sampling intervals of 15 min to 1 h for the rising stage of
discharge and 2—6 h for the receding stage. This sampling
method generated a high sampling frequency during storm
events. After sampling, the water samples were stored on
ice until transportation to the laboratory where they were
then stored at 4°C until analysis. Water samples were
filtered through 0.7 wm glass microfibre filters for the
analysis of suspended sediments. A portion of the water
samples were filtered through 0.2 um membrane filters
within a few days, and analysed for total dissolved nitro-
gen (TDN) and total dissolved phosphorous (TDP). The
remaining non-filtered samples were used for total nitro-
gen (TN) and total phosphorous (TP) analysis. Concentra-
tions of TN, TP, TDN and TDP were determined using the
method of alkaline persulphate digestion and HCI-
acidified UV detection. The PON and POP concentrations
were calculated by subtracting the concentration of TDN
from TN and TDP from TP, respectively (Hayakawa et al.,
2009). Sediment and PON and POP yields were calculated
from the sediment concentrations and discharge data.

Model description and model input

The SWAT model is a spatially distributed, physically
process-based model for predicting the movement of
water, sediment and chemicals in complex catchments
with varying soils, land uses and management conditions
over long periods of time. Major model components
include weather, hydrology, soil temperature and proper-
ties, plant growth, nutrients, pesticides, bacteria and patho-
gens, and land management. The SWAT model simulates
water and nutrient cycles within numerous sub-basins,
which are then further subdivided into hydrologic re-
sponse units (HRUs) that consist of homogeneous land
use, soil and terrain characteristics. These steps resulted in
278 individual HRUs within the 77 sub-basins in the
Shibetsu River watershed.

In a conservative environment, the total water entering
channels every day from each HRU in the SWAT model
can be derived from

Qﬂow = (qsurf + Qhat + ng) X HRUarea (1)

where Qg 1s the total water entering the channel of the
sub-basin where the HRU is located (mm?), Gsurf 18 surface
runoff yield (mm), g, is lateral flow yield (mm), g is
groundwater yield (mm) and HRU,, is the HRU area
(mm?).

For the non-conservative environment, in this study
the EXT flow into the sub-basin channel from each HRU
was added to the total water entering the channels in the
SWAT model, which can be described by

Qﬂow = (QSurf + Qlat + ng + EXT) X HRUarea (2)

where ¢, here is the internal groundwater yield (mm) and
EXT is the external groundwater yield from outside the
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Kussharo

Elevation (m)

l High : 1059

Low: 4

Soil
I Peat soil
[] Regosolic kuroboku soil
B Brown forest soil
[] Kuroboku soil
[] Brown lowland soil

[ Regosol soil
I Gray lowland soil

Slope(%)

[1o0-10
[1>10

Land use

[ Forest
[ ] Pasture
Bl Urban

Fig. 1. Locations of weather stations and sampling sites, sub-basins, stream network, digital elevation model (DEM), slope, land use

and soil maps.

watershed (mm). For simplification, EXT was added as
1.38 mm.d ~! without temporal and spatial variations in
this study. This value was calculated from the annual
water balance budget from 1980 to 2008 (Jiang et al.,
2011). Note that EXT actually varies both temporally and
spatially. Hence, EXT added as a constant yield in SWAT

should be treated with caution if the dynamics of EXT are
significant.

The SWAT model estimates soil erosion and sediment
yield from the landscape and in-stream depositional and
degrading processes. The sediment yield from the land-
scape is calculated using the MUSLE (Williams, 1975).
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Table 1. Parameters for streamflow calibration performed at the Shibetsu River watershed.

No Parameters

Definition of parameters

Fitted value

1 CN2.mgt

2 ALPHA_BF.gw

Initial SCS runoff curve number for moisture condition 11

Baseflow alpha factor (days)

Forest (36)
Pasture (45)
Urban (55)
Forest (0.02)
Pasture (0.5)

Urban (0.5)
3 REVAPMN.gw Threshold depth of water in the shallow aquifer for revap to occur (mm) 210
4 SOL_AWC.sol (all soil layers) Available water capacity of the soil layer (mm H,O mm.soil ') 0.10
5 ESCO.hru Soil evaporation compensation factor 0.29
6 CANMX.hru Maximum canopy storage (mm H,0) 39
7 GW_DELAY .gw Groundwater delay (days) Forest (3)
Pasture (0.5)
Urban (0.5)
8 CH_N2.rte Manning’s “n” value for the tributary channels 0.09
9 SFTMP.bsn Snowfall temperature (°C) 1.9
10 SMTMP.bsn Snowmelt base temperature ( °C) 1.6
11 SMFMX.bsn Maximum melt rate for snow during years (mm.°C~'.d ") 1.2
12 SMFMN.bsn Minimum melt rate for snow during years (mm. °C~'.d ™) 0.2
13 TIMP.bsn Snowpack temperature lag factor 0.6
14 SURLAG.bsn Surface runoff lag coefficient 0.9

Sediment deposition and degradation in the stream
channel are both calculated during the sediment routing.
The channel sediment routing equation uses a modification
of Bagnold’s sediment transport equation (Bagnold, 1977).
Whether channel deposition or channel degradation
occurs depends on the sediment load entering the channel
and the maximum amount of sediment that can be trans-
ported in the channel. EXT has no effect on surface erosion
processes because it enters the channel as groundwater;
therefore, EXT does not contain any input of sediment
and particulate nutrients to the stream. However, because
EXT increased the total water amount in channels, it
can cause dilution of sediment, PON and POP present in
the stream. Also it may increase the maximum amount of
sediment that can be transported in the channel.

In this study, the inputs required by the model are daily
weather data for precipitation, maximum and minimum
temperature, wind speed, solar radiation and relative hu-
midity, which were obtained from the weather stations’
records (Fig. 1) from 1997 to 2008. Digital elevation model
(DEM) data (Fig. 1) was prepared using a digital map with
a 30 m grid elevation created from a 1:25000 topographic
map published by the Japanese Geographical Survey
Institute  (GSI,  http://nlftp.mlit.go.jp/ksj/jpgis/ipgis_
datalist.html). GIS-referenced soil data (Fig. 1) were
extracted from a 1:50000 soil map of the Fundamental
Land Classification Survey developed by the Hokkaido
Regional Development Bureau (www.agri.hro.or.jp/chuo/
kankyou/soilmap/html/map_index.htm). A land use map
(1:25000) based on land cover in 2005 was obtained from
the GSI (Fig. 1). Weather data, land use classification, soil
types and the major soil characteristics have been pub-
lished by Jiang et al. (2011).

The SWAT model with EXT was used to estimate
sediment yield at the main outlet of SRW. Then, based on
the estimated sediment yield and its relationships with
PON and POP yields, PON and POP yields were estimated

further. The SWAT results were investigated and com-
pared with the observed values to evaluate its performance
for estimating sediment and PON and POP yields in the
SRW.

Model calibration and validation

The SWAT model was first calibrated using SWAT
Calibration and Uncertainty Programs (CUP) with the
Sequential Uncertainty Fitting (SUFI2) calibration and
uncertainty analysis routine (Abbaspour, 2007). Then the
calibration of flow and sediment was performed manually
to obtain a good match between the observed and simu-
lated values. Key hydrological and sediment-related para-
meters were selected, based on suggestions from Jiang
et al. (2011) and Phomcha et al. (2011). Calibration is an
effort to better parameterize a model to a given set of local
conditions, thereby reducing the prediction uncertainty.
Model calibration is performed by carefully selecting
values for model input parameters by comparing model
predictions for a given set of conditions with observed
data for the same conditions. Model validation is the
process of demonstrating that a given site-specific model
is capable of making sufficiently accurate simulations.
Validation involves running a model using parameters that
were determined during the calibration process, and
comparing the predictions to observed data not used in
the calibration. Calibration and validation are typically
performed by splitting the available observed data into
two datasets: one for calibration, and another for vali-
dation. Data are most frequently split by time periods
(Arnold et al., 2012). In this study, parameters calibrated
for streamflow are shown in Table 1. In the study site,
previous study by Jiang et al. (2011) showed that the
streamflow increased at the same day as rainfall happened,
which indicated that the response of streamflow to surface
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Table 2. Soil saturated hydraulic conductivity (K) and USLE
soil erodibility (Kyspg) factor.

Soil type K(mmh™ ") Kusie
Peat soil 59 0.24
Regosolic kuroboku soil 123 0.23
Brown forest soil 46 0.18
Brown lowland soil 122 0.23
Regosol soil 151 0.19
Grey lowland soil 75 0.25
Kuroboku soil 114 0.22

runoff is very quick. Therefore, the value of SURLAG was
adjusted within one day. Other parameters were also cali-
brated within their acceptable ranges to match the simu-
lated streamflow with the observed streamflow (Table 1).
The streamflow was calibrated from 2003 to 2005 and
validated from 2006 to 2008. The SWAT model was fur-
ther used for sediment yield calibration following comple-
tion of the streamflow calibration process. The USLE soil
erodibility factor (Kyspg) was calculated from an equation
proposed by Williams (1995) based on clay, silt, sand and
organic carbon contents in soil (Table 2). The USLE topo-
graphic factor (LSysrg) based on SLSUBBSN.hru and
HRU_SLP.hru was automatically calculated from the GIS
interface in the SWAT model. The EXT contribution
increased the stream water yield (Jiang et al., 2011) and it
can dilute the sediment concentration significantly. Con-
sequently, it can increase sediment transport capacity in
channels, sediment deposition in the channels might not
happen. Therefore, the maximum values of SPCON (0.01)
and SPEXP (2) were used to reduce deposition in the
channel. Other model parameters were calibrated within
their acceptable ranges to match the simulated sediment
loadings with the observed loadings (Table 3). Observed
sediment loads were used to calibrate SWAT in 2003 and
the model was validated in 2004. The study period for sedi-
ment was only 2 years (2003—2004) because most samples
were collected in these 2 years. Note that the calibration
and validation periods were short due to the lack of long-
term observed data. Longer calibration and validation
periods would provide more confidence in the model
parameters.

Model performance evaluation

The accuracy of SWAT simulation results was deter-
mined by examining the coefficient of determination (R?),
the Nash and Sutcliffe (1970) efficiency (Ens) and relative
error (Re). The R? value is an indicator of the strength of
the linear relationship between the observed and simulated
values. The Eyns simulation coefficient indicates how well
the plot of observed values versus simulated values fits the
1:1 line. If the R? and Eng values are less than or very close
to zero, the model prediction is unacceptable or poor. If
the values are one, then the model prediction is perfect
(Santhi et al., 2001). Re also indicates how close the
observed values versus the simulated values are. Re can
range from zero to a very large value, with zero

representing perfect agreement between the model and

real data. Essentially, when the model efficiency R and

Ens are close to one, and when the model efficiency Re is

close to zero, the models are considered more accurate.
R is statistically defined as

”7 Xoi _X—oi Xsi _X—si
RZ — Zl—l ( )( ) e (3)

B 05, —
|:Z,':1 (Xoi - Xoi) :| [Zi:l (Xsi - Xsi) :|
Engs 1s statistically defined as
27:1 (Xoi _ Xsi)2
2?:1 (Xoi - Xoi)2

Re (in percentage) at the gauge locations can be derived
from

Ens =1-— 4)

D, CEED DD, ¢
Re(%) = 2 S ==L 2100 (5)
Zi:l Xoi
where X; is the observed data on day i, X§; is the simulated
output on day i, X,; is the average measured value during

the study period, and # is the total number of the observed
data.

Results and discussion

PON and POP

The partition of dissolved and particulate nitrogen and
phosphorous is shown in Table 4. PON accounted for 4,
23 and 32% of TN during snowfall (December to March),
snowmelt (April to May) and rainfall (June to November)
seasons, respectively. PON partitioned only 4% of the
TN during the snowfall season, but its partition increased
to 23% during the snowmelt season and to 32% during
the rainfall season. POP is the main form of phosphorous,
which accounted for 92% of TP during the snowfall
season, and it decreased to 67 and 64% during the snow-
melt and rainfall seasons, respectively. These results indi-
cate that PON and POP are important forms of nitrogen
and phosphorous loss from the land that need to be quan-
tified and understood. In this study, a significant linear
relationship was found between PON, POP and sediment
concentration (Fig. 2). It indicates that PON and POP
were mainly transported with suspended sediment, be-
cause particulate nutrient losses from land to rivers were
mainly caused by land surface soil erosion. However, the
data are quite scattered to the regression line, it is because
that there are spatially varied sources of sediment and
associated particulate nutrients from different land uses
and soil types in the study site.

Hydrology
Table 1 presents the -calibrated parameters for

discharge, whereas Figure 3 graphically illustrates the
comparison between the observed and simulated daily
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Table 3. Optimum values of sediment parameters in SWAT.

No. Parameter Definition of parameters Fitted value
1 USLE_C(FRST).crop.dat Minimum value for the cover and management factor for the land cover 0.02

2 USLE_C(PAST).crop.dat Minimum value for the cover and management factor for the land cover 0.03

3 USLE_P(FRST).mgt USLE support practice factor 0.9

4 USLE_P(PAST).mgt USLE support practice factor 0.85

5 CH_EROD.rte Channel erodibility factor 0.01

6 CH_COV.rte Channel cover factor 1

7 PRF.bsn Peak rate adjustment factor in the main channel 0.56

8 SPCON.bsn Coefficient in sediment transport equation 0.01

9 SPEXP.bsn Exponent in sediment transport equation 2

Table 4. Partition of dissolved and particulate nitrogen and phosphorous for snowfall, snowmelt and rainfall seasons during 2003,

2004 and 2007.

TN TDN PON TP TDP POP

Hydrological events mgL™ Y  (@mgL Y (mgL ) (@mgL™") (@mgL™ ") (mgL™
Snowfall season (Dec—Mar) N =17 Average 1.042 1.004 0.039 0.028 0.002 0.026
Percentage 96% 4% 8% 92%
Snowmelt season (Apr—May) N =139  Average 1.264 0.972 0.292 0.058 0.019 0.039
Percentage 77% 23% 33% 67%
Rainfall season (Jun—Nov) N =431 Average 1.349 0.916 0.433 0.083 0.030 0.054
Percentage 68% 32% 36% 64%

TN, total nitrogen; TDN, total dissolved nitrogen; PON, particulate organic nitrogen; TP, total phosphorous; TDP, total dissolved

phosphorous; POP, particulate organic phosphorous.

y=10.0037x+0.0820
R*=0.71 (P<0.001)

(B8]

PON concetration (mg L")

1200 1600

0 400 800
Sediment concentration (mg L)
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y =0.0005x+ 0.0066
R*=0.70 (P<0.001)

o
5]

0.6

0.4
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Sediment concentration (mg L)

B

Fig. 2. Relationships between measured instantaneous sediment and (A) particulate organic nitrogen (PON), and (B) particulate
organic phosphorous (POP) concentration. Red line shows 95% prediction interval.

discharge at the main outlet of the SRW. The simulated
discharge followed a similar trend to the observed dis-
charge. The statistical performance of the SWAT for daily
streamflow estimation was satisfactory (calibration period:
R*>=0.60, Ens=0.40 and Re = 14%; validation period:
R*=0.87, Exs=0.61 and Re =7%). The SWAT model
yielded a mean annual streamflow of 1140 mm for the
period studied (2003-2008), which was close to the ob-
served value of 1054 mm. However, the simulated peak
discharge was underestimated during some heavy rainfall
periods such as events in August 2003 and October 2006.
This was primarily due to the surface runoff was under-
estimated for these events in this study. It might be because
precipitation duration and intensity are not being con-
sidered by the soil conservation services (SCS) curve num-
ber (CN) method (SCS, 1972) for simulation of streamflow
in SWAT model as reported by Phomcha et al. (2011).

This limitation might be more profound for the heavy
rainfall events.

Mean annual rainfall for the total simulation period
(2003-2008) over the area of the catchment was 1055 mm.
Simulated results showed that about 430 mm (41%) was
removed through evapotranspiration (ET). Simulated
mean annual water yield was 1140 mm, including surface
runoff of 30 mm (2.5%), lateral flow of 145 mm (13%) and
groundwater recharge of 965 mm (84.5%), including EXT
of 480 mm (42%). In the SRW, most stream water was
recharged by subsurface flow throughout the year. The
computed water balance components indicated low sur-
face runoff (2.5% of total water yield) that subsequently
caused landscape erosion. Since the watershed studied is
characterized by volcanogeneous soils with high hydraulic
conductivities (Table 2) and porosities, surface runoff due
to infiltration excess is probably of little importance
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Fig. 4. Comparison between observed daily sediment yield and simulated values obtained by the SWAT model (2003-2004).

and dominating flow processes are likely to happen in the
subsurface (Blume, 2008). The large subsurface storage
can retain most of the incident rainfall during events
(>90%, often even >95%) as reported by Blume (2008).

Modelling performance of SWAT for sediment
yield estimation

Table 3 presents the calibrated parameters for sediment
yield simulation. The SWAT model performance statistics
are shown in Table 5. Figure 4 generally indicates that the
simulated daily sediment loads of the SWAT model and
the observed values are comparable, yielding R* of 0.62,
Ens of 0.48 and Re of 10% in the calibration period, and
R? of 0.64, Engs of 0.61 and Re of 14% in the validation
period (Table 5). Overall, the SWAT model was able to
simulate sediment yield with reasonable accuracy on a
daily time step. Simulated annual sediment yield from
2003 to 2008 ranged from 5 to 45 tonnes.km Z.yr~'
(annual mean of 24 tonnes.km ~2.yr~") (Fig. 5(A)). The
SWAT model predicted acceptable model performance
with a short time step (daily), indicating that this model
can be considered an appropriate tool for estimating
sediment yield in the SRW.

The snowfall, snowmelt and rainfall seasons contrib-
uted around 10, 20 and 70% respectively to total sediment
and associated PON and POP yields. Rainfall season
play an important role in sediment transport, as most

Table 5. Performance of the SWAT model for estimating daily
sediment and particulate organic nitrogen (PON) and
particulate organic phosphorous (POP) yields.

Model Sediment PON POP
performance 2003 2004 2003-2004 2003-2004
R 0.62 0.64 0.65 0.70
Ens 0.48 0.61 0.65 0.70
Re (%) 10 14 1 7

of the annual sediment yield from a watershed can be
transported by a stream during a small number of rainfall
events that occur in a relatively short period of time within
a year. However, a comparison of the results indicates that
the SWAT model might overestimate the sediment load
for some high-flow events (Fig. 4) because the SWAT
model allows all the soil eroded by runoff to reach the river
directly, without considering sediment deposition remain-
ing on surface catchment areas. The results also indicate
that the SWAT model underestimated the sediment load
of some peak events (Fig. 4). This might be because the
sediment routing algorithm used in SWAT is very sim-
plified. The topographic factor (LSysiLg) automatically
estimated from the DEM in the SWAT model was found
to contain errors (Kim ez al., 2009; Babel et al., 2011), it
partially explains the model inaccuracies for sediment
yield estimation. With better accuracy and resolution of
DEM and more reliable methods for derivation of the
topographical variables related to LSygsy g, such as slope
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(C) yields (2003-2008).

length and steepness, it would be possible to enhance
precision of the model (Van Remortel et al., 2001). The
land cover and management factor (USLE _C) was
classified and assigned corresponding values in the
SWAT model (Table 3). This method, however, results in
USLE_C factor that is homogeneous for each HRU which
might cover relatively large areas and do not adequately

reflect spatial variations in vegetation density within cover
classes or over large geographic areas (Wang et al., 2002;
Yang, 2014). Determining USLE_C factor value as a
function of fractional bare soil and vegetation cover could
be implemented in SWAT model to improve sediment pre-
dictions (Benkobi et al., 1994; Yang, 2014). The MUSLE
method improves upon the USLE and RUSLE methods
by explicitly considering runoff (Kinnell, 2005). However,
Qiu et al. (2012) pointed out that the SWAT model sedi-
ment predication error most likely resulted from the limi-
tations of the existing the SCS-CN method and MUSLE
method. The studied watershed had intense rainfall and
heavy storm events with high potential to erode surface
soil, but the SCS-CN and MUSLE do not account for
detailed characteristics of rainfall as reported by Phomcha
et al. (2011). Modification of SWAT components may be
needed to take rainfall intensity and its duration into ac-
count to enhance the model performance on peak flow and
sediment load simulation during the heavy rainfall season.

Estimation of PON and POP yields with SWAT

Statistically significant relationships were found
between PON and POP concentration and sediment
concentration (Fig. 2). Linear relationships between
sediment and particulate nutrients have also been found
by other researchers (Kronvang et al., 1997; Ocurng et al.,
2011). Based on these relationships, temporal variation
in PON and POP yields could be computed from
the simulated daily sediment yield obtained from the
SWAT model (Fig. 4). The daily PON and POP yields
showed a strong variability due to the variability in
sediment yield within the catchment. Figure 6 shows that
simulated daily PON and POP yields are comparable with
the observed results during 2003-2004, which yielded R* of
0.65, Ens of 0.65 and Re of 1% for PON yield, and R? of
0.70, Ens of 0.70 and Re of 7% for POP yield (Table 5).
Simulated annual PON and POP yields from 2003
to 2008 showed that the annual PON yield ranged
from 0.1 to 0.3 tonnes.km Zyr~' (annual mean of
0.18 tonnes.km ~2.yr —'; Fig. 5(B)), and annual POP yield
ranged from 0.01 to 0.03 tonnes.km ~2.yr ' (annual mean
of 0.02 tonnes.km ~2.yr ~!; Fig. 5(C)) at the main outlet of
the SRW. Appropriate strategies should be advised to
protect critical areas with high soil erosion that also are the
critical source area for PON and POP exports.

Identification of critical source areas of land surface
erosion

During the studied years (2003-2008), SWAT model
simulation results showed that sediment delivery ratio in
each channel was close to one, it indicates that in-stream
erosion/sedimentation might be of little importance
in SRW. The average annual sediment contribution
from the individual sub-basin was investigated to deter-
mine its relative source contribution with the SWAT
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model. With the current fitted parameters (Tables 2 and 3),  sub-basins (Fig. 7). The sediment yield value was similar to
results showed that sub-basins 3, 4, 5, 6 and 10 in the the results reported by Saghafian et al. (2012). These sub-
forest area had the highest sediment yield (60.1-  basins with the highest elevation and slopes greater than
110.0 tonnes.km ~2yr~') compared to the neighbouring  10° were identified as the most critical source areas of land
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surface erosion, even though they are covered by forest
(Fig. 1). Other sub-basins in the forest area with steep
slopes above 10° were also found to have a relatively high
sediment contribution (20.1-60.0 tonnes.km ~Z.yr ).
Under agricultural pastureland, sediment yield increased
with the distance from the watershed outlet. For example,
the sediment contribution was higher in sub-basins 46,
near 66 and 67 due to a small proportion of steep slopes
in this area (Fig. 7). Topography had an influence in that
sub-basins further from the outlet had a relatively high
elevation and featured slopes under agricultural pasture-
land. Soil erosion increased with steepness of the slope,
which is most likely the reason for a higher sediment yield
in these sub-basins (Wu and Chen, 2012). Results from
this study indicated that topography might play an
important role in land surface erosion. Agricultural land
use with a small proportion of steep slopes can be a critical
sediment source area, even though flat terrain is found in
most areas. Best management practices for effective anti-
erosion, such as reduced tillage, contour cropping, the
establishment of buffer strips and riparian zones, and
the construction of settling ponds and wetlands, could
be important in preventing soil detachment and trans-
port from cultivated fields (Boardman et a/., 2009; Ekholm
and Lehtoranta, 2012). Riparian forests have been
reported to play a function in soil conservation by
sequestering hillslope-derived sediments at the watershed
scale (Jolley et al., 2010). In the present study site of the
SRW, about 7 to 9% of land use consists of riparian
forests, which would lead to the uncertainty in model
simulation of land surface erosion because the soil
conservation function of riparian forests was not consid-
ered during the simulation. Results from this study
indicated that forest and pasture covers were not sufficient
to protect slopes from soil erosion. Watershed managers
should pay attention to areas with steep slopes when
implementing best management practices to reduce non-
point source pollution in the SRW from land surface
erosion.

Summary and conclusions

Sediment and PON and POP yields were investigated
in the SRW in Hokkaido (Japan), which is characterized
by agricultural land use and forest, dominated by volcanic
soils and recognized as the recipient of external ground-
water.

The SWAT model, which includes the EXT contribu-
tion from HRUs to channels, was successfully used to
quantify sediment and PON and POP yields at the main
outlet of the SRW. Subbasins located in the upper part of
the watershed were identified as critical source areas of
land surface erosion. Effective anti-erosion management
practices should be introduced here. The SWAT model
could be used as an appropriate tool for estimating
sediment and PON and POP yields and understanding
soil erosion mechanisms in the SRW. However, a sim-
plified hypothesis of EXT (1.38 mm.d ~ ') was used in this

study. More field work is required to shed light on spatial
and temporal variations in EXT. More time and effort are
also required to set up and calibrate the SWAT model
with spatially distributed and temporally varied EXT for
different HRUs in future.
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