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The present study predicts and assesses the individual, combined, and synergistic effect
of land-use change and climate change on streamflow, sediment, and total phosphorus
(TP) loads under the present and future scenarios by using the Soil and Water Assessment
Tool (SWAT). To predict the impacts of climate and land-use change on streamflow,
sediment, and TP loads, there are 46 scenarios composed of historical climate, baseline
period climate, eight climate models of Coupled Model Intercomparison Project phase 5
(CMIP5) of two representative emission pathways (RCP4.5 and RCP8.5), after
downscaled and bias-corrected, two observed land-use maps (LULC 1995, LULC
2015) and the projected two future land-use maps (LU2055 and LU 2075) with the
help of CA-Markov model to be fed into SWAT. The central tendency of streamflow,
sediment, and TP loads under future scenarios is represented using the annual average.
The intra-/inter-annual variation of streamflow, sediment, and TP loads simulated by SWAT
is also analyzed using the coefficient of variation. The results show that future land-use
change has a negligible impact on annual streamflow, sediment, TP loads, and intra-
annual and inter-annual variation. Climate change is likely to amplify the annual streamflow
and sediment and reduce the annual TP loads, which is also expected to reduce its inter-/
intra-annual variation of TP loads compared with the baseline period (2000–2019). The
combined impact of land-use and climate change on streamflow, sediment, and TP loads
is greater than the sum of individual impacts for climate change and land-use change,
especially for TP loads. Moreover, the synergistic impact caused by the interaction of
climate and land use varies with variables and is more significant for TP loads. Thus, it is
necessary to consider the combined climate and land-use change scenarios in future
climate change studies due to the non-negligible synergistic impact, especially for TP
loads. This research rare integrates the individual/combined/synergistic impact of land-use
and climate change on streamflow, sediment, and TP loads and will help to understand the
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interaction between climate and land-use and take effective climate change mitigation
policy and land-use management policy to mitigate the non-point source pollution in the
future.
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INTRODUCTION

Climate and land-use change critically impact water resources by
directly affecting the hydrologic processes (Ervinia et al., 2019;
McDonough et al., 2020). Rainfall and temperature can influence
the streamflow directly (Dosdogru et al., 2020) and the physical
process of nutrients, such as denitrification, mineralization, and
absorption of plants (Hartmann et al., 2014; Gao et al., 2017;
Ervinia et al., 2020). Land use can alter hydrological cycles, non-
point source (NPS) pollution induced by fertilizer applications, and
the retention capability of sediment and nutrient loading (Ye et al.,
2020), resulting in water pollution (Berka et al., 2001), and
urbanization will amplify the flow peak, decrease the low flow
and variability of streamflow through decreasing the infiltration
and increasing the surface runoff. Previous studies have shown that
climate and land-use change exert considerable impact on the
water quantity and quality (El-Khoury et al., 2015; Lintern et al.,
2018). Furthermore, both climate and land use can modulate the
nutrient turnover and greenhouse gas emissions due to the
interplay of climate and land use (Peters et al., 2019). Thus, it is
necessary to simultaneously consider climate and land use in future
studies of variation in hydrology and non-point source pollution.

With the increasing population and the decreasing available
freshwater, the water quality should be improved based on the
fully identifying water pollution source. In recent years, non-point
source pollution has become one of the major pollution sources as
the control of point source pollution, discussed in the studies of
climate and land-use changes (Teshager et al., 2016). Agricultural
non-point source is the main water pollution source of nutrient load
due to the intensive agricultural activities and the increased fertilizer
application in agricultural zones (Zhou et al., 2020; Zhuang et al.,
2020). In the future, the nutrient load will exacerbate significantly
due to the change of land use, rainfall, and rising temperatures. A
variety of studies (Teshager et al., 2016; Wagner et al., 2016; Zuo
et al., 2016; Shrestha et al., 2018; Mukundan et al., 2020; Ridwansyah
et al., 2020) have investigated the effect of climate or land-use change
on hydrology, sediment, and non-point sources. Some findings have
suggested that non-point source (NPS) pollution is more sensitive to
land-use change (El-Khoury et al., 2015; Gao et al., 2017; Liang et al.,
2020); land-use change, a dominant variable, has a considerable
impact on the distribution of nutrient loads (Tu, 2009; Tang et al.,
2011; Gao et al., 2017). Instead, some studies stated that temperature
and rainfall are the major factors for hydrology (Kim et al., 2013;
Liang et al., 2020).

Recently, there also has been an emerging trend about the
studies of combined climate and land-use change to assess their
individual and combined impacts on hydrology and nutrient
loading, including Asia (Wu et al., 2012; Luo et al., 2020),
America (Tu, 2009; Chen et al., 2017), and Africa (Chanapathi
and Thatikonda, 2020). Even though some studies have suggested

that land-use change plays a minor role in climate change studies,
it still needs to be taken into account (Kim et al., 2013; Shrestha
et al., 2018) due to the strong interplay of climate and land use
which is likely to exacerbate the situation. Land-use and climate
have strong interaction and exert a considerable “synergistic”
effect when considering both simultaneously (Dosdogru et al.,
2020). Namely, the combined impact of land-use and climate is
not equal to the sum of individual effects induced by climate or
land-use change (Luo et al., 2020). Therefore, it is likely to
exacerbate the water resources problem if the land-use change
scenario is considered in future climate change researches (Trang
et al., 2017; Dosdogru et al., 2020). However, some studies
suggested that the combined effect is the linear addition of
individual effects (Wang et al., 2013; Shrestha et al., 2018).
Therefore, a deeper understanding of the combined effects of
climate and land-use change is crucial. In addition, the studies on
the synergistic effects of climate change and land-use change on
runoff, sediment, and nutrient load are also limited.

There are various methods to study the response of streamflow,
sediment, and non-point sources pollution on climate and land-use
change, such as statistical technique (Li et al., 2020; Li et al., 2020b),
non-point source pollution (GBNP) model (Tang et al., 2011), and
hydrological model (SLURP hydrological model, a coupled
network-scale hydrological and biogeochemical model, SWAT)
(Wu et al., 2012). Among these, coupling the climatemodel and the
soil and water assessment tool (SWAT) is widely applied to
investigate the hydrological, sediment, and nonpoint source
pollution resulting from climate change and land-use change
(CARD: SWAT literature database for peer-reviewed journal
articles, 2021).

In the studies of the combined effects of climate and land-use
change, very few studies simultaneously consider the combined
effects on runoff, sediment, and nutrient loads. Instead, most
studies consider the effects either on hydrology (Chanapathi and
Thatikonda, 2020; Dosdogru et al., 2020), or on hydrology and
sediment (Khoi and Suetsugi, 2014; Zuo et al., 2016; Ndulue and
Mbajiorgu, 2018), or on hydrology and nutrient load (Chen et al.,
2017; Molina-Navarro et al., 2018; Shrestha et al., 2018) only.
However, both runoff and sediment decide the transport process
of nutrient loading (Tang et al., 2018). So it is necessary to
simultaneously consider runoff, sediment, and nutrient load in the
studies of non-point source pollution under the climate and land-use
change scenarios. In addition, this study also analyzes the synergistic
effect of climate change and land-use change on streamflow,
sediment, and total phosphorus (TP) loads simultaneously.

Therefore, identifying the individual, combined, and synergistic
effects of climate and land-use change on hydrology, sediment, and
diffusion source pollution is essential to predict and assess the result
of global change on water resources in the future. The goal of this
research is to study the individual, combined, and synergistic
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impact of climate change and land-use change on the streamflow,
sediment, and total phosphorus (TP) loads one of the significant
non-point sources pollutant based on the calibrated SWAT model
and statistical analysis in the middle part of the Hanjiang River
basin, China. The specified content of this study includes: 1)
calibrate and validate the SWAT model; 2) assess the impact of
past and future climate and land-use change on streamflow,
sediment, and TP loads; 3) explore the intra-annual variation
and inter-annual variation of streamflow, sediment, and TP
loads under the individual and combined impacts of climate and

land-use change; 4) examine the synergistic effect of climate and
land-use change on streamflow, sediment, and TP loads.

MATERIALS AND METHODS

Study Area and Data
The Baihe River watershed covering an area of 1.22 × 104 km2 is
located in the middle of the Hanjiang River basin, China
(Figure 1). The river originates from Baihe Town in Henan

FIGURE 1 | Study area along with hydrologic station and climate stations and the land-use map for LU 2015, LU 2055, and LU 2075.
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Province and intersects with the Tang river at Xiangyang in Hubei
Province. The land use of the basin is formed of agriculture
(57.3%), forest (25.4%), pasture (4.5%), developed (9.0%), water
(2.5%). The basin is mainly cultivated by agricultural area, and a
typical crop rotation is summer corn from June to September and
winter wheat from October to June in the next year. Its average
annual precipitation and temperature (1961–2019) are
approximately 801 mm and 16°C, respectively. The model is
based on the digital elevation model (DEM), soil map, land-use
map, meteorological data, and agricultural management data.
Digital elevation data are obtained from Geospatial data clouds
(http://www.gscloud.cn/sources/), presenting approximately 30m
spatial resolution. Soil type information (Harmonized World Soil
Database version 1.1) with 1000m spatial resolution is from the
Food and Agriculture Organization of the United Nations (FAO).
Land-use data sets (LULC 1995, LULC 2005, LULC 2015) with
1000m spatial resolution are extracted from Resources and
Environment Science Data Center, Chinese Academy of
Sciences (https://www.resdc.cn/Default.aspx). Land-use is
regrouped into seven categories, namely, agricultural area
(AGRL), forest (FRST), pasture (PAST), industrial land
(UIDU), high-density residential (URHD), low-density
residential (URLD), and water body. Agricultural management
information, including crop planting, fertilization, and irrigation, is
obtained from the field survey and the Bureau of Agriculture and
Rural Affairs (http://nyj.nanyang.gov.cn/tzgg/311745.htm). The
point sources pollution of domestic discharge for each county is
calculated based on the local population from Nanyang
statistical information networks (http://www.nytjj.gov.cn/index.
php?a�show&c�index&catid�6&id�1775&m�content) and the
pollution yield per capital from Manual of Pollution Discharge
Coefficient of Domestic Sources (The Second National Survey of
Pollution Sources).

The SWAT model needs meteorological data including daily
rainfall, maximum/minimum temperature, wind speed, relative
humidity, and solar radiation to drive running. There are four
meteorological stations in the study area, and the required
historical meteorological data can be downloaded from the
China Meteorological Data Service Center. In addition, we can
obtain another daily rainfall data in the hydrological station from
the Hanjiang Bureau of Hydrology and Water Resources Survey,
and the Inverse Distance Weight (IDW) is used to interpolate the

corresponding data of four meteorological stations to obtain the
other meteorological data except for daily rainfall. Therefore, a
total of eight GCMs from Coupled Model Intercomparison
Project phase 5 (CMIP5) are employed to predict future daily
rainfall and maximum/minimum temperature in 2041–2080. The
eight GCMs (Table 1) outputs of rainfall and temperature in five
meteorological stations under RCP4.5 and RCP8.5 (including one
hydrological station) in Baihe River watershed are extracted, and
the error correction is carried out using Daily Bias Correction
(DBC) method.

The monthly streamflow, sediment loads, and TP (Total
Phosphorus) loads in the hydrological station are obtained
from the Hanjiang Bureau of Hydrology and Water Resources
Survey to calibrate and validate the constructed SWAT model.
The data sets used in this study are detailed in Table 2.

SWAT
The SWAT developed by the United States Department of
Agriculture (USDA) (Arnold et al., 1998) is used to simulate
water quantity and quality based on climate and land-use change.
It divides a watershed into numerous sub-basins and HRU
subsequently defined by unique land use, soil types, and slope
classes. The SCS curve number method is employed to compute
surface runoff, and the variable storage coefficient method is used
to calculate channel routing. The Penman/Monteith equation is
used to compute the potential ET. Phosphorus in the soil is
mainly added by applying fertilizers, manure, or residues, and is
lost from the soil through plant absorption and leaching. Six
different pools of phosphorus in the soil are monitored by SWAT.
Three pools are inorganic forms of phosphorus, while the other
three are organic. A detailed description of the phosphorus cycle
can be found in the SWAT theoretical documentation (https://
swat.tamu.edu/docs/). The SWAT model is running on ArcGIS
used for exchanging data. In the study, the SWAT model divides
the study region into 32 sub-basins with 162 hydrological
response units (HRUs), and thresholds of soil, land use, and
slope are 5, 20, and 20%, respectively.

Daily Bias Correction (DBC)
In this study, the bias correction for GCMs adopts the daily bias
correction (DBC) (Chen et al., 2013), which is a hybrid method
combining the local intensity scaling method (LOCI) and the daily

TABLE 1 | Basic information for the CMIP5 models selected for evaluation over the study area.

Pathway GCMs Spatial (Lat *Lon)/Temporal
resolution

Institution

RCP4.5 CMCC-CMS 1.9° × 1.9°/Daily (2041–2080) Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy
GFDL-ESM2G 2.0° × 2.5°/Daily (2041–2080) NOAA Geophysical Fluid Dynamics Laboratory, United States
IPSL-CM5A-LR 1.89°×3.75°/Daily (2041–2080) IPSL-CM5A-LR Institute Pierre-Simon Laplace, France
MPI-ESM-LR 1.9° × 1.9°/Daily (2041–2080) Max Planck Institute for Meteorology, Germany

RCP8.5 BCC-CSM1.1m 1.125° × 1.125°/Daily
(2041–2080)

China Meteorological Administration, China

CanESM2 2.8°×2.8°/Daily (2041–2080) Canadian Centre for Climate Modelling and Analysis, Canada
MIROC-ESM 2.8° × 2.8°/Daily (2041–2080) Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Environmental

Studies, and Japan Agency for Marine Earth Science and Technology, Japan
MRI-CGCM3 1.125° × 1.125°/Daily

(2041–2080)
Meteorological Research Institute, Japan
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conversionmethod (DT). First, the LOCImethod is used to correct
the precipitation occurrence, assuring that the frequency of
precipitation occurrence of corrected data for the reference
period is the same as observed data in a month. Then the
quantile-based DT method is used to correct the empirical
distribution of daily precipitation quantity and daily
temperature based on the observed and GCM-simulated during
the reference period.Moreover, the relationship acquired applies to
the future climate. Finally, all GCMs used in the study are bias-
corrected to obtain the suitable future climate data (2041–2080).
Before the bias correction, all GCMs with different resolutions
(Table 1) are interpolated into corresponding meteorological
stations using Inverse Distance Weight (IDW). Especially, the
adjusted daily precipitation (P) and temperature (T) for the
future period are obtained using Eqs 1, 2, respectively.

Padj,fut,j � PGCM,fut,j × (Pobs,Q/PGCM,ref,Q) (1)

Tadj,fut,j � TGCM,fut,j × (Tobs,Q/TGCM,ref,Q) (2)

where PGCM,fut,j and Padj,fut,j represent the preadjusted and
adjusted precipitation simulated by GCM for day j in the future.
Pobs,Q and PGCM,ref,Q represent the observed and simulated.
Besides, Eq. 2 for temperature is similar to Eq. 1 in the subscripts.

CA-Markov
CA-Markov of IDRISI integrated the Markov chain and cellular
automata (CA), using multi-criteria evaluation to define the
transfer rules between land-use types. Markov chain is a
stochastic method only related to the state at a previous time
that simulates the transition probability between land-use types
in two periods, while CA can predict spatial distribution, and the
calculation efficiency is very high. The principle of the CA-
Markov model is based on the land-use transformation area of
the reference period and a previous time and the suitable land-use
type of the pixel represented by the suitability atlas to predict the
temporal-spatial distribution of land use through neighborhood
relationship analysis. The land-use types are redistributed until
the land-use area predicted by the CA-Markov is satisfied. The
transition probability matrix and the transition area matrix of
land use are calculated using Markov Chain Model based on
observed land-use maps (LULC 2005 and LULC 2015). Based on

the DEM, road, water, and historical land-use (LULC 2015)
information of the study area, the suitability atlas of land-use
types was obtained by the MCE module in IDRISI. The key
assumption of the model is that the annual evolution trend of
land use in the future is the same as the historical period, and the
land use in 2055 and 2075 must satisfy the requirements of
General Planning of Land Use in Nanyang city (2006–2020) in
which the key driving factor is the development of local society
and economy. Then, the land-use maps in 2055 and 2075 are
projected based on the transition probability matrix, transition
area matrix, and suitability atlas. Furthermore, the Kappa metrics
is used to measure the performance of the model. This method
has been applied in previous studies (Wu et al., 2012; Andaryani
et al., 2019; Chanapathi and Thatikonda, 2020; Zhou et al., 2020).

The land-use change in 2015 is predicted based on LULC of
1995 and 2005 and three potential road, water, and DEM factors.
The simulated land use in 2015 is compared with the observed
land-use map to check the prediction accuracy. The Kappa is
0.95, which means the simulation is accurate (Pontius, 2000), so
the model can predict future land-use changes in China. The
study predicts the future land-use maps in 2055, and 2075,
representing the land use of future two periods (2040–2060,
2060–2080), respectively, based on the transition area matrix
LULC2005 and LULC 2015. From Table 3, it is suggested that the
agricultural areas are reduced, and the urban areas are increased
due to urbanization in the future. In addition, the other areas have
not changed significantly compared with historical periods.
Those results satisfied the constraint of General Planning of

TABLE 2 | Data sets used in the model setup.

Data type Spatial/temporal
resolution

Date source

Digital Elevation Model 30m/- Geospatial data clouds
Land use 1000m/- Resources and Environment Science Data Center, Chinese Academy of Sciences
Soils 1000m/- Food and Agriculture Organization of the United Nations (FAO)
Meteorology Point/Daily (1961–2019) China Meteorological Data Service Center (CMDC)
Hydrology Point/Monthly (2010–2019) Hanjiang Bureau of Hydrology and Water Resources Survey, Bureau of Hydrology, Changjiang Water

Resources Commission
TP Point/Monthly (2012–2019) Hanjiang Bureau of Hydrology and Water Resources Survey, Bureau of Hydrology, Changjiang Water

Resources Commission
sediment Point/Monthly (2013–2019) Hanjiang Bureau of Hydrology and Water Resources Survey, Bureau of Hydrology, Changjiang Water

Resources Commission
Agricultural management
practice

— Nanyang Bureau of Agriculture and Rural Affairs http://nyj.nanyang.gov.cn/tzgg/311745.htm

TABLE 3 | Land-use change during the past 20 years and the future 40 years.

Land use
type

LULC2015 Percent LULC1995 LULC2055 LULC2075

Area (km2) % Change % Change % Change %

AGRL 7,194 59.53 1.53 −9.52 −10.21
FRST 3,047 25.22 −0.07 0.38 0.38
PAST 506 4.19 0.99 −0.88 −0.88
WATR 285 2.36 −15.44 0.01 0.01
URBN 158 1.31 −31.01 6.40 6.95
URLD 858 7.10 0.12 0.02 0.02
UIDU 36 0.30 −58.33 3.59 3.73
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Land Use in Nanyang city (2006–2020) except for the forest areas
that are less than the area required by the General Planning of
Land Use in Nanyang city (2006–2020). But, the forest areas in
2055 and 2075 are increased compared to LULC 2015, which
satisfies the regulation trend of the conversion of farmland to
forest. Figure 1 gives the spatial distribution of land-use maps for
2015, 2055, and 2075.

Scenarios Setup
Owing to the great uncertainty of future climate change, multi-
emission scenarios andmulti-climatemodels are adopted to reduce
the uncertainty caused by different models and scenarios (Molina-
Navarro et al., 2018; Schürz et al., 2018). Eight GCMs
corresponding to the two emission scenarios RCP4.5 (CMCC-
CMS, GFDL-ESM2G, IPSL-CM5A-LR, and MPI-ESM-LR) and
RCP8.5 (BCC-CSM1-1-m, CanESM2, MIROC-ESM, and MRI-
CGCM3) are adopted by using 10 and 90% quantiles of the change
of average rainfall and temperature in the future predicted by each
GCM relative to the baseline period (1961–2005) (Immerzeel et al.,
2013) (Figure 2). The GCMs are corrected by the daily bias
correction (DBC) (Chen et al., 2013) based on the historical
climate data (1961–2005), including daily temperature
(maximum, minimum) and precipitation, before predicting the
future climate scenarios (2041–2080). Four twenty periods are
selected (1980–1999, 2000–2019, 2041–2060, 2061–2080),
representing the historical period, baseline period, and the two
future periods, respectively. To preliminarily understand the
impact of climate change and land-use change on yearly
streamflow, sediment, and TP loads, the inter-combination of
climate/land-use in the historical period and the baseline period
is used as the input of the SWAT model. Eight GCMs outputs for
the future period (2041–2060, 2061–2080) are combined with land
use assumed to be the same as the baseline period (LULC 2015) to
assess the impact of individual climate change on yearly
streamflow, sediment, and TP loads. To analyze the impact of
individual land-use change on yearly streamflow, sediment, and TP
loads, the climate for the future period is assumed to be the same as
the baseline period (2000–2019). To assess the combined impact of

climate and land-use change on yearly streamflow, sediment, and
TP loads, the projected land use (LULC 2055, LULC 2075) and
eight GCMs are used as the input of SWAT. In this study, a total of
46 scenarios are designed (Table 4). The following are detailed
scenario settings:

Historical period: the historical/baseline period land-use
(LULC 1995, LULC 2015) and historical/baseline period
climate data (1980–1999, 2000–2019) are inter-combined to
run the SWAT model (2 LULC×2 climate � 4).

Baseline period: the observed historical climate data
(2000–2019) and observed land-use (LULC 2015) are used to
run the calibrated SWAT model.

Future period: two future periods (2041–2060 and 2061–2080)
are used to analyze the future impact of climate and land-use
change.

Individual climate change scenarios: the bias-corrected eight
GCMs of two representative concentration pathways (RCP4.5,
RCP8.5), the multi-model ensemble means of two representative
concentration pathways (RCP4.5, RCP8.5) for two future periods,
and land-use for the baseline period (LULC 2015) are used (1
LULC 2015× [8 GCMs + 1 ensemble mean×2 pathways] ×2 � 20).

Individual land-use change scenarios: the projected land-uses
(LULC 2055, LULC 2075) with climate for the baseline period are
applied (2 LULC×1 climate � 2).

Combined scenarios: the bias-corrected eight GCMs of two
representative concentration pathways (RCP4.5, RCP8.5), the
multi-model ensemble means under two representative
concentration pathways (RCP4.5, RCP8.5) with the projected
land-uses (LULC 2055, LULC 2075) are considered ([8 GCMs + 1
ensemble mean×2 pathways] ×2 � 20).

Synergistic scenarios: the combined effect is more significant
than the linear superposition of the single climate effect and the
single land-use effect, and the additional part is the synergistic
effect between climate and land-use change as a result of the
interaction between climate and land-use (Dosdogru et al., 2020).
Understanding the synergistic impact (combined impact minus
sum of individual impacts) of climate and land-use change on
streamflow, sediment, and TP loads can help to realize the

FIGURE 2 |Model selection in this study for RCP4.5 and RCP8.5. ΔP, ΔT are the change of average annual precipitation and temperature in 2040–2080 relative to
the historical period (1961–2019) (The selected models in RCP4.5: CMCC-CMS, GFDL-ESM2G, IPSL-CM5A-LR, MPI-ESM-LR; and in RCP8.5: CanESM2, BCC-
CSM1.1m, MIROC-ESM, MRI-CGCM3).
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interaction of climate and land-use and take adequate measures
for resources management. The following is the impact of
synergistic between climate and land-use on parameter Y:

ΔYsynergistic � ΔYcombined − ΔYclimate − ΔYLULC (3)

RESULTS AND DISCUSSIONS

Calibration and Validation
The SWAT model is calibrated and validated in SWAT-
Calibration Uncertainty Program (SWAT-CUP), where the
Sequential Uncertainty Fitting (SUFI-2) equipped with great
performance is selected. The selected calibration period and
validation period for streamflow, sediment, and TP loads must
include typical peak years and normal years, respectively.
Therefore, the average monthly data from the only XinDianPu
station is used for calibration and validation, where period
2018–2019 for streamflow, sediment, and TP loads is used to
validate, period 2010–2017 for streamflow, 2013–2017 for
sediment, and 2012–2017 for TP loads is used to calibrate.
The Nash-Sutcliffe Efficiency (NSE) and coefficient of
determination (R2) are used as the performance metrics for
streamflow, sediment, and TP loads. Owing to the sequential
influence relationship between variables, the model is first
calibrated for streamflow, second calibrated for sediment, and
finally calibrated for TP loads. Figure 3 shows that the
performance of the model for streamflow, sediment, and TP
loads is satisfied, where the NSE > 0.5 and the R2 > 0.6 (Moriasi
et al., 2007; Anand et al., 2018). The result shows that the SWAT
model for the Baihe River watershed can be used to simulate and
predict the future.

The Impact of Past Land-Use and Climate
Change on Streamflow, Sediment, and TP
Loads
To study the impact of individual land-use change in the past on
streamflow, sediment, and TP loads, the land-use scenarios for S1
and S2 (Table 4) are simulated. The land-use change has a
negative effect on average annual streamflow, sediment, and
TP loads, whereas the result is more negligible on streamflow

(−4%) and TP loads (−2%) compared to sediment (−6%)
(Table 5). The study in the Valapattanam River Basin in India
also indicated that land-use changes have a more predominant
impact on sediment than runoff (Kreiling et al., 2020). The minor
reduction in mean streamflow is due to the fewer urban areas in
1995 and 2005 compared to the historical period (Table 3).
Urbanization is the primary factor increasing the streamflow
due to increasing impervious areas (Aghsaei et al., 2020;
Makhtoumi et al., 2020). Furthermore, some studies have
reported similar conclusions (Nie et al., 2011; Yan et al.,
2013). The decrease of sediment is attributed to the reduction
of streamflow and increase in grassland (pasture). In the current
study, the streamflow is the main driving factor of the sediment
transport which shows significant correlation (R2 � 0.711, p <
0.01) (Wagena and Easton, 2018; Aghsaei et al., 2020), and
vegetation interception will also reduce soil erosion (Wang
et al., 2020). Forests contribute to the maintenance of soil and
water; instead, it is found that the sediment output is still high
when the forest area is an increase in the historical period, which
may attribute to the higher slope of the forest land (Haregeweyn
et al., 2017; Ouyang et al., 2018). Both streamflow and sediment
decide the routing of TP loads (Tang et al., 2018), so TP loads are
showing the same decreasing trend and ignoring slight increase of
agricultural areas (1.5%) that received much fertilizer, the main
source of TP loads (Liu et al., 2013; Teshager et al., 2016). In terms
of the inter-annual variation of streamflow, sediment, and TP
loads, land-use change can increase the variability of streamflow
(0.57), sediment (0.95), and TP loading (1.19) under the S2
scenario (Table 5). Moreover, the inter-annual variation of TP
loads is the greatest, followed by sediment and the streamflow is
the least.

Climate change has a more significant impact on annual
streamflow and sediment, which results in the decreasing of
streamflow (13%), sediment (625%), and TP loading (25%) in
S3 compared to the baseline period. The decreasing rainfall
source and the rising temperature amplified evaporation for S3
may explain the decrease in streamflow. Notably, in streamflow
and sediment decreasing, TP loads also present the same trend.
Conversely, because of the significant positive correlation (R2 �
0.71, p < 0.01) between streamflow and sediment, the sediment
has a similar trend with streamflow under S3. On the other hand,
the mean annual sediment decreasing by 25% for S3, which is also

TABLE 4 | The simulated scenarios in the SWAT model.

Scenario Observed
climate

Land
use

Scenario Climate
2041–2060

Land
use

Scenario Climate
2061–2080

Land
use

S1 2000–2019 LULC2015 S7 (S27) CMCC-CMS LULC 2015 (LULC 2055) S17 (S37) CMCC-CMS LULC 2015 (LULC 2075)
S2 2000–2019 LULC1995 S8 (S28) GFDL-ESM2G LULC 2015 (LULC 2055) S18 (S38) GFDL-ESM2G LULC2015 (LULC 2075)
S3 1980–1999 LULC2015 S9 (S29) IPSL-CM5A-LR LULC 2015 (LULC 2055) S19 (S39) IPSL-CM5A-LR LULC 2015 (LULC 2075)
S4 1980–1999 LULC1995 S10 (S30) MPI-ESM-LR LULC 2015 (LULC 2055) S20 (S40) MPI-ESM-LR LULC 2015 (LULC 2075)
S5 2000–2019 LULC2055 S11 (S31) ENSEMBLE LULC 2015 (LULC 2055) S21 (S41) ENSEMBLE LULC 2015 (LULC 2075)
S6 2000–2019 LULC2075 S12 (S32) BCC-CSM1.1m LULC 2015 (LULC 2055) S22 (S42) BCC-CSM1.1m LULC2015 (LULC 2075)

S13 (S33) CanESM2 LULC 2015 (LULC 2055) S23 (S43) CanESM2 LULC2015 (LULC 2075)
S14 (S34) MIROC-ESM LULC 2015 (LULC 2055) S24 (S44) MIROC-ESM LULC2015 (LULC 2075)
S15 (S35) MRI-CGCM3 LULC 2015 (LULC 2055) S25 (S45) MRI-CGCM3 LULC2015 (LULC 2075)
S16 (S36) ENSEMBLE LULC 2015 (LULC 2055) S26 (S46) ENSEMBLE LULC2015 (LULC 2075)
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due to the change in maximum rainfall intensity (1980–1999:
113 mm/d) compared to a baseline period (119 mm/d), altered
the soil and stream erosion (Molina-Navarro et al., 2018; Wagena
and Easton, 2018). There exists a significant correlation between

sediment and rainfall intensification (R2 � 0.519, p < 0.01).
Furthermore, the similar magnitude of streamflow, sediment,
and TP loads between the combined scenario and the climate
change scenario can be found due to the minor variation

FIGURE 3 | Comparison of the simulated and observed streamflow, sediment, and TP loads at the Baihe river basin (Dotted line segment calibration and validation
period).
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tendency of land-use (Table 3). In addition, the inter-annual
variation of flow, sediment, and TP loads is changed under
climate change. In general, climate change has more effect on
annual streamflow, sediment, and TP loads and can decrease the
inter-annual variation of streamflow, sediment, and TP loads.

Individual or Combined Impact of
Land-Use/Climate Change on Streamflow
in the Future
Individual Impact of Land-Use Change
S5 and S6 are used to predict the change of annual streamflow under
individual land-use change scenarios and compare it with the baseline
period (S1). Future land-use change has no effect on multi-annual
average streamflow for LULC2055 and has little effect (1%) for LULC
2075 (Figures 4, 5). The coefficient of variation (CV) (0.759, 0.756,
and 0.759) in S5, S6, and baseline period are similar, whichmeans the
intra-annual variation of streamflow is the same with the baseline
period under land-use change (Figure 6). In addition, the CV of
annual streamflow for S5 (0.551) and S6 (0.543) is slightly smaller
than the baseline period (0.552), which means the inter-annual
variation of streamflow is reduced slightly under future land-use
change (Figure 7). These phenomena indicate that the future land-
use change has minimal influence on the annual average streamflow
(Tang et al., 2011; Guse et al., 2015), intra-annual variation, and inter-
annual variation of streamflow. In addition, the intra-annual
variation of streamflow is always higher than inter-annual
variation with less coefficient of variation.

Individual Impact of Climate Change
The historical land-use (LU 2015) is used to estimate and
compare the impact of individual climate change on
streamflow under various climate scenarios S7-S26. The
baseline period (S1) annual average streamflow is
approximately 49.58 m3/s. However, the impact of each only
climate change scenario in RCP4.5 (RCP8.5) on streamflow is
very different and variable with a range of −53 – −19% (−40 –
−52%) and −31% – −58% (−22 – −139%) change compared to the
baseline period during 2041–2060 and 2061–2080, respectively.
Nevertheless, the multi-model ensemble annual average
streamflow is expected to increase under both RCP4.5 and

RCP8.5 compared to S1. And annual streamflow is always
greater in RCP8.5 (51.68 m3/s, 67.85 m3/s) than in RCP4.5
(43.3 m3/s, 55.72 m3/s) in both 2041–2060 and 2061–2080,
which is attributed to the greater rainfall in RCP8.5 (Figure 4).

As shown in Figure 4, the inter-annual distribution of annual
streamflow of each GCM is significantly increased with time
under RCP4.5 and RCP8.5, especially for BCC-CSM1-1-m, and
high variation is projected among different GCMs. However, the
variation is expected to be more stable under individual climate
change (CV: 0.275–0.549) when compared to baseline (CV:
0.552); the CV of annual streamflow for the ensemble mean
further confirmed the conclusion (Figure 7). The intra-annual
variation is various among different GCMs (2041–2060 RCP4.5:
0.683–0.815, 2041–2060 RCP8.5: 0.633–1.073, 2061–2080
RCP4.5: 0.736–0.919, 2061–2080 RCP8.5: 0.643–0.977)
(Figure 6) and are more significant than baseline period
which may attribute to the greater rainfall variation (Figure 6)
(Ye et al., 2020).

Combined Impact of Land-Use and Climate Change
Based on S27–S46, streamflow changes in the next two periods
under the combined influence of climate and land-use are
predicted. The multi-annual average streamflow varies in the
range of −51 – −20% (−37 – −55%) and −26%–60% (−14 – −57%)
under the combined impact of RCP4.5 (RCP8.5) and land-use in
the corresponding period during 2041–2060 and 2061–2080,
respectively. For multi-model ensemble mean, the multi-
annual average flow is expected to increase in 2061–2080
(RCP4.5:16%, RCP8.5:43%) and is uncertain in 2041–2060
(RCP4.5: −11%, RCP8.5: 7%) when compared to baseline. In
addition, the multi-annual average streamflow is larger than
individual climate change scenarios for each corresponding
GCM. Obviously, the decreasing amplitude of multi-annual
average of multi-model ensemble average streamflow is
narrowed, while the increasing amplitude is amplified in each
combined scenario, especially for RCP8.5 compared to individual
climate change.

In combined scenarios, the inter-annual variation of the
annual streamflow of ensemble mean tends to be more stable
with a smaller coefficient of variation (Figure 7) than the
baseline period and individual climate change scenarios in the

TABLE 5 | The impact of climate change/land-use change on multi-annual average and Coefficient of Variation (CV) of precipitation, temperature, streamflow, sediment, and
TP loads compared to the baseline period (2000–2019).

Scenarios Statistical
indicators

Precipitation (mm) T (°C) Streamflow (m3/s) Sediment (ton/year) TP (kg/year)

S1 Mean 804 16.7 49.58 49,294 264,026
CV 0.22 0.02 0.55 0.92 1.0

S2 Mean 804 16.7 47.66 46,109 259,606
CV 0.22 0.02 0.57 0.95 1.19
Δ/% 0 0 −4 −6 −2

S3 Mean 777 15.7 42.90 36,801 198,060
CV 0.16 0.03 0.51 0.77 0.73
Δ/% −3 −6 −13 −25 −25

S4 Mean 777 15.7 42.86 36,753 198,060
CV 0.16 0.03 0.51 0.78 0.73
Δ/% −3 −6 −13 −25 −25
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corresponding period except for 2041–2060 RCP4.5. However,
in terms of intra-annual variation, there is much difference
between different GCMs (2041–2060 RCP4.5: 0.676–0.833,

2041–2060 RCP8.5: 0.653–1.078, 2061–2080 RCP4.5:
0.731–0.924, 2061–2080 RCP8.5: 0.669–0.972) (Figure 6)
which are all higher than the baseline period. In general,

FIGURE 4 | The individual and combined impacts of climate change and land use on the multi-annual average temperature, precipitation, streamflow, sediment,
and TP under various scenarios (X-axis represents the scenario number corresponding to Table 4).
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the results show that climate change may increase intra-annual
variation and decrease inter-annual variation in the future.

Individual or Combined Impact of
Land-Use/Climate Change on Sediment
Load in the Future
Individual Impact of Land-Use Change
As shown in Figures 4, 5, the individual land-use change has a
negligible impact on annual sediment changes of approximately 0
and 1% for S5 and S6 (Figure 5) compared to the baseline period
(49,294 ton), the same as streamflow. The coefficient of variation
(CV) of monthly sediment (1.200 and 1.199) in 2000–2019 for

LULC2055 and LULC2075 is similar to the baseline period
(1.200), which meant the intra-annual variation of sediment is
the same as the baseline under land-use change (Figure 6). In
addition, the inter-annual variation of annual sediment on both
LULC 2055 (0.923) and LULC 2075 (0.909) is relatively stable
than baseline (0.925) (Figure 7). These phenomena indicate that
the future land-use change has negligible influence on annual
sediment load and intra-annual variation of sediment load and is
expected to slightly diminish the inter-annual variation of annual
sediment. From the CV of sediment, it has concluded that the
inter-annual variation of sediment is more stable than the intra-
annual variation under both baseline and land-use change
scenarios.

FIGURE 5 | The individual and combined impacts of climate change and land use on the Coefficient of Variation of monthly temperature, precipitation, streamflow,
sediment, and TP under various scenarios (X-axis represents the scenario number corresponding to Table 4).
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Individual Impact of Climate Change
The simulated multi-model ensemble annual sediment for S11
and S16 decreases by 16% and increases by 12% compared to the

baseline period with annual average sediment of approximately
49294 kg, and for S21 and S26, increases by 20 and 73%,
respectively. There is a big divergence about average annual

FIGURE 6 | The individual, combined, and synergetic impact of land-use change and climate change on the percentage change of multi-model ensemble average
annual streamflow, sediment, and TP loads compared to the baseline period (2000–2019).

Frontiers in Environmental Science | www.frontiersin.org October 2021 | Volume 9 | Article 72679312

Xie et al. Impact of Land-Use and Climate

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


sediment among different GCMs with a range of −68–−24%
(−58–−81%) and 42–94% (−37–−281%) under 2041–2060
RCP4.5 (RCP8.5) and 2061–2080 RCP4.5 (RCP8.5)
respectively, especially for BCC-CSM1.1m when compared
with the baseline period. The results show that the sediment
load is almost greater in RCP8.5 than RCP4.5 for both periods
and is expected to increase for multi-model ensemble average
annual sediment, which is similar to the streamflow with a
smaller variation range.

The CV of monthly sediment loads for different GCMs is
different. The CV of multi-model ensemble average monthly
sediment load decreases with time period under both RCP4.5

and RCP8.5, which is also greater (smaller) than baseline and
land-use change scenarios for S11 and S16 (S21 and S26)
(Figure 6). The CV of annual sediment load under multi-
model ensemble mean of individual climate change scenarios
for both RCP4.5 and RCP8.5 is less than the baseline (0.925)
and land-use scenarios (S5: 0.923, S6: 0.909) except the
2061–2080 RCP8.5 (1.035), which also increases with the
time period (Figure 7). The CV results for monthly
sediment loads and annual sediment loads show that
climate change is expected to increase intra-annual
variation and diminish inter-annual variation of sediment
loads at greater probability.

FIGURE 7 | The Coefficient of Variation of annual streamflow, sediment, and TP loads under various scenarios (Thick solid line represents the coefficient of variation
in baseline period).
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Combined Impact of Land-Use and Climate Change
There is a high variation in annual sediment load among eight
GCMs for each of the combined scenarios of land use and
climate change (S27–S46). The predicted future change in the
multi-annual average sediment load ranges from −66% to
−28% (−53 – −87%) and −36% – −96% (−28 – −283%)
under the combined impact of RCP4.5 (RCP8.5) and the
corresponding land use (LULC 2055, LULC 2075) during
2041–2060 and 2061–2080, respectively (Figure 4). For
multi-model ensemble average sediment load, the sediment
load is expected to increase in 2061–2080 (RCP4.5: 26%,
RCP8.5: 81%) and is uncertain in 2041–2060 (RCP4.5:
−14%, RCP8.5: 16%). The decreasing amplitude of multi-
annual average of multi-model ensemble average sediment
load is narrowed, while the increasing amplitude is
amplified in each combined climate scenario, especially for
RCP8.5 compared with individual climate change (Figure 5).
The combined impact of climate change and land-use change
is expected to increase the annual average sediment load at
greater probability in the future.

Under the combined effect of land use and climate change,
the CV of monthly sediment load for each scenario is various,
greater than baseline for CMCC-CMS, BCC-CSM1-1m, and
CanESM2, and almost the same with the individual climate
change scenarios. For the multi-model ensemble average, the
CV of monthly sediment loads is less than the baseline and
land-use scenarios (Figure 6). Moreover, the CV of multi-
model ensemble average annual sediment load under a
combined scenario is more minor than individual climate
change scenarios except for 2041–2060 LULC 2055, and less
than individual land-use scenarios and baseline for both time
periods except for 2061–2080 LULC 2075. Those results show
that the combined effect of climate change and land-use
change is expected to increase the intra-annual variation
and reduce the inter-annual variation of annual sediment
load in the future. In addition, the inter-annual variation of
sediment is more petite than intra-annual variation.

Individual or Combined Impact of
Land-Use/Climate Change on TP Loads in
the Future
Individual Impact of Land-Use Change
The predicted changes in average annual TP loads under
future individual land-use change scenarios (S5, S6) are
negligible compared to the baseline period (264026 kg),
changing by approximately −0.5 and 0.1% for S5 and S6
(Figure 5). In addition, the distribution of annual TP loads
for both S5 and S6 is similar to the baseline period, which
means the land-use change has a negligible effect on annual
TP loads (Figure 4). The coefficients of variation (0.905 and
0.918) of monthly TP loads for S5 and S6 are similar and a
little greater than the baseline period (0.903), which means the
intra-annual variation of TP loads is relatively low under
land-use change. And the inter-annual variation of annual TP
loads on both S5 (1.020) and S6 (0.990) is relatively stable than
baseline (1.031) (Figure 5). These phenomena indicate that

the future land-use change has negligible influence on annual
TP loads and is expected to slightly increase the intra-annual
variation of TP loads and to slightly minimize the inter-
annual variation of annual TP loads. The inter-annual
variation of TP loads is also more stable than the intra-
annual variation under baseline and all change scenarios.

Individual Impact of Climate Change
The simulated multi-model ensemble annual TP loads for S11
and S16 decrease by 43 and 36% compared to the baseline
period, and S21 and S26 decrease by 35 and 22%, respectively.
There exists high uncertainty in multi-annual average annual
TP loads among GCMs, with the changes ranging from −16%
to −15% (−18 – −69%) and −51 – −19% (−46 – −6%) under the
2041–2060 RCP4.5 (RCP8.5) and 2061–2080 RCP4.5
(RCP8.5) respectively compared with the baseline period.
The results show that TP loads in RCP8.5 tend to be more
significant than RCP4.5 for both periods and are reduced with
the time period for the multi-model ensemble average annual
TP loads.

As shown in Figure 6, the CV of monthly TP loads for
different GCM is various, which is decreased with time period
under the ensemble mean of RCP4.5 and RCP8.5 at the same
level and all smaller than baseline. Furthermore, the CV of
monthly TP loads for each GCM has uncertainty but is all less
than the baseline (longer whisky) (Figure 6). The CV of annual
TP loads under multi-model ensemble average of individual
climate change scenarios for RCP4.5 and RCP8.5 is less than
the baseline and increases with time (Figure 7). CV results for
monthly TP loads and annual TP loads show that climate
change is expected to diminish the intra-annual and inter-
annual variation of TP loads with greater probability in the
future.

Combined Impact of Land-Use and Climate Change
The annual TP loads vary among 8 GCMs for each of the
combined scenarios of land-use and climate change (S27–S46).
The predicted future change in multi-annual average TP loads
ranges from 26 to −0% (−32 – −33%) and from −52% to −5%
(−39 – −19%) under the combined impact of RCP4.5 (RCP8.5)
and corresponding land use during 2041–2060 and
2061–2080, respectively (Figure 4). The multi-annual
average TP loads for multi-model ensemble average TP
loads are expected to decrease in 2041–2060 (RCP4.5:
−24%, RCP8.5: −10%) and exist uncertain in 2061–2080
(RCP4.5: −8%, RCP8.5: 20%). The decreasing amplitude of
multi-annual average of multi-model ensemble average TP
loads is narrowed. In contrast, the increasing amplitude is
amplified in each combined climate scenario, especially for
RCP8.5 compared to individual climate change. The combined
impact of climate change and land-use change is expected to
decrease the annual average TP loads and increase the
instability of annual TP loads in the future.

Under the combined impact of land-use and climate change,
the distribution of CV of monthly TP loads is highly uneven for
all GCMs compared to corresponding individual scenarios, and is
more uneven than baseline period for BCC-CSM1.1m and
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CanESM2. However, for a multi-model ensemble, the CV of
monthly TP loads are less than the baseline and greater than
individual climate change scenarios for both time periods. As
shown in Figure 6, the CV of annual TP loads under the
combined scenarios is greater than individual climate scenarios
and less than the baseline. These results show that the combined
effect of climate change and land-use change is expected to
further amplify the intra-annual variation, the uncertainty of
TP loads for each GCM, and the inter-annual variation of annual
TP loads in the future compared to individual climate change.
These results can also indicate that climate change has a
significant impact on the variation of TP loads.

Synergetic Impact
As shown in Figure 5, the individual land-use change has
negligible impact on multi-model ensemble average annual
streamflow, sediment, and TP loads ranging from 0% to 1%,
0% to −1%, and −0.5% to −0.1%, respectively. The result is
different from previous studies (Abdulkareem et al., 2018) that
revealed the pollutant loads were expected to increase with urban
areas. This difference can be because of the study area being
dominated by agricultural areas with the direct pollution source
from fertilizer (Niraula et al., 2013) and urbanization will reduce
the major pollution source from fertilizer (Liu et al., 2013). The
individual climate change is likely to amplify the annual
streamflow and sediment and reduce the annual TP loads
(Kalcic et al., 2019), owing to increasing plant phosphorus
uptake spurred by higher CO2 (Culbertson et al., 2016). The
combined impact of climate and land-use change on the average
annual streamflow, sediment, and TP loads are all greater than
individual climate change scenarios. Furthermore, the
streamflow, sediment, and TP loads can be further amplified
under the land-use change in combined scenarios compared to
individual climate change to some extent. In addition, the
combined effect is larger than the linear superposition of the
individual climate effect and the individual land use effect, and
the additional part is the synergistic effect between climate and
land-use change (Dosdogru et al., 2020). The existence of the
synergistic effect means an interaction between climate and land
use (Castillo et al., 2014). For example, the land-use change can
cause an increase (1%) in annual streamflow, and climate change
is expected to increase approximately 12%. When combined
simultaneously, the final increase in annual streamflow is
approximately 16% higher than the sum of individual effects
(Figure 5). In addition, different variables suffer from synergistic
effects, among which TP loads have the largest synergistic effect,
followed by sediment, and streamflow has the least. The
synergistic effect between climate and land use also increases
with the time period, and the synergistic effect of RCP8.5 on
annual streamflow, sediment, and TP loads is greater than
RCP4.5. Therefore, even if the individual land-use change
makes a little effect on streamflow, sediment, and TP loads, it
is significantly necessary to simultaneously consider both climate
and land-use change due to the synergistic impact of climate and
land-use change on streamflow, sediment, and TP loads in the
future climate change studies (Wagner et al., 2019). The analysis
of synergistic impact resulting from climate and land-use change

can contribute to understanding impact of both climate and land-
use change and help managers to take effective countermeasures
to protect the local water environment and resources.

CONCLUSION

This study explores and predicts the individual and combined
impact of land-use change and climate change on streamflow,
sediment, and TP loads in the future by systematically
aggregating two representative emission pathways (RCP4.5 and
RCP8.5), eight GCMs, three 20-years temporal blocks (baseline,
near, and far future), three land-use maps (LULC 2015, LULC
2055, and LULC 2075). Moreover, this study compares the
individual impact of past land-use map (LULC 1995) and
climate (1980–1999) on streamflow, sediment, and TP loads at
the 20-years temporal block with the baseline period. The
following conclusions can be drawn from the results of this study:

1) Generally, urbanization (10.01 and 10.7%) and loss of
agricultural land (−9.52% and −10.21%) are projected in
the future (2055 and 2075). The annual average
temperature is projected to rise for the eight GCMs in the
next two periods, and the temperature of RCP4.5 is lower than
RCP8.5, with the values of 1.1°C and 2.0°C, respectively. In
addition, the inter-annual variation of temperature is also
projected to increase in the future (with a greater variation
coefficient) except the MPI-ESM-LR in 2041–2060 and IPSL-
CM5A-LR in 2061–2080 compared to baseline. However, the
intra-annual variation of temperature is projected to decrease
in the future (with a smaller monthly temperature variation
coefficient) except for GFDL-ESM2G in 2041–2060. A higher
uncertainty exists in the change of mean annual rainfall in the
future and is projected to increase over time. The inter-/intra-
annual variation of rainfall will increase at a higher probability
in the future, which is greater than temperature changes.

2) Based on the SWAT simulation, the individual land-use
change has a negligible impact on multi-model ensemble
average annual streamflow, sediment, and TP loads ranging
from 0% to −1%, 0% to −1%, and −0.5% to −0.1%,
respectively. The individual climate change is likely to
amplify the annual streamflow and sediment and to reduce
the annual TP loads. The combined impact of climate and
land-use change on the average annual streamflow, sediment,
and TP loads is more significant than that of individual
climate change scenarios. Furthermore, the magnitude of
variation for TP loads is greater than streamflow, the same
as Shrestha et al. (2018). The land-use change also has a
negligible effect on the inter-annual variation and intra-
annual variation of streamflow and sediment, but the intra-
annual variation of TP loads is predicted to grow up. Instead,
individual climate change is expected to reduce the inter-/
intra-annual variation of TP loads. And the intra-annual
variation of streamflow and sediment is magnified as
opposed to the inter-annual variation. The change direction
of inter-/intra-annual variation of streamflow, sediment, and
TP loads under individual climate change is the same as that
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under the combined scenario. In addition, the average and
inter-annual variation of annual streamflow, sediment, and
TP loads in RCP8.5 are higher than in RCP4.5.

3) There are remarkable synergistic effects in streamflow,
sediment, and TP load when combining the land-use
change and climate change scenarios, which means the
interplay of climate and land use will exacerbate the
individual effect. And TP loads suffer the largest synergistic
effect, followed by sediment, and streamflow suffers the least.
The synergistic effect between climate and land use also
increases with the time period, and the synergistic effect of
RCP8.5 on annual streamflow, sediment, and TP loads is
greater than RCP4.5. Therefore, even if the individual land-
use change has a minor effect on streamflow, sediment, and
TP loads, it is significantly necessary to simultaneously
consider both climate change and land-use change in the
future due to the non-negligible synergistic effect resulting
from the combined scenarios.

This is rare research that simultaneously studies the
individual/combined/synergistic effects of land-use change and
climate change on streamflow, sediment, and TP loads. Based on
the results of this study, the conclusion that it is essential to
integrate land-use changes and climate change to predict and
assess non-point source pollution and streamflow changes in the
future environment is drawn. Thus, this study will help to
understand the interaction of climate and land-use change and
take effective climate change mitigation policy and land-use
management policy to mitigate the non-point source pollution.
Furthermore, this study does not consider dynamic changes in
land use during the simulation period to obtain a more realistic

development of land use, and we will investigate it further in the
next step.
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