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1. Introduction 

Water and sediment dynamics considerably influence the ecology, 
water utilization, and human activities within river basins. Therefore, it 
is critical to evaluate future changes in these dynamics. 

Previous studies have analyzed the impact of climate change (Kalo
geropoulos and Chalkias 2013; Luo et al., 2013;Meng et al., 2016; Milly 
et al., 2005; Mourato et al., 2015; Zabaleta et al., 2014) and 
land-use/cover changes (Kalantari et al., 2014; Noda et al., 2017; 
Pinokius et al., 2003), as they are considered the two key drivers 
exerting influence on water and sediment dynamics. The combined ef
fects of climate and land-use/cover changes have also been analyzed (e. 
g., Li et al., 2009; Zhang et al., 2012), which have revealed that the 
impact of climate change can either be accelerated or restrained by 
land-use changes. 

The effects of future land-use/cover changes were analyzed using 
land-use/cover scenarios based on the socio-economic conditions of 
each watershed. The major scenarios considered include the expansion 
of agricultural fields (Azimi Sardari et al., 2019; Molina-Navarro et al., 
2014), changes in forest areas (Begueria et al., 2003; Khoi and Suetsugi, 
2014; Li et al., 2012; Lopez-Moreno et al., 2014; Mango et al., 2011; 
Montenegro and Ragab, 2012; Shao et al., 2018), urbanization (Wilson 
and Weng, 2011), and changes in crop types within agricultural fields 
(Carvalho-Santos et al., 2015; Montenegro and Ragab, 2012; Serpa et al., 
2015). 

Other authors, such as Walling (2006) and Noda et al. (2019), 
assessed sediment dynamics resulting from social development and 
economic growth, using long-term historical data. Walling (2006) 
examined rivers in large continents and concluded that, except for res
ervoirs that caused sediment entrapment, other activities related to the 
development of human society and economy, i.e., land clearance for 
agricultural and other activities contributing to land disturbances such 
as logging and mining, have led to an increase in sediment transport. 

Conversely, Noda et al. (2019) examined sediment transport on an is
land in the Republic of Palau and suggested that long-term sediment 
transport trends in this area were inconsistent with the conclusions re
ported by Walling (2006). This was attributed to the specificity of small 
islands; as they were highly dependent on resources outside the islands, 
they could reduce the use of land resources within the islands. Addi
tionally, the major industry in the region was nature-based tourism, 
which promotes the improvement of sustainable land resource use. 

In addition to the perspectives provided by the former studies, it is 
imperative to investigate how climate change and land-use change 
induced by depopulation, influence the water and sediment dynamics. 
Japan is currently experiencing rapid depopulation, particularly in rural 
areas (NIPSSR, 2018). The human impact on water and sediment dy
namics is assumed to be similar to what was reported by Walling (2006) 
for most river basins in Japan. However, as depopulation is a new 
transition in human society, the effects on water and sediment dynamics 
derived from reductions in agricultural and urban areas, have not been 
analyzed thus far; which is important for areas in which depopulation is 
currently occurring or projected to occur. 

This study aimed to investigate the independent and combined ef
fects of climate and land-use/cover changes on water and sediment 
dynamics in the Tokoro River Basin, where the occurrence of both sig
nificant climate change and depopulation has been anticipated. 

This study was conducted in five steps (Fig. 1):  

(1) Calibration and validation of the Soil Water Assessment Tool 
(SWAT) for the Tokoro River Basin.  

(2) Verification of the reproducibility of the discharge and suspended 
sediment (SS) loads calculated by SWAT, using the ensemble 
climate datasets obtained from the Japan Meteorological Agency 
Global Warming Projection Volume 9 (JMA-GWP9) (JMA; Japan 
Meteorological Agency, 2017). 
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(3) Definition of a future land-use scenario based on a depopulation 
trend.  

(4) Simulation of the individual effects of future climate and land-use 
changes on discharge and SS loads.  

(5) Simulation of the combined impacts of future climate and land- 
use changes on discharge and SS loads. 

2. Methodology 

2.1. Study area 

The target area of this study was the Tokoro River Basin, a region 
located in northern Japan. The Tokoro River originates in Mount Mikuni 
(altitude 1541 m) and runs to the Sea of Okhotsk (Fig. 2), with a 
drainage area of 1930 km2. At the Kamikawazoi hydrometric station 
(Fig. 2), the average annual temperature for the period 1978–2004 was 
5.8 ◦C, with the average annual minimum and maximum temperatures 
being –24.2 ◦C and 32.7 ◦C, respectively (MLIT, 2006). At the same 
location, the annual average precipitation for the same period was 
726.8 mm (MLIT, 2006). The rainy season occurs in summer, and a 
substantial proportion of precipitation occurs as snowfall in winter. 

The water quality in the target area has historically remained a 

concern. Since the 1980s, water quality indices such as the biochemical 
oxygen demand and total nitrogen and phosphorus concentrations have 
been rated as high (LCCSRTRB, 2009). Additionally, river discharge 
during the summer has been insufficient in certain years. At the Kitami 
hydrometric station (Fig. 2), the river discharge during the summer 
season fell below the “normal discharge” (approximately 8 m3/s) in four 
years from 1993 to 2002 (LCCSRTRB, 2009). The “normal discharge” is 
defined by the Ministry of Land, Infrastructure and Transport (MLIT) as 
the total amount of discharge necessary to maintain the riverine 
ecosystem and to ensure water resource provision. 

Considering the major industries within the basin, sustainable water 
resource management is critical. One of the main industries in the 
Tokoro River Basin is agriculture, and crops such as onions and sugar 
beets are intensively cultivated. Another important industry in the 
downstream areas is aquaculture, which includes the farming of scal
lops, salmon, and trout. The maintenance of river discharge is essential 
for agricultural activities and for ensuring water quality in coastal areas. 
Among the water quality parameters, sediment concentration is one of 
the most important indicators in the Tokoro River Basin because high 
sediment concentrations have caused the death of scallops and the 
interruption of water supply (Ishida et al., 2010). 

The Tokoro River Basin is predicted to undergo significant climate 

Fig. 1. Workflow of this study.  

Fig. 2. Location, hydrological network, sub-basins, hydrometric stations and elevation map of the Tokoro River Basin.  
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changes in the future. The Ministry of Education, Culture, Sports, Sci
ence and Technology (MECSST) and the Japan Meteorological Agency 
(JMA) (2020) have concluded that the temperature will increase more 
on the Pacific Ocean side of northern Japan, where the basin is located, 
compared to other parts of the country. No statistically significant 
change was predicted for the annual and seasonal precipitation 
amounts. However, the considerable amount of snow in this area during 
winter has been assumed to decrease by approximately 60% in the 
Representative Concentration Pathway 8.5 (RCP8.5) scenario in the late 
21st century (2076–2095) compared to the late 20th century 
(1980–1999). 

In addition to future climate changes, the population in the basin is 

foreseen to decrease significantly in the near future compared to other 
areas in Japan. Table 1 shows that the total population of the three 
municipalities (Kitami City, Kunneppu Town, and Oketo Town) in the 
Tokoro River Basin in 2010 was 134,522. According to the National 
Institute of Population and Social Security Research (NIPSSR) (2018), 
the population is estimated to decrease by 33% by 2045. It is also 
assumed that the population in this area will continue to decrease, as the 
proportion of elderly people is estimated to increase. The population 
estimates for 2060 for all municipalities, except for Oketo Town, 
confirm this trend (Kitami city 2020; Kunneppu City, 2020). 

2.2. Hydrological modeling 

2.2.1. SWAT setup 
This study used the SWAT model, a semi-distributed hydrologic 

model that could be used to analyze the effects of climate or land-use 
changes on water balance, sediment transport, and water quality by 
altering weather and land-use input data. Outputs are calculated daily; 
therefore, the model is suitable for analyzing long-term trends in water 
and sediment dynamics as is the case in this study, as opposed to runoff 
processes during flood events (Neitsch et al., 2009). 

SWAT divides a watershed into sub-basins based on topography and 
river networks and further divides these sub-basins into hydrologic 
response units (HRUs) based on the soil, slope, and land-use character
istics. Within each HRU, the daily water balance and soil erosion are 
calculated, summed at the sub-basin level, and are finally distributed to 
the outlet of the watershed. In SWAT, surface runoff is calculated using 
the Soil Conservation Service Curve Number method (SCS, 1985). Soil 
erosion is calculated using the modified universal soil loss equation 
(Williams, 1975). In the present work, the SWAT physics-based 
approach was adopted for simulating channel erosion, using the 
simplified Bagnold stream power model (Neitsch et al., 2009). Accord
ing to this approach, erosion is defined by the critical and actual shear 
stress at the riverbank and riverbed, within the range of the sediment 
transport capacity described by Bagnold (1977). For the present study, 
the QSWAT version 1.9 was used. 

A watershed covering most of the Tokoro River Basin and its sub- 
basins was delineated using a digital elevation model (DEM) and river 
network data (MLIT, 2021a). The DEM used in this study was based on 
that published by the Geospatial Information Authority of Japan –GIAJ 
(2021). The DEM was upscaled to a resolution of approximately 200 m, 
using the inverse distance weighted method (Watson and Philip, 1985) 
in ArcGIS. The outlet of this watershed was situated at Kamikawazoi, 
which is the most downstream observation point of river discharge and 
water quality in the basin (Fig. 2). The watershed was divided into 17 
sub-basins (Fig. 2). Additionally, HRUs for the baseline land-use sce
nario were created with the thresholds of soil, slope, and land-use set to 
10%. The number of HRUs in the baseline scenario was 118. The dis
tributions of slope classes and soil types are depicted in Fig. S1. 

Daily precipitation and temperature data from six meteorological 
stations covering the watershed were used as input data for the model. 
Precipitation and temperature at these stations were measured by the 
Automated Meteorological Data Acquisition System –AMeDAS, devel
oped by the JMA. The humidity, wind speed and solar radiation were 
simulated using the weather generator inbuilt in SWAT. 

2.2.2. Model calibration, validation, and performance evaluation 
The SUFI-2 algorithm from the SWAT calibration and uncertainty 

interface (Abbaspour 2015) was used in the present study. The advan
tages of using the SUFI-2 algorithm compared to other calibration 
methods are related to model performance, model prediction uncer
tainty, and model computational efficiency, which have been addressed 
in previous studies (Khoi and Thom, 2015; (Khoi et al., 2017) ). The 
initial parameters selected for calibration were those related to 
discharge or soil erosion, and were not different for each land-use type 
(Table 2). As the target area has been reported to receive snowfall in 

Table 1 
Historical and estimated future population in the municipalities within the 
Tokoro River Basin.  

Year 1925 2010 2045 2060 

Kitami City 27,396 125,689 82,362 62,890 
Kunneppu Town 6070 5435 2759 1865 
Oketo Town 7940 3428 1364 – 
Total 41,406 134,552 86,485 –  

Table 2 
Calibrated SWAT parameters.   

Parameter 
name 

Description Optimizing 
method 

Calibrated 
value 

Discharge 
parameters 

ALPHA_BF Baseflow alpha 
factor 

Replace 0.53 

GWQMN Threshold water 
depth in the 
shallow aquifer 
for flow 

Replace 3602.19 

GW_REVAP Groundwater 
‘revap’ coefficient 

Replace 0.19 

SOL_K Saturated 
hydraulic 
conductivity 

Relative 92% 

CH_K2 Channel effective 
hydraulic 
conductivity 

Replace 382.27 

CH_N2 Manning’s value 
for main channel 

Replace 0.01 

Discharge 
parameters 
(related to 
snow) 

SMTMP Snowmelt base 
temperature 

Replace 3.07 

SFTMP Snowfall 
temperature (◦C) 

Replace 1.47 

SMFMX Melt factor for 
snow on 21 June 
(mm H2O◦C− 1 
d− 1) 

Replace 8.91 

SNOCOVMX Minimum snow 
water content that 
corresponds to 
100% snow cover 

Replace 241.84 

Sediment 
parameters 

SPEXP Channel re- 
entrained 
exponent 
parameter 

Replace 1.01 

SPCON Channel re- 
entrained linear 
parameter 

Replace 0.00 

PRF Sediment routing 
factor in main 
channels 

Replace 1.16 

CH_EROD Channel 
erodability factor 

Replace 0.38 

CH_COV Channel cover 
factor 

Replace 0.14 

USLE_P Support practice 
factor 

Replace 0.14 

USLE_K Soil erodability 
factor 

Relative 89%  
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winter, parameters related to snowfall or snowmelt were included, as 
was done by Tuo et al. (2018). 

The observed discharge and SS concentrations data were obtained 
from the Japan Water Information System (MLIT, 2021b). There are four 
hydrometric stations in the Tokoro River Basin that measure both 
discharge and SS concentrations. To evaluate the changes in water and 
sediment regimes for the entire watershed, calibration and validation 
were conducted solely for the Kamikawazoi hydrometric station, which 
is the most downstream station of the watershed (Fig. 2). Data from 
1983 to 1997 were used for model calibration, whereas data from 1998 
to 2012 were used for model validation. 

At the Kamikawazoi hydrometric station, discharge was measured 
daily, while SS concentrations were measured only once or twice a 
month. SS concentrations were determined using the method described 
by MLIT (2009). First, the sample was processed through a sieve with a 
mesh size of 2 mm to remove large particles such as leaves or plastics. 
Then, the sample was passed through a filter with a diameter of 
approximately 1 µm. The materials captured by the filter were then 
dried at 105–110◦C until constant weight. Finally, SS concentrations 
were calculated by dividing the weight of the dried materials by the 
mass of the total sample. 

The observed daily SS loads were calculated by multiplying the 
measured SS concentrations by the measured discharge. As SS concen
trations were measured only once or twice a month, daily SS loads were 
estimated by interpolation. A sediment rating curve (L = aQb) was 

defined using the observed daily SS loads (L) and daily discharge (Q) (R2 

= 0.71) (Fig. 3). This curve was applied whenever SS concentrations 
were not measured, to estimate daily SS loads. 

Calibration was carried out in two steps; first, parameters related to 
discharge were calibrated (Table 2), followed by those associated with 
sediment (Table 2). Five hundred iterations were repeated six and nine 
times respectively in the first and second steps of the calibration, to 
maximize the Nash-Sutcliffe efficiency (NSE) indicator (Nash and Sut
cliffe, 1970). The parameter ranges were altered to a 95% confidence 
interval of the best solution at the end of every 500 iterations. Param
eters were generated using the Latin hypercube sampling within the 
defined parameter ranges. For parameters whose values differed by soil 
type, the parameter ranges were set by considering the change in the 
percentage relative to the initial value (the “Relative” optimization 
method), to maintain the differences in values between soil types. For 
the other parameters, the ranges were simply replaced by the optimized 
values (the “Replace” optimization method). The optimization methods 
and calibrated values for each parameter are listed in Table 2. 

Through the calibration process, a sensitivity analysis was conducted 
at every 500 iterations using the SUFI-2 algorithm (Abbaspour 2015). In 
this sensitivity analysis, 500 combinations of parameters were regressed 
against the NSE values. Then, the coefficient of each parameter was 
divided by its standard error (t-stat). All parameters presenting an ab
solute t-stat value below 1, for more than two times, were excluded. The 
remaining parameters were selected for calibration (Table 2). 

Model performance was evaluated using three statistical indicators, 
as suggested by Moriasi et al. (2007): the NSE, the ratio of the root mean 
square error to the standard deviation –RSR (Singh et al., 2004), and the 
percent of bias –PBIAS (Gupta et al., 1999). The optimum value for NSE 
is 1, indicating very good model performance. For RSR, values should 
ideally be close to 0. Absolute PBIAS values close to 0 are indicative of 
good model performance. Negative PBIAS values are indicative of model 
overestimation, whereas positive values indicate model 
underestimation. 

The reproducibility of model outputs was evaluated after model 
calibration and validation, using historical climate ensemble data. This 
process was necessary to confirm that the discharge and SS loads were 
properly simulated by the model when climate ensemble data were used 
instead of in situ weather observations, since climate change impacts 
were evaluated using historical and future climate ensemble data. The 
details of the climate ensemble data used in this study are provided in 
Section 2.3. The average annual discharge and SS loads simulated by the 
model were compared with the observed discharge and SS loads 
measured from 1983 to 2012, using the non-parametric Mann–Whitney 
U test (Mann and Whitney, 1947). The same test was performed for 
comparing the model outputs when using historical climate ensemble 
data with those using in situ weather observations. 

2.3. Climate change scenario 

Ensemble climate data for historical and future climate scenarios 
from the JMA-GWP9 (JMA; Japan Meteorological Agency, 2017) were 
used in the present study. The simulations were initially conducted using 
the global atmospheric model (GCM) MRI-AGCM3.2S (Mizuta et al. 
2012) with a grid size of 20 km. Then, the results of the GCM were used 
as boundary conditions for the non-hydrostatic regional climate model 
(NHRCM05) (Sasaki et al., 2011), using a grid size of 5 km. Historical 
climate data from 1981 to 1999 were considered as the baseline scenario 
for this study. Future climate data from 2077 to 2095 under RCP8.5 
scenario, with four different sea surface temperature warming patterns 
(ΔSSTs), were used as the worst-case scenario of climate change. 

As climate simulations have some bias, they were corrected ac
cording to the observed dataset. Bias correction of precipitation data 
was conducted using the moving-window technique proposed by 
Watanabe et al., 2020, whereas temperature data were adjusted to the 
elevation of each meteorological station covering the Tokoro River 

Fig. 3. Relationship between the observed daily SS loads (L) and observed daily 
discharge (Q) at the Kamikawazoi hydrometric station. 

Table 3 
Correspondence between MLIT and SWAT land-use classification.  

MLIT classes SWAT classes SWAT_CODE 

Rice paddy Rice RICE 
Other agricultural land Agricultural Land-Generic AGRL 
Forest Mixed Forest FRST 
Wasteland Barren or Sparsely vegetated BSVG 
Urban area Urban High Density URHD 
Road Urban Transportation UTRN 
Railway Urban Transportation UTRN 
Others Urban High Density URHD 
River and lake Water WATR 
Beach Water WATR 
Ocean Water WATR 
Golf course Pasture / Hay PAST  
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Basin. 

2.4. Land-use change scenario 

The baseline (present) land-use scenario was created using land-use 
mesh data with a grid size of 100 m, which was released by the MLIT 
(2021c). The land-use classification from MLIT was re-defined according 
to the classification used in SWAT (Table 3). 

As explained in Section 2.1, depopulation is ongoing and is projected 
to continue in the target area. As in 1924, the total population of the 
municipalities within the Tokoro River Basin was 67% lower than that in 
2010 (Table 1) (SB and MIAC, 2021), we have used historical land-use 
data from 1924 to define the future scenario of depopulation. 

The digital map for the future land-use scenario was constructed 
based on an old land-use map from 1924. The old land-use map of 1924 
was georeferenced and converted to be used in a geographic information 
system. The land-use shape file from 1924 was manually produced based 
on the map symbols drawn on the old map. Then, it was converted into 
mesh data with a grid size of 100 m. As the Kanoko Dam was constructed 
upstream the Tokoro River in 1983, the lake formed by the dam had to 
be incorporated into the future land use map since it was not present in 

1924, but is likely to continue to exist in the future. 
The baseline and future land-use scenarios of the Tokoro River Basin 

are depicted in Fig. 4. In the baseline land-use scenario, the plains were 
mostly occupied by agricultural fields. There were some areas with a 
high concentration of urbanized areas, such as the merging point of the 
two large river branches. In the future land-use scenario, the rice pad
dies, agricultural fields, and urbanized areas were reduced by 49.2%, 
99.9% and 7.3%, respectively, because of the foreseen population 
decrease compared to the baseline scenario. Most of these areas were 
converted into forests or wastelands. 

When defining the future land-use scenario, it was important to 
determine the extent to which this scenario reflects the reduction in 
agricultural areas due to depopulation. According to the census con
ducted by the Ministry of Agriculture, Forestry and Fisheries –MAFF in 
2010 and 2015 (MAFF, 2010; MAFF, 2015), the total number of agri
cultural workers in the municipalities in Tokoro River Basin decreased 
by 15% (Table 4) from 2010 to 2015. The total area of agricultural fields 
also decreased, but this reduction was limited to 3%. Based on these 
data, it may be assumed that depopulation will be accompanied by a 
decrease in agricultural fields, although the reduction rate of agricul
tural fields will be lower than that of the population, because the study 

Fig. 4. Land-use map for the baseline (a) and future land-use scenario (b), and percentage of basin area occupied by each land-use type in the baseline (c-1) and 
future land-use scenario (c-2). All agricultural lands except for rice paddies are included in the classification “Other agricultural land.” The major crops that are 
cultivated in these fields are onions and sugar beets. 

Table 4 
Number of agricultural workers and total agricultural area in the municipalities within the Tokoro River Basin.   

Number of agricultural workers Total area of agricultural fields  
2010 2015 Rate of change (2010–2015) (%) 2010 (km2) 2015 (km2) Rate of change (2010–2015) (%) 

Kitami City 3059 2498 18.3 170 162 4.7 
Kunneppu Town 1133 1017 10.2 54 54 1.4 
Oketo Town 401 370 7.7 37 35 3.2 
Total 4593 3885 15.4 260 252 3.2  
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area presents extensive plains that are suitable for the large-scale use of 
machinery. To consider a scenario with a significant impact, it was 
assumed that the reduction rate of agricultural fields due to depopula
tion in the future will be higher than the current trend. 

New HRUs had to be created for the future land-use scenario. The 

thresholds of soil, slope, and land-use were set at 10%, and the number 
of HRUs for the future land-use scenario was 104. 

3. Results and discussions 

3.1. Model performance 

Fig. 5 shows the simulated and observed average monthly discharge 
and SS loads at the Kamikawazoi hydrometric station. The model suc
cessfully simulated monthly discharge and SS loads according to the 
criteria referred by Moriasi et al. (2007). 

The NSE and RSR values for discharge (Table 5) indicated good 
model performance for the calibration period (NSE = 0.728; RSR =
0.521) and very good model performance for the validation period (NSE 
= 0.857; RSR = 0.378). Moreover, the PBIAS for discharge was rated as 
very good (Moriasi et al., 2007) for the calibration (+3.5%) and vali
dation (+7.0%) periods. Although these values were within the rec
ommended ranges, positive PBIAS values are indicative of model 
underestimation. The underestimation of the model primarily occurred 
during low-flow seasons (i.e., winter) (Fig. 5), likely because SWAT does 
not consider the transfer of groundwater between different sub-basins 
(Neitsch et al., 2009). 

In terms of SS loads, NSE and RSR values revealed satisfactory model 
performance for both the calibration (NSE = 0.642; RSR = 0.598) and 
validation (NSE = 0.517; RSR = 0.695) periods. The PBIAS values 
indicated good model performance for both the calibration (–22.3%) 
and validation (+24.9%) periods (Table 5). These findings point out 
that, although within the recommended ranges, the model over
estimated the SS loads for the calibration period but underestimated 
them for the validation period. As shown in Fig. 5, there were a few 
remarkably high values in the observations for the validation period 

Fig. 5. Observed and simulated average daily discharge and suspended sediment (SS) loads at the Kamikawazoi hydrometric station, for the calibration and vali
dation periods. 

Table 5 
Model performance regarding discharge and suspended sediment (SS) loads at 
the Kamikawazoi hydrometric station, for the calibration and validation periods. 
NSE - Nash-Sutcliffe efficiency; RSR - ratio of the root mean square error to the 
standard deviations; PBIAS - percent of bias.   

Calibration period Validation period 
NSE RSR PBIAS (%) NSE RSR PBIAS (%) 

Discharge 0.728 0.521 3.5 0.857 0.378 7.0 
SS loads 0.642 0.598 22.3 0.517 0.695 24.9  

Table 6 
Average annual sediment yield (ton/ha) for each land-use type in the baseline, 
future climate, future land-use and combined future climate and land-use 
scenarios.   

Sediment yield (ton/ha) 
Land-use Baseline Future 

climate 
Future land 
use 

Future climate +
future land use 

Other 
agricultural 
land 

6.5888 5.6926 - - 

Urban area 0.3125 0.2760 0.4544 0.4021 
Forest 0.0009 0.0027 0.0026 0.0044 
Rice paddy - - 4.1726 3.6095 
Wasteland - - 0.1659 0.0612  

Y. Muto et al.                                                                                                                                                                                                                                    



Environmental Advances 7 (2022) 100153

7

compared to the calibration period; thus explaining underestimation by 
the model. 

3.2. Reproducibility of the baseline scenario 

The results of the Mann-Whitney U tests (Table S1) revealed that 
there were no significant differences (p-value>0.05) between SWAT 
outputs using the JMA climate data and the observed discharge and SS 

loads (Fig. 6). The same was found when comparing SWAT results using 
the JMA climate data and in situ weather data (Fig. 6). These results 
indicate that the SWAT outputs using JMA historical climate data have 
successfully reproduced the observed discharge and SS loads. Thus, it is 
appropriate to use JMA historical climate data as the baseline climate 
scenario. 

3.3. Future scenarios 

3.3.1. Effects of climate change 
Under the future climate scenario, the average annual discharge 

decreased by 23% compared to the baseline scenario (Fig. 7). This 
decrease appeared to be related to slight change in precipitation and a 
substantial increase in evapotranspiration (ET) (Fig. 8). Khoi and Suet
sugi (2014) and Mango et al. (2011) also suggested that the ET has a 
large impact on discharge. Conversely, previous studies have referred 
that changes in precipitation exert a more significant effect on discharge 
than increases in ET (Hoque et al. 2014; Molina-Navarro et al., 2014; 
Shao et al., 2018). 

The average monthly precipitation decreased in January, May, June, 
October, November and December, while it increased in March, April, 

Table 7 
Average annual ET (mm) and PET (mm) for each land-use type in the baseline, future climate, future land-use and combined future climate and land-use scenarios.   

ET (mm) PET (mm) 
Land-use Baseline Future 

climate 
Future land 
use 

Future climate + future land 
use 

Baseline Future 
climate 

Future land 
use 

Future climate + future land 
use 

Other agricultural 
land 

266.2 397.5 - - 385.6 698.5 - - 

Urban area 282.1 422.3 278.6 423.7 398.0 707.5 398.0 707.5 
Forest 230.9 355.8 232.4 358.4 366.2 675.0 367.5 675.8 
Rice paddy - - 271.5 418.3 - - 398.0 707.8 
Wasteland - - 248.1 380.2 - - 388.4 705.4  

Table 8 
Average annual suspended sediment (SS) loads, sediment yield and the ratio of 
SS loads by sediment yield in the baseline, future climate, future land-use and 
combined future climate and land-use scenarios.   

Baseline Future 
climate 

Future 
land use 

Future climate +
future land use 

SS loads (106 kg/ 
year) 

71.4 65.0 72.7 46.9 

Sediment yield 
(106 kg /year) 

235.9 204.1 6.7 4.0 

SS loads / 
Sediment yield 

0.3 0.3 10.9 11.8  

Fig. 6. Boxplots of the observed and simulated (using in situ weather data and JMA ensemble climate data) average annual discharge and suspended sediment (SS) 
loads. The red lines, boxes, whiskers, and white circles represent median values, the ranges from the 1st quartile to the 3rd quartile, the ranges of minimum and 
maximum values, and outliers, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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July, August and September (Fig. 9), though there was little change 
(+3%) in annual precipitation compared to the baseline scenario. 

ET increased in every month except November, exhibiting an in
crease of more than 100% from January to May and December; which 
led annual ET to increase by 53% (Fig. 8). The increase in ET was 
assumed to have occurred due to a rise in temperature, as a similar in
crease was observed for monthly potential evapotranspiration (PET). 
The average temperature increased between 4.4 and 6.7◦C every month 
(Fig. 8). Pervez and Henebry (2015) also indicated that temperature 
changes largely affected ET. 

Average annual ET was higher in urban areas than in other land-use 
types regardless of climate change (Table 7). As a similar trend was 
observed in the average annual PET (Table 7), it was assumed that this 
ET increase in urban areas was due to higher temperatures. The urban 
areas are distributed in regions with relatively low elevations (Figs. 2 
and 4); therefore, it is reasonable that the temperature in urban areas is 
relatively high. 

Average annual SS loads decreased by 9% in the future climate 
scenario compared to the baseline scenario (Fig. 7). As the ratio between 
the average annual SS loads to sediment yield was 0.3 in both the 
baseline and future climate scenarios (Table 8), SS loads are related to 
sediment yield from the watershed in both scenarios. Therefore, the 
decrease in SS loads was assumed to have occurred due to a reduction in 
the sediment yield. 

Average annual sediment yield in the watershed decreased by 13% in 

the future climate scenario (Table 8). The decrease in sediment yield in 
agricultural (–14%) and urban (–12%) areas had contributed to a 
generalized decrease in sediment yield under this scenario (Table 6). 
The reduction of sediment yield in agricultural and urban areas were 
assumed to have occurred because of a decrease in discharge. 

In forests, the average annual sediment yield increased by 200% 
compared to the baseline scenario (Table 6), however this had little 
impact on the general change in sediment yield, since in forests, sedi
ment yield was significantly lower than that of other land-use types. This 
increase was assumed to be related to a decrease in snowfall due to 
temperature rise (Fig. 9). The decrease (higher than 50%) in snowfall 
was particularly noticeable in April, October, November and December. 
Therefore, there is a possibility that sediment yield in forests increased 
because discharges derived from snowmelt were altered into discharges 
derived from rainfall as a result of the temperature increase. This hy
pothesis has also been referred in previous studies pertaining to snowfall 
regions (Kim et al., 2015; Somura et al., 2009). 

3.3.2. Effects of land-use change 
Under the future land-use scenario, there was little change (+1%) in 

the average annual discharge compared to the baseline scenario (Fig. 7). 
Although a large area of agricultural lands was converted into waste
lands under the future land-use scenario, there were marginal differ
ences between the annual ET from agricultural lands and wastelands in 
the baseline and future land use scenarios, respectively (Table 7). As 
such, land-use change almost did not exert any effect on discharge. 

The average annual sediment yield in the watershed decreased by 
97% in the future land-use scenario compared to the baseline scenario 
(Table 8). The main reason for this decrease was the conversion of a 
considerable area of agricultural lands into wastelands, since the latter 
have lower erodibility than the former (e.g., Olaniya et al., 2020). The 
average annual sediment yield per area was significantly smaller in the 
wastelands in the future land-use scenario (0.2 t/ha) than in the agri
cultural lands in the baseline scenario (6.6 t/ha) (Table 6). Previous 
studies have also indicated a decrease in sediment yield when agricul
tural lands are converted into grasslands or rangelands (Azimi Sardari 
et al., 2019; Calvaro-Santos et al., 2015; Hoque et al. 2014; Shao et al., 
2018). Although the impact is small, the conversion of agricultural lands 
and urban areas to rice paddies also contributed to a decrease in the total 
sediment yield, since the erodibility of rice paddies was lower than that 
of agricultural lands and urban areas (Table 6). 

The average annual sediment yield in urban areas and forests 
increased under the future land-use scenario (Table 6), but had little 
impact on the whole watershed, because the urban area occupies only a 
small area of the basin, and sediment yield from forests is considerably 
small compared to other land-use types. The increase in sediment yield 
in urban areas and forests appear to be related to the topography and soil 
type respectively. The ratio of urban areas that were located on steep 
land (i.e., slope >10%) was higher (65%) than that in the baseline 
scenario (49%). The ratio of forests that were located on soil types with 
relatively high erodibility (i.e., andosols and gray lowland soils) was 
also higher (3%) in the future land-use scenario than in the baseline 
scenario (0.6%). 

Despite the decrease in sediment yield in the watershed, little change 
was observed in terms of the average annual SS loads in the future land- 
use scenario (+2%) compared to the baseline scenario (Fig. 7). This little 
change could be attributed to the following reasons. First, as the average 
annual discharge was similar in the baseline and future land-use sce
narios, the sediment transport capacity was also similar. Second, the 
decrease in sediment yield from the watershed was complemented by 
channel erosion. The ratio between the average annual SS loads to 
sediment yield was 10.9 in the future land-use scenario (Table 8), which 
shows that, in this scenario, a substantial proportion of SS loads is 
provided by channel erosion instead of sediment yield from the water
shed. As a consequence of the subtle change in discharge and a large 
decrease in sediment yield, land-use change shifted the main source of 

Fig. 7. Boxplots of the average annual discharge and SS loads for the baseline, 
future climate, future land-use and combined future climate and land-use sce
narios. The lines inside the boxes, the boxes, the whiskers, and the white circles 
represent median values, the ranges from the 1st quartile to the 3rd quartile, the 
ranges of minimum and maximum values, and the outliers, respectively. The 
green triangles show the average values. The percentages written in the figures 
represent the relative change of the average values in each scenario compared 
to the baseline scenario. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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sediment supply from the watershed to channel erosion. These findings 
are consistent with those reported by Ishida et al. (2012), who analyzed 
the relationship between SS supplied from agricultural lands or forests 
and precipitation in a sub-basin of the Tokoro River Basin. According to 
the former authors, the SS concentrations derived from these two land 
types leveled off when precipitation exceeded a certain amount. 
Therefore, when the sediment transport capacity of the river is high, 
sediments are mostly provided by channel erosion. The results regarding 
sediment yield and channel erosion might be overestimated not only 
because the reduction in agricultural area is likely to be milder than 
what was considered in the future land-use scenario in this study, but 
also because the sediment supply by channel erosion will be limited 
when the bedrock of the river is exposed or armoring occurs, which has 
not been considered in this study. 

Despite the possibility of overestimation, the results of this study 
indicated that the lack of land development due to depopulation may 
affect sediment regimes in river basins by accelerating channel erosion. 
These findings provide additional perspectives to the work of Nakamura 
et al. (2017), which have indicated that active land developments such 
as dam construction or gravel mining have affected sediment regimes in 
some Japanese rivers basins. 

3.3.3. Combined effects of climate and land-use change 
Under the combined future climate and land-use change scenario, 

the average annual discharge decreased by 23% compared to the base
line scenario (Fig. 7). This decrease is similar to the decrease under the 

Fig. 8. Average monthly evapotranspiration (ET) and potential evapotranspiration (PET) under the baseline, future climate, future land-use and combined future 
climate and land-use scenarios; average monthly temperature for the baseline and future climate scenarios. 

Fig. 9. Average monthly rainfall (mm) and snowfall (mm) under the baseline 
and future climate scenarios. 
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future climate scenario, suggesting that the magnitude of the impacts of 
climate change on discharge is independent from land-use. 

Similar to the future climate scenario, it was assumed that the in
crease in ET was the primary cause of discharge decrease under the 
combined future climate and land-use change scenario. As noted in case 
of the future climate scenario, ET and PET increased every month, and 
the annual ET increased by 52% (Fig. 8). 

The average annual SS loads decreased by 34% compared to the 
baseline scenario. The decrease in SS loads under the combined scenario 
was larger than the decrease under the individual climate scenario. This 
appears to be related to a decrease in both discharge and sediment yield. 
As both climate and land-use changes lead to decreases in sediment 
yield, the reduction is the largest when the impacts from both changes 
are combined. Additionally, the average annual discharge decreased in 
the combined scenario, which led to a small channel erosion rate, and in 
turn to a significant decrease in SS loads under this scenario. 

The ratio of average annual SS loads to sediment yield in the com
bined scenario was similar to that in the individual land-use scenario 
(Table 8). These results indicate that a substantial proportion of SS loads 
is derived from channel erosion in both the combined and individual 
land-use scenarios. Despite the different changes in SS loads between the 
combined and independent future land-use scenarios, similar changes in 
sediment regimes (i.e., the acceleration of channel erosion) occurred. 

Despite evaluating the combined effects of climate and land-use 
changes, this work assumed that these changes occurred indepen
dently. However, in reality, there will likely be interactions between 
climate and land-use changes. For example, Piao et al. (2003) have 
indicated that an increase in temperature contributes to increased 
vegetation growth. If similar trends are observed in this study area and if 
the productivity of agricultural lands increases, there is a possibility that 
the area of these lands will not be reduced to the extent predicted in this 
study. Therefore, it is possible that the foreseen decrease in sediment 
yield when combing land-use and climate changes is overestimated. 

4. Conclusions 

This study examined the separate and combined impacts of climate 
and land-use changes on water and sediment dynamics for a river basin 
in northern Japan. The results of this study highlighted the dominating 
impact of climate change on discharge as well as the possibility of 
transition in sediment regimes (i.e., transition of the source of sediment 
supply from watershed to channels) due to depopulation. This study 
provides an important perspective for future river management. 

Although the methodology followed in this study was reasonable for 
achieving the aims of this study, some uncertainties remain: 

(1) Uncertainties related to the observed data– as the SS concentra
tions were measured only once or twice a month, these obser
vations might not fully reflect the impacts of flood events. 
Moreover, as the observed SS loads were interpolated to fulfill 
data gaps, they might not fully reflect the reality of the basin. 
Thus, there is a possibility that the change in SS loads resulting 
from changes in flood regimes under climate change might not 
have been completely captured, so monitoring at a higher fre
quency is recommended for this basin.  

(2) Model uncertainties– as the SWAT model does not consider the 
transfer of groundwater between different sub-basins, the model 
results might not fully reflect the difference in discharge during 
low-flow seasons.  

(3) Climate scenario uncertainties– as the future climate scenario 
was simulated by a single GCM, multiple patterns of climate 
variability may not have been accounted in this study, even if 
four different sea surface warming patterns were considered. 
Moreover, as only the worst-case scenario of greenhouse gas 
emissions, i.e., RCP 8.5, was analyzed, smaller decreases in 

discharge and SS loads are expected under milder scenarios of 
greenhouse gas emissions (e.g., RCP 4.5 or 6.0).  

(4) Land-use scenario uncertainties– as this study considers an 
extreme scenario of reduction in agricultural areas due to 
depopulation, the reduction in sediment yield might be over
estimated, so caution should be taken when using the results of 
the present study. 

Despite the associated uncertainties, this work advanced the current 
knowledge on the impacts of climate and land-use changes in water and 
sediment dynamics in a river basin facing depopulation. The results 
emphasized the importance of understanding the combined effects of 
climate and land-use changes to better manage land and water re
sources. The results will offer essential information for areas in which 
depopulation is currently occurring or is forecasted to occur. 
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