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Different regions exhibit different response patterns of hydrological process
changes under changing environments. The hydrological response mechanism
of underlying surface changes in tropical rainforest regions remains uncertain,
so there is an urgent need to study the causes of hydrological changes in typical
tropical watersheds. The sequential clustering analysis and Pettitt-Mann-
Whitney test were employed to detect abrupt change points of runoff series
for the Wanquan River Basin in the tropics, and the series was then divided into
pre-impact period (1967-1990) and post-impact period (1991-2014). And the
Soil and Water Assessment Tool (SWAT) model was used to simulate the runoff
to quantify the impact of climate change, land use change and other human
activities on runoff, which the latter two collectively referred to as "human
activities” in this study. The findings reveal: 1) runoff series showed an abrupt
change and a downward trend around the year 1990; the SWAT model has a
good simulation in the Wanquan River Basin during the pre-impact period; the
coefficients of determination (R?) for the calibration and validation periods are
both 0.91, and the Nash-Sutcliffe model efficiency coefficients (NSE) for the
calibration and validation periods are 0.89 and 0.86, respectively. 2) There was a
considerable change in land use between 1967 and 2014, as evidenced by a
decrease of 29.54% in natural forest and an increase of 54.90% in rubber. These
land use changes were mostly caused by the transformation of tropical
rainforests into rubber forests and orchards. 3) Runoff declined in the post-
impact period from the pre-impact period, with climate change, land use
change, and other human activities contributing 44.05%, 10.83%, and 45.12%
to the runoff change, respectively. The conversion of tropical rain forests to
rubber forests and orchards has indirectly led to a reduction in runoff. These
results can provide a reference for understanding the evolution of water cycle
for other tropical rivers.
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1 Introduction

Exploring local and global environmental changes and their
impacts on the ecological environment has always received
extensive attention (Jain et al., 2010; Chang et al, 2015). In a
changing environment, climate change and human activities are
often the two main drivers of changes in water resources. From a
long-term scale, due to changes in temperature and rainfall, the
effects of climate change on water resources are more noticeable,
including changes in the spatial and temporal distribution of
atmospheric precipitation and surface evapotranspiration (Zhou
et al, 2018). On a short-term scale, human activities, including
land use and large water conservancy projects, produce a more
prominent impact on water resources (Vorosmarty et al., 2000).
One of those impacts is land use change, which significantly
influences water supplies due to human activities. Changes in
land use affect the hydrological cycle of basins by changing their
underlying surface covering, which in turn influences canopy
interception, surface infiltration, evapotranspiration, and surface
runoff (Mordn-Tejeda et al., 2010). Climate change and human
activities, however, have combined consequences. As a result, it is
crucial to precisely quantify the impact of human activities and
climate change on runoff and attribute it to various driving
factors.

So far, statistical and simulated methods have been the major
tools used for quantitative research into the effects of human
activities and climate change on hydrological processes (DeFries
and Eshleman, 2004). The regression approach is typically used
in statistical methods to evaluate the impacts on runoff based on
recorded meteorological and hydrological data, and subsequently
to determine the regression relationship between runoff and one
or more meteorological factors (Kong et al., 2016). The slope
change ratio of accumulative quantity (SCRAQ) method is used
to plot the multi-year cumulative runoff, precipitation, and
evaporation curves, then the slope of the fitted straight lines
before or after the abrupt change is determined, and finally the
contributions of different factors to the runoff change is
calculated (Wu et al,, 2017). Although statistical methods are
generally simple to apply, they require long sequences of data,
and the use of multiple driving factors and uncertain data can
undoubtedly affect the assessment results. In addition, statistical
methods are unable to account for the effects of spatial
heterogeneity, land use change, and climate change on
hydrological processes (Abbaspour et al., 2007). In a nutshell,
the statistical methods cannot adequately explain how and to
what extent human activities affect runoff, which greatly reduces
the validity of analysis results (Zhang et al., 2017).

The hydrological model has evolved over time thanks to a
progressive understanding of water cycle, transitioning from a
lumped to a distributed hydrological model. Lumped
hydrological models commonly treats the watershed as a
whole and ignore geographic variability, and many of their
equations also lack obvious physical definitions (Zeng et al.,
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20135 Zuo et al,, 2014). The benefit of distributed hydrological
models is that, in addition to considering geographic
heterogeneity, they can also describe the mechanisms of
hydrological processes (Lin et al., 2020). On top of that, the
simulation scenario may be set up flexibly. In order to assess how
climate change, land use change, and other human activities
affect runoff, distributed hydrological models based on physical
processes have become more prevalent in recent years (Chang
etal., 2015; Wang et al., 2017). Practical problems are frequently
addressed with hydrological models such as TOPMODEL (Lin
etal, 2010), Variable Infiltration Capacity (VIC) (Bao et al., 2012;
Changetal., 2015), and SWAT (Fukunaga et al., 2015; Mekonnen
et al,, 2018). Among them, the SWAT model is one of the most
popular distributed hydrological models, and several studies have
shown that it is well suited for application in a variety of
geographical and climatic locations. It can be applied to
different land management and climate change models (Lin
et al., 2015; Wang et al, 2017). The SWAT model is widely
applied in most rivers in China, from arid to semi-arid to wet
zones. For instance, Dong et al. (2014) used the SWAT model to
examine how human activities and climate change affected an
arid inland watershed in northwest China. The results revealed
that human activities were the primary cause of changes in runoff
in the watershed, accounting for 85.7% of the runoff reduction
and only 14.3% of the runoff reduction resulting from climate
change. Sun et al. (2019) used the SWAT model to jointly
anticipate future hydrological and soil droughts in the
Yangtze River watershed. Based on SWAT model, Wu et al.
(2019) examined the effect of reservoir operation on hydrological
drought in the Dongjiang basin. Besides, the SWAT model also
showed good applicability in tropical areas. For example,
Marhaento et al. (2017) adopted SWAT to examine the
impact of land use change on water balance in the tropics.
SWAT models were developed by Fukunaga et al. (2015) for
poor availability of data in the tropics, and produced satisfactory
results.

Due to the combined effects of human activities and climate
change, hydrological processes have been altered to varied
degrees as economy develops. Many studies have explored the
hydrological consequences of individual environmental changes,
such as land use change or climate change (Pan et al, 2017;
Bajracharya et al,, 2018), as well as the hydrological effects of
combining these changes with human activities (Nie et al., 2011;
Lin et al.,, 2012; Sood et al., 2013). And numerous researchers
have conducted in-depth research on the Pearl River Basin (Liu
etal.,, 2010; Zhou et al., 2018), the Yellow River Basin (Zhan et al.,
2014; Zhao et al,, 2014; Chang et al., 2015), the Yangtze River
Basin (Zhao et al., 2015; Zhang et al.,, 2017), arid and semi-arid
regions in China, and several typical watersheds in other
countries (Legesse et al, 2003; Heo et al, 2015). However,
there are few studies on island rivers in the tropics, which
make them particularly regional and ecologically fragile
because of the abundance of tropical natural forest and
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artificial rubber trees in the basin (Marhaento et al,, 2017).
Tropical forests are vital to maintaining the health of
ecosystems (Chen et al,, 2016). Marhaento et al. (2017) believe
that the water balance change in the Samin basin in Indonesia
can be attributed to a change in land use, mostly owing to the
expansion of residential area and the contraction of forest area.
Op de Hipt et al. (2019) used the SHETRAN model to examine
how land use and climate change affected water resources in
tropical West Africa. The findings indicate that both climate
change and land use change individually increase runoff as well
as the combined effects. Many studies have found that different
regions exhibit different response patterns of hydrological
processes changes under changing environments. It is essential
to undertake numerous case studies of typical places and keep
exploring theoretic concepts. Nonetheless, the hydrological
response mechanism of underlying surface changes in tropical
rainforest regions is still uncertain. There is an urgent need to
study the causes of hydrological changes in typical tropical
watersheds. But there are few studies on how runoff reacts to
vegetation changes in watersheds across various tropical climate
zones (Zhang, 2020; Tan et al., 2021).

The Wanquan River is the third-largest river in South
China’s Hainan province, and its basin is abundant with
rubber plantations and tropical rainforests, giving it special
geographical and ecological vulnerability features (Zhao et al,
2018). Influenced by intensive human activities, the vegetation
cover in the watershed has altered drastically in recent decades.
The community has been deeply concerned about an array of
issues, including how the fast development in the rubber forest
area would affect the hydrology process of the basin following the
destruction of tropical rainforests. The analysis above suggests
that one advantage of the SWAT model is an effective physical
mechanism with spatially distributed parameters, so it is able to
assess the impact of climate change, land use change and other
human activities on runoff in the Wanquan River basin. The
main uncertainty of SWAT model is related to large amounts of
input data (spatial data and meteorological data), which causes
unavoidable deviations from model simulation. Recognizing the
above limitations, nevertheless, this study collected and analyze
sufficient data to quantify the impact of climate change, land use
change and other human activities on regional hydrological
processes in the Wanquan river basin, which has important
implications for sustainable water resources management in
tropical regions. Therefore, the Wanquan River Basin is
chosen as the study area in this study.

The goals of this study are: 1) to build a distributed
hydrological model for the Wanquan River basin, and
quantify the contributions of climate change, land use change
and other human activities based on SWAT model; 2) to shed
light on the mechanisms behind changes in hydrological
processes as a result of tropical rainforests turning into rubber
forests and other economic forests. The study can provide a basis
for exploring changes in the water cycle of other tropical rivers.
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2 Study area and data

The Wanquan River Basin (109°37'-110°38'E, 18°46'-
19°31'N) is situated in the east-central part of Hainan Island,
with a total length of 163 km. It originates from Fengmenling in
the Wuzhi Mountain, passes through the cities of Qiongzhong,
Wanning, and Qionghai, and flows into the South China Sea in
Boao Port, and its long-term average runoff is 163.9 m*/s (Zhao
et al,, 2018). In order to statistically assess the effects of climate
change and human activities on runoff, the upper reach of the
Wangquan River Basin was chosen as a representative basin in the
research area (Figure 1). The upper reach of the Wanquan River
is in the middle and low mountainous areas and cover an area of
1,149 km?, where the river is meandering and fast flowing,
eroding to form a gully basin. The main soil types are red
loam and its derivatives. The area has a tropical monsoon and
marine climate with an average annual temperature of 24°Cand a
precipitation of 2,300 mm. The watershed runoff is mostly
replenished by precipitation and is susceptible to climate
change as well as human activities (such as farmland
irrigation, land use change, etc.). The Water Affairs Office of
the Hainan Province provided daily runoff and precipitation data
from 1967 to 2014, and the monthly observed hydrological data
were measured at the Jiabao station, while daily data on solar
radiation, relative humidity, wind speed, and highest and lowest
temperatures for the same period were available from the
National Meteorological Information Center of China (http://
data.cma.cn). Meanwhile, Landsat-8 TM remote sensing images
with a resolution of 30m were downloaded from the
Consultative Group on International Agricultural Research
(CGIAR) Consortium for Spatial (CGIAR-CSI) (http://srtm.
csi.cgiar.org), and interpreted into land use map data with a
resolution of 30 m through supervised classification combined
with manual visualization. The land use types were classified as
rubber land, residential area, orchard, water, agricultural land
and natural forest in line with the geographical location and
characteristics of the study area. To be specific, rubber data were
collected from the Rubber Research Institute of the Chinese
Academy of Tropical Agricultural Sciences (Chen et al., 2016) for
further amendment. The land use map for 2014 were validated
using the 163 sample plots from the survey, and the results are
shown in Table 1. Taking the land use map of 2014 as an
example, the accuracy of remote sensing image interpretation
in 2014 was 84.05%, and the kappa coefficient was 0.80. Finally,
the land use map that meets the needs of this study was obtained,
and the two land use maps for 1988 and 2014 can be observed in
Figure 2. Data on soil types were available from the Data Center
for Resources and Environmental Sciences, Chinese Academy of
Sciences (http://www.resdc.cn). Besides, the Digital Elevation
Model (DEM) with a spatial resolution of 30 m x 30 m was
also downloaded from the Consultative Group on International
Agricultural Research (CGIAR) Consortium for Spatial (CGIAR-
CSI) (http://srtm.csi.cgiar.org).
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Map of Wanquan River basin.
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TABLE 1 Comparison land-use types between remote sensing interpreting results and field survey.

Survey interpret Rubber land Water Residential area
Rubber land 36

Water 1 9

Residential area 1 8

Agricultural land 2 2

Orchard 4

Natural forest 2

Total 45 10 10

Agricultural land Orchard Natural forest Total
4 1 41

2 12

2 1 12

24 1 29

1 32 37
2 28 32

29 40 29 163

3 Methodology
3.1 Change-point test

Sequential clustering analysis is one of the effective methods
to identify the abrupt change points in hydrological series. Its
crux is to deduce the optimal breakpoint, so that the sum of the
squares of the deviation between the classes is minimized. And
the sums of the squares of the deviation before and after the
breakpoint are calculated. Details of the sequential clustering
analysis method can be found in Dong et al. (2014).
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Pettitt-Mann-Whitney method, one of the non-parametric
test methods, has a clear physical meaning. It can identify the
occurrence of a change point, and it is widely used to detect
hydrological and climatic abrupt change points (Zuo et al., 2014;
Bisht et al.,, 2017).

3.2 SWAT model

The SWAT model is a distributed hydrological model

developed by the United States Department of
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FIGURE 2
Land use of map of Wanquan River Basin in 1988 and 2014.

Agriculture—Agricultural Research Service (USDA-ARS), which
can simulate the basin hydrologic process as per the hydrologic
cycle and water balance principles (Zhang et al., 2010). This
model has the following characteristics: 1) it has an effective
physical mechanism and its parameters are spatially distributed;
2) it can evaluate and predict the impact of land use changes on
hydrological processes; 3) it can predict hydrological conditions
without observed hydrometeorological data (Lai et al., 2006;
Zhang et al, 2012). Therefore, the SWAT model is suitable
for simulating surface runoff, groundwater discharge, as well
as hydrological processes influenced by climate change and
human activities. A detailed description of the SWAT model
structure and settings can be found in the literature (Zhang et al.,
2012).

SWAT-CUP (Calibration and Uncertainty Programs) was
selected to calibrate and validate the SWAT model of the
Wanquan River Basin. The SWAT model employs the
coefficient of determination (R?) and the Nash Sutcliffe model
efficiency coefficient (NSE) to evaluate its performance during
calibration and validation period. R® is obtained by linear
regression method, and NSE is used to assess the fitness
between the measured values and the simulated values (Lai
et al., 2006).

The coefficient of determination (R?) can be defined as:
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2
Z:’(QO - Qavg)(QP - Qpavg)

R* =
\/Z:’ (QO - Qavg)z(QP - (gpavg)2

1

In the equation, Qo and Qp refer to the observed and simulated
runoffs, respectively, while Qg and Qpayg are is the average
observed runoff and the average simulated runoff, respectively.

While the Nash Sutcliffe model efficiency coefficient (NSE)
can be defined as:

Z?:] (QO - QP)

NSE=1-————
Z?:l(QO - Qavg)

2

In the equation, Qo and Qp refer to the observed and
simulated runoffs, while Q,yg is the average observed runoff.

3.3 Quantifying method

Following the identification of abrupt change point and the
establishment of SWAT model, the runoff changes in the
Wanquan River Basin can be attributed to climate change,
land use change and other human activities. The calculation
steps are as follows (Lin et al., 2012):

Step 1. Based on the abrupt change point, the runoff series can
be divided into pre-impact period (natural period) and post-
impact period (period with environmental changes).

Step 2. Calculate the total amount of runoff change:

ART = RHR - RN (3)

where ARy is the total amount of runoff change, Ry is the
observed runoff in post-impact period, and Ry is the observed
runoff in pre-impact period.

Step 3. Calculate the impact of climate change on runoff:

ARC = RHN - RN (4)

where AR is the runoff change caused by climate change, Ry is
the natural runoff during post-impact period, and Ry is the
observed runoff in pre-impact period.

Step 4. Calculate the impact of land use change on runoff:

ARy = Rys — Ry (5)

Where AR; is the runoff change caused by land use change, Ryp»
and Ry, are simulated runoff II (corresponding to land use
scenario in 2014) and simulated runoff I (corresponding to
land use scenario in 1988) for post-impact period, respectively.
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FIGURE 3
(A) Time series of annual runoff and (B) monthly runoff variations.

Step 5. Calculate the impact of other human activities on
runoff AR,.

ARy = ARy — ARc — ARy, (6)

Step 6. Calculate the sum of the absolute values of runoff
changes caused by climate change, land use change and other
human activities A.

A = |ARg| + |ARc| + |AR,] ™

Step 7. Calculate the percentage of impact of land use change on
runoff pl, impact of climate change on runoff pC, and impact of
other human activities on runoff uR0.

AR

L = IAR.| ALl x 100% (8)
AR

uC = % x 100% )
AR

(R, = | A“' x 100% (10)

4 Result
4.1 Temporal variations of runoff

The analysis of interannual and intra-annual variation of
runoff from the Jiabao hydrological station in the upper reach
of the Wanquan River basin was investigated over the
observation period. Figure 3A illustrates the trends analysis
based on linear regressions for runoff at the Jiabao station
from 1967 to 2014, the results suggest that there was no
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FIGURE 4
Abrupt change point detected by the sequential clustering
analysis (U statistic value) and Pettitt-Mann-Whitney test (S,(1).

significant decreasing trend in the runoff time series. The
mean annual runoff from 1967 to 2014 varied from a low of
4.55 x 10° m? in 1969 to a high of 56.78 x 10® m’, with a mean
of 14.01 x 10® m?® Figure 3B shows that the intra-annual
distribution of runoff varies in a unimodal distribution,
peaking in October with 6.88 x 10° m’ of runoff, which
accounts for 25% of total annual runoff. The typhoon
season generally occurred from July to October, accounting
for 67.94% of total annual runoff during the study period. A
low precipitation period lasted from 1 to 3 months in the basin
and accounted for less than 1% of total annual runoff during
the study period.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1023188

Li et al.

TABLE 2 Sensitivity Parameters used in the SWAT model.

10.3389/fenvs.2022.1023188

Name Description Calibrate value Order
CN2 The SCS curve number -0.384892 1
ALPHA_BF Base flow alpha factor (days) 1.379405 2
GW_DELAY Groundwater delay (days) 50.863083 3
GWQMN Threshold depth of water in shallow aquifer required for return flow to occur (mm) 0.208377 4
GW_REVAP Groundwater re-evaporation coefficient 0.126272 5
ESCO Soil evaporation compensation factor 0.866012 6
SOL_AWC Available water capacity of the soil -0.021791 7

TABLE 3 Evaluation results of the simulation runoff.

Name Calibrated Validated
period period
R? NSE R? NSE
Jiabao station 0.91 0.89 091 0.86

4.2 Abrupt change point on runoff

Two statistical techniques were chosen in this study to
identify the abrupt change point in order to ensure the
reliability of the results. The results of the Pettitt-Mann-
Whitney test are displayed in Figure 4A. The statistics U
reach their highest value in 1990, indicating that this year
may be the most likely change point for the runoff series
between 1967 and 2014. Additionally, the sum of square of
the deviation for the same series is calculated using the
sequential clustering method. As seen in Figure 4B, the sum
of square of the deviation is the minimum in the year 1990,
further validating that year as the abrupt change point.
Accordingly, the runoff series can be quantified into pre-
impact period (1967-1990) and post-impact period based on
the abrupt change point (1991-2014).

4.3 Model calibration and validation

The SWAT model is based on the data of pre-impact period
which was then divided into calibration period (1967-1978) and
validation period (1979-1990). Both calibration and validation
periods span 12 years, so that the results of these two periods
can be compared easily. According to the parameter sensitivity
analysis, seven highly sensitive parameters are used to calibrate, and
the results are listed in Table 2. The most sensitive of the seven
parameters is CN2, and ALPHA_BF, GW_DELAY, and GWQMN,
followed by CN2, demonstrating that the runoff in the Wanquan
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FIGURE 5
Monthly precipitation, observed runoff and simulated runoff
for the calibration and validation period at the Jiabao station.

River Basin is sensitive to surface water, groundwater exchange and
surface cover. The evaluation results of calibration and validation are
summarized in Table 3, where R? and NSE are 0.91 and 0.89 in the
calibration period, respectively whereas R*> and NSE are 0.91 and
0.86 in the validation period, respectively. Figure 5 presents the
comparison of simulated and observed monthly runoffs for the
calibration and validation periods. Both results are shown in Table 3
and Figure 5 give consistent results, which indicate that the SWAT
model has achieved a good simulation. Accordingly, the SWAT
model can be applied to simulate the runoff of the Wanquan River
Basin.

4.4 Impact of climate change and human
activities on runoff change

4.4.1 Impact of land use change on runoff

The Wanquan River Basin was taken as the research object to
quantitatively analyze the impact of climate change, human
activities and especially land use change on runoff. In the
Wanquan River Basin, the primary land use types are natural
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FIGURE 6
Sankey diagram of land use transfer matrix of Wanquan river
basin from 1988 to 2014.
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forest land, orchard and rubber, which together account for 89%
of the whole basin. The conversion of land use types in the basin
is the most obvious between natural forests, orchards, and rubber
forests, as shown in the Sankey diagram of land use transfer
matrix (see Figure 6). In addition, as shown in Table 4 and
Figure 2, from 1988 to 2014, the area of rubber increased
continuously from 221.58 km® to 343.23 km’, an increase of
54.90%; the water area and the urban area continued to
increase as well; the area of agriculture land decreased slightly,
and the natural forest area decreased significantly, from
293.73km” to 206.96 km?, a decrease of 29.54%. Land use
changes in the Wanquan River Basin would contribute to the
change of hydrological process, including the process from
runoff generation to concentration. In order to analyze the
impact of land use change on runoff, the land use map of
1988 and the meteorological data from 1991 to 2014 are fed
into the SWAT model, to simulate the runoff process in a natural
state during the post-impact period, thus generating the results of
monthly runoff RH1. In the meantime, the results of monthly
runoff RH2 are produced by using the land use map of 2014 and
meteorological data from 1991 to 2014. The difference in
monthly runoff between varying land uses is equal to the
runoff arising from land use change which decreased runoff

10.3389/fenvs.2022.1023188

by 0.15 x 10* m® (see Table 5). As shown in Figure 7, the monthly
runoff process attributable to land use change from 1991 to
2014 was simulated by the SWAT model. Meanwhile, it can also
be noted that the greater the monthly precipitation, the smaller
the impact of land use on runoff.

4.4.2 Impact of climate change on runoff
Climate change is one of the critical contributors to runoff
changes. Figure 8 illustrates that the annual precipitation showed
a slight upward trend in the Wanquan River basin between
1967 and 2014. The maximum rainfall occurred in 1990, greater
than the average of 1,028.08 mm, while the minimum rainfall in
1977, less than the average of 1,131.37 mm. Figure 9 depicts the
interannual variations of maximum and minimum temperatures
in the Wanquan River Basin from 1967 to 2014. Both maximum
and minimum temperatures are on the rise, and temperature
variations are almost always within a small range. Apart from
that, Figure 10, which demonstrates the interannual variation
curve of annual evaporation for the Wanquan River Basin from
1967 to 2014, reveals a growing trend in annual evaporation
throughout that period. The Wanquan River Basin’s annual
evaporation increased from the lowest level of 902.09 mm in
1978 to the highest level of 1,233.6 mm in 2005. To examine the
impact of climate change on runoff, the monthly runoff of Ry
was simulated by the SWAT model using the 2014 land use map
and the meteorological data from 1991 to 2014. The difference of
the monthly runoff under different climatic conditions is equal to
the runoff induced by climate change, and the runoff caused by

3

climate change grew by 0.48 x 10® m’.

4.4.3 Quantify the impact of climate change and
human activities on runoff

The calculation steps are based on Eqs. 3-10, and the change
in runoff may be attributed to climate change, land use change,
and other human activities. Table 5 presents the quantitative
results of the impacts of climate change and human activities on
runoff. The runoff falls by 0.16 x 10®* m® in the post-impact
period. Climate change drives up runoff, contributing to 44.05%
of the runoff change. By contrast, land use change drives down
runoff, accounting for 10.83% of the runoff change. Further,
other human activities also decrease runoff, representing 45.12%
of the runoff change, which is extremely high. In general, human
activities (including land use change and other human activities)
have a slightly greater impact on runoff than climate change.

TABLE 4 Area of each type of land use in the Wanquan river basin (Unit: km?).

Year Rubber Water Urban

1988 221.58 8.12 11.86
21.75% 0.80% 1.16%

2014 34323 18.69 13.87
33.70% 1.83% 1.36%
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Agriculture Orchard Natural forest
92.82 390.53 29373
9.11% 38.34% 28.84%
78.77 357.14 206.96
7.73% 35.06% 20.32%
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TABLE 5 Result of separating climate change and human activities on runoff.

Name Ry Ryr ARy Land use change Climate change Other people
activities
ARy ul/% ARc uC/% AR, uRo/%
Jiabao station 1.41 1.25 -0.16 -0.15 10.83 0.60 44.05 -0.61 45.12
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Land use change on runoff variance does have an impact on
runoff change depending on the degree of land use change, albeit
less dramatic than other human activities and climate change. It’s
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also noteworthy that both climate change and human activities
heavily influences runoff, of which human activities is the
primary driver for runoff reduction in the Wanquan River Basin.
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Agricultural land, orchard and population changing trend in
the Wanquan river basin.

5 Discussion

5.1 Impacts of climate change and human
activities on runoff

The runoff reduction in the Wanquan River Basin has
captured much attention, and the influence of the dominant
factors on runoff changes has been investigated from qualitative
and quantitative perspectives (Zhao et al., 2018). Since human
activities is a major contributor to runoff reduction in the
Wanquan River Basin, more serious consideration should be
given to both direct human impacts (such as domestic water
demand, industrial and agricultural water use, and water
diversion) and indirect human impacts (such as runoff change
originating from the change of underlying
characteristics) (Li et al., 2016; Wu et al., 2020).

With regard to indirect human impacts, the Wanquan River

surface

Basin is one of the major agricultural areas in Hainan province.
As the local government encourage residents to plant rubber and
the benefits from doing so increased, the rubber planting area
rose rapidly, and other land use types including large natural
forests were transformed into rubber forests. By comparing the
two-stage land use map of the Wanquan River Basin, it is found
that the area of rubber forests soared by 54.90% and the
residential area and water area also surged, whereas the area
of natural forests dropped by 29.54%, and the agriculture area
and orchard reduced slightly. However, tropical fruit and tropical
economic crops were still the main economic income of the
Wanquan River Basin. The change in land use reveals that the
natural forest had been seriously damaged, because natural
forests were cut down while economic forests such as rubber,
areca and fruit trees were planted in the basin. The data of the
Qionghai Statistical Yearbook suggest that the trajectory of
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population change and land use change were preliminarily
studied. Using the city of Qionghai as an illustration, the
population of Hainan grew steadily since the founding of New
China, particularly after the Reform and Opening-up when a
large number of people moved there, leading the population of
the basin to rise suddenly (see Figure 11). By comparison, the
area of agricultural land continued to fall after 1980, whereas that
of orchard expanded steadily until they finally levelled off. A few
years later, when the vegetation cover is adequate, the canopy can
intercept a considerable proportion of rain and evaporate it into
the atmosphere (Chang et al., 2015). It can be seen from Figure 10
that the annual evaporation witnesses an upward trend, and that
the average evaporation in the post-impact period is 66.6 mm
higher than that in the pre-impact period. In general, forest can
produce less runoff than other land use/cover types but more
evaporation (Li et al., 2009), because the biomass per unit area of
forest is much lower than that of cropland (such as orchard) (Li et
al., 2020; Tan et al,, 2022). Furthermore, some studies illustrate
that more water is evapotranspirated by rubber plantation than
by rain forest, and that rubber plantations in Xishuangbanna are
called “water pumps” (Tan et al.,, 2011; Giambelluca et al., 2016).
As a consequence, change of land use, especially the surge in the
area of rubber forests, will lead to high evapotranspiration in the
basin. Meanwhile, it also can change local micro-topography,
improve the permeability of water in the soil, and slow down or
contain runoff, thereby reducing runoff (Chang et al, 2015).
Undoubtedly, the impact of land use change on water resources is
a complex process (Li et al., 2016; Wu et al., 2020).

As regards direct human impacts, some reports reveal that
agricultural irrigation activities would reduce the runoff in the
basin. On top of that, other human activities also significantly
contribute runoff reduction. For one thing, the urbanization of
the Wanquan River Basin and the rapid development of
agriculture have pushed up residents’ demands for more
water. For another, agricultural activities directly draw water
from the river channel for irrigation, especially tropical fruits and
tropical economic crops that need substantial water for
irrigation. The combined agricultural area and orchard area in
the basin are 435.91 km?, accounting for 42.79%. The completion
of the hydropower project at Hongling Reservoir, with a
catchment area of 754km” and a total storage capacity of
704 million m’ has addressed an array of problems, such as
urban and rural water supply, agricultural irrigation, power
generation, and flood discharge, but also inevitably altered the
hydrological process, hence reducing the runoff. More seriously,
the expansion of water area will also give rise to an increase in
evaporation.

In a nutshell, the runoff reduction in the Wanquan River
Basin results from a combination of multiple factors, and the
contribution of each factor to the runoff varies greatly.
Specifically, the analysis of temperature, evaporation and
precipitation demonstrates that precipitation is the most
influential climate change factor on runoff. Generally, climate
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TABLE 6 Summary of relevant literature on runoff change of climate and LUCC in relation to the objectives of this study.

Study River Catchment Period

Guo et al. (2014)  Chaohe river, China 4855.9 km? 1981-2009

Li et al. (2020) Yihe River, China 17000 km? 1951-2013

Marhaento et al.  Samin catchment, Indonesia  277.9 km? 1990-2013

(2016)

Op de Hipt et al.  Dano catchment, West 126 km* 1990-2015

(2019) Africa

Tan et al. (2022)  Guangdong-Hong Kong 56,000 km® 1979-2018
-Macao Greater Bay Area

Wu et al. (2020)  Luanhe river, China 44750 km? 1961-2016

Yuan et al. Liuxi river, China 2300 km? 1979-2010

(2015)

Zheng et al. Yellow river, China 121972 km? 1960-2000

(2009)

Zhang et al. Huifa River, China 12411 km? 1956-2005

(2012)

Zhaoetal. (2018)  Wanquan river, China 3693 km? 1960-2013

change and human activities are the dominant factors
influencing runoff change, with the latter having a slightly
greater impact than the former. Land use change is also one
of the critical factors leading to the reduction of runoff. For these
reasons, the respective contributions of climate change and
human activities should be given considerable attention for

the protection, planning, and management of water resources.

5.2 Uncertainties and limitations

Comparing the results of this study with previous studies
listed in Table 6, both climate change and human activities have
an impact on the reduction of runoff (Zhang et al, 2012; Tan
etal., 2022). Since the impacts of human activities on runoff were
not uniformly defined in previous studies, land use change and
other human activities are collectively referred to as human
activities. The results of this study are consistent with Yuan
etal. (2015) and Zhao et al. (2018), that climate change increases
runoff, while land use decreases runoff, and land use change also
amplifies the effect of climate change strongly (Op de Hipt et al.,
2019). In addition, human activities have gradually become the
domain factors affecting runoff change, which is consistent with
the results of studies in China (Zheng et al., 2009; Guo et al., 2014;
Li et al, 2020; Wu et al, 2020) and other tropical regions
(Marhaento et al., 2016; Sharifi et al., 2021).
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Method/model

Mathematical statistics
and SWAT model

Mathematical statistics
and SWAT model
SWAT model

SHETRAN model

SWAT model

VIC model

Mathematical statistics
and SWAT model

Climate elasticity

Mathematical statistics
and SWAT model

Budyko model and
regression method

Key result

Climate change gave rise to an annual streamflow reduction
of 29.7 mm, while land use change caused an annual
streamflow reduction of 4.1 mm

Human activities have gradually become the dominant
factors affecting runoff change, with a contribution of 77.1%

Changes in streamflow can be mainly attributed to land use
change rather than climate change for the study catchment

Climate change has a larger impact on discharge, but LULC
amplifies climate change impacts strongly

Both climate change and LUCC has led to the decrease in the
streamflow in the interference period, and the combined
effect of climate change and LUCC was slightly greater than
their individual effect

Compared with climate change, human activities were the
major factors decreasing the runoff, which contributed more
than 60% to the runoff reduction

Climate variability caused an annual runoff to increase of
11.85 m’/s, the land use change caused an annual runoff
reduction of 0.62 m’/s

Climate change contributed to less than 30% of the reduction
in runoff, land use change is responsible for more than 70%
of the streamflow reduction in the 1990s

Both climate change and human activities are responsible for
the decrease in observed runoff

Climate change increase streamflow, human activities
decreased streamflow

The major limitations in this study are mainly attributable to

the SWAT model and datasets. First, the large amount of input
data includes both spatial data (DEM and soil and land cover
maps) and meteorological data (precipitation, temperature, wind
and relative humidity). Second, the SWAT model employs
numerous generalized and empirical equations to characterize

complex hydrological processes, which complicates the SWAT

model with so many parameters involved, therefore causing

unavoidable deviations to model simulation. Finally, this study

fails to individually study the impact of other human activities on

runoff. Besides, the contributions of the influence factors,

ie, climate change, land use change and other human

activities, are separately examined, so their interplay is

ignored and should be investigated further in future studies.

6 Conclusion

The hydrological processes in the Wanquan River Basin have

changed drastically due to climate change, land use change and

other human activities, with the latter two collectively knowns as

human activities. A quantitative analysis was leveraged to

determine how these three factors

influence runoff. The

following are the primary conclusions: 1) The abrupt change

point of runoff series from 1967 to 2014 for the Wanquan River

Basin was detected, with an abrupt change taking place in 1990,

1
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and the hydrological processes in the pre- and post-impact
periods differ considerably from one another. 2) The SWAT
model can satisfy certain accuracy criteria and has strong
applicability when used to simulate the runoff process of the
Wanquan River Basin. 3) Runoff is directly caused by
precipitation which is likely to may improve runoff. Human
activities influence runoff changes in a significant way, and the
conversion of tropical rain forests to rubber forests and orchards
has indirectly led to runoff reduction. The contributions of
climate change, land use change and other human activities to
runoff changes were 44.05%, 10.83%, and 45.12%, respectively.
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