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Abstract

A reliable system simulation combining socio-economic development with water environment and comprehen-
sively reflect a watershed’s dynamic features is crucial. In this study, a complex system dynamics model is
constructed to evaluate dynamic changes of socio-economic development and ecological environment of Weihe
River Basin (WHR). Development trends of the population, economy, land resources, water demand and
supply, water environment and water pollution and management are obtained from 2005 to 2030 through scenarios
analysis representing different regional development orientations, namely, population growth (S1), economic lead-
ing (S2), resources saving (S3), environment leading (S4), collaborative development (S5). Compared with other
scenarios, the total population and GDP will, respectively, reach 3,716.55 x 10* person and 40,077.30 x 108 yuan,
and the gap between demand and supply and the amount of water pollution will, respectively, narrow to 0.56 x
10® and 12.26 x 10® cubic meters in collaborative development scenario (S5). The results reveal the collaborative
development scenario (S5) can achieve not only steady population and economy growth, as well as narrow down
the gap between water supply and demand, but also optimize watershed environment management of the WHR.
Thus, the system dynamics model used in our research provides a powerful tool for assisting decision-making on
issues of coordinative socio-economic development, environmental health protection, water resources conserva-
tion, etc., in a river basin area.
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Highlights

¢ Discussing interrelations among socio-economy, resources and environment in watershed.

Evaluating the joint effects of socio-economic development and watershed environment management.
Water resource demand causes the water resource imbalance in the Weihe River Basin.
Strengthening environmental protection requires coordinative development.

Identifying optimal and practical strategy for coordinative development mode.

1. Introduction

Water resources play a vital role in all aspects of human life (Zomorodian et al., 2018) and its
scarcity is among the major global challenges today. Water resources, which constitute an indispen-
sable foundation of social development, are not only an irreplaceable natural resource, but also an
indispensable economic resource (Walter et al., 2012). In accordance with the rapid development
of contemporary society, the contradiction between increasing water demand and severe water
resources scarcity have become more severe (Cai et al., 2011; Valipour, 2017; Seo et al., 2018),
which would cause a series of problems that may endanger the qualities of socio-economic develop-
ment, environmental health, and population welfare (Kreuter et al., 2004; Zhu & van lerland, 2012;
Valipour, 2016).

Regions near the upper and lower reaches of rivers are often crowded with high-density popu-
lation and have undergone various production activities that may endanger the quality of water
resources. For this reason, the protection of watersheds in the upper and lower reaches and their
adjacent environment has attracted much academic attention (Heinz et al., 2007; Madani &
Marino, 2009; Liu et al., 2015; Feng et al., 2017). In order to improve the ecological environmental
quality of the watersheds and achieve effective and sustainable utilization of environmental
resources, the use of comprehensive watershed management has been widely recognized in
recent years (Imperial, 2005; Qi & Chang, 2011; SuSnik et al., 2012; Dai et al., 2013; Kotir
et al., 2017; Ding et al., 2019).

Watersheds contain a stable, identifiable, and functional natural boundary and can serve as the basic
unit for natural resources management (Misganaw & Keefer, 1998; Bohn & Kershner, 2002). From a
‘system’ perspective, the watershed can be regarded as a system that integrates socio-economic and
environmental aspects (Heathcote, 1998; Nakamura, 2003; Liu ef al., 2015) and shows dynamic, non-
linear, complex, and diverse characteristics, which cannot only comprehend the various features of the
watershed but also remain simple to apply. Compared to the traditional methods, system dynamics (SD)
can assess and analyze the complex dynamic feedbacks in socio-economic and ecological environments
(Kotir et al., 2016; Allington et al., 2017; Dong et al., 2019) and, thereby, can be taken as a test model
for real-world systems.

As a powerful contextual tool for determining the adaptive development patterns for decision-makers
(Yim et al., 2004; Goh, 2012; Sivapalan, 2015; Pluchinotta et al., 2018), SD provides a tool for exam-
ining the impacts of various strategies and policies and simulating socio-economic systems
(Vidal-Legaz et al., 2013). In water resources and ecological environment management, SD has been
applied to the following major fields: sustainable utilization of water resources (Sun et al., 2017)
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carrying capacity of water resources (Wang et al., 2018), smart groundwater governance (Barati ef al.,
2019), agricultural water footprint (Feng et al., 2017), global modeling of water resources (Davies &
Simonovic, 2011), water resources planning (Wang et al., 2011), water quality management (Tangirala
et al., 2003) and environmental flow allocation (Wei et al., 2012), and water resources management
(Hassanzadeh et al., 2014).

However, much less attention has been paid to the application of SD to simulate interrelations among
socio-economy, water and land resources and their adjacent ecological environment in watersheds, and
the joint effects of socio-economic development and watershed environment management. In order to
fill this gap, this study uses a SD model to build a comprehensive assessment and management
system to evaluate socio-economic impacts of different levels of natural resources saving and ecological
environment protection in the watershed, and identifying optimal and practical strategy to permit the
establishment of a coordinative development mode.

2. Materials and methods
2.1. Site description

In this study, we take the Weihe River Basin (WHR) in Northwest China as our research area. The
WHR is 818 km long with a river basin area of 1.36 x 10° kmz, and it originates in the Niaoshu Moun-
tain, which is ocated in the Western Qinlin Mountain, and flows into the Yellow River. The research
area includes nine prefectural level cities — Tianshui, Dingxi, Pingliang, Qingyang, Baoji, Tongchuan,
Xi’an, Xianyang, and Weinan — among which, the first four cities are located in Gansu Province while
the remainiing five cities are located in Shaanxi Province (Figure 1). The WHR is located in the tran-
sition zone between dry and humid areas, with annual average precipitation of 572 mm/yr, and the
average annual surface evaporation in the basin ranges from 660 mm/yr to 1,600 mm/yr. As the
WHR is treated as the ‘Mother River’ of the Guanzhong Region', it is the core area of the ‘Guanz-
hong-Tianshui Economic Zone”, playing an important role in the socio-economic development of
Northwest China and the ecosystem health of the Yellow River. However, there is a growing shortage
of water resources as the annual average rainfall and runoff of the main stream of the WHR has
decreased year by year and water consumption has increased substantially due to the economic devel-
opment and population growth, which restricts the sustainable development in the research area.

2.2. Data sources

The data for population, economy, land and water resources, environmental pollution and protection
were obtained from the literature and field surveys. The indicators for the population, economy and land

! Guanzhong Region is located in the south of the Jin-Shaan basin belt. The northern part of Guanzhong Region is the loess
plateau in Shaanxi, and the southern part of Guanzhong is the Qinba Mountains.

2 ‘Guanzhong-Tianshui Economic Zone’ covers Xi’an, Tongchuan, Baoji, Xianyang, Weinan, Yangling, and Shangluo cities in
Shaanxi Province and Tianshui city in Gansu Province. The Economic Zone, taking Xi’an as the central city, Baoji as the sub-
central city, and the other cities as the sub-core cities, forms a developed city cluster and industrial agglomeration belt in
Western China.
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Fig. 1. Map of Weihe River Basin.

resources subsystem were mainly obtained from the statistical yearbooks of Shaanxi and Gansu Province
(Shaanxi Statistical Yearbooks, 2006-2017; Gansu Statistical Yearbooks, 2006-2017). The data of
water resource demand and supply were selected from Shaanxi Water Resources Bulletin and Gansu
Water Resources Bulletin. The data related to the water environment subsystem were obtained from
Wei et al. (2012), Sun et al. (2017), and Song et al. (2018).

2.3. System dynamics model

System dynamics model is a method to describe complex systems and analyze its dynamic behav-
ior (Forrester, 1961, 1969), which was initially proposed by Forrester (1958) as a simulation
approach for improving industrial management and decision-making. The SD model is a mature
system simulation for dealing with nonlinear, multi-level, multi-feedback, time-varying system pro-
blems and policy simulation. Compared with other frequently used approaches, the SD model can be
applied to simulate the microscale and macroscale systems to solve dynamic problems (Leal Neto
et al., 2006). The SD method has attested to be efficient not only for operational and strategic
issues (Senge & Sterman, 1992; Sterman, 2000), but also for the simulation of environmental
and socio-economic development issues (Davies & Simonovic, 2011; Han er al., 2017; Song
et al., 2018), which makes it suitable for examining the effect of the coordinative development
of socio-economic and environmental aspects.

The main variables of the SD model include stock variables, rate variables, and auxiliary variables.
Stock variables describe the current state of the system, which reflect the accumulation of information.
Rate variables reflect the behavior of stocks, and represent the speed of change in the values of stocks.
Auxiliary variables are intermediate variables that reveal the internal mechanism of the system and
quantify the relationship between variables. The relationships between the stock and rate variables
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present the dynamic change of the system, which can be described as below:

50 =5+ [ (3 Fult) = 3 Fauttr)
0

where S(#) means the value of the stock variable S at time ¢; Sy means the initial value of S; F;, and F,,,
mean the input and output flow rates into and out of S, respectively; ¢ represents time.

3. Model setting and description
3.1. Stock-flow figure

To quantify and simulate the SD model, Figure 2 shows the stock-flow chart, which is on the basis of
the relationship among the indicators and the main equations. There are nine stock variables, 53 auxili-
ary variables, and 15 constant parameters. The symbols for the main variables, parameters, and
equations in the paper are in Vensim language, as shown in Supplementary Material, Appendix A.

3.2. Model validation and sensitivity analysis

As the SD model abstracts the actual world into an information structure (Wang et al., 2017), to
ensure the quality of model simulation results, an appropriate quantitative method should be selected
to examine the model validation and sensitivity analysis before running a simulation (Yang et al., 2019).
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Fig. 2. Stocks and flows of the simulated system.
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3.2.1. Model validation. To validate the applicability and accuracy of the SD model, the actual values
are compared with simulation results. According to the validation results, the model can be examined to
verify if it accurately interprets the actual system. The validation index can be calculated as follows
(Xiong et al., 2015):

i]f_Yl
Y

ERR =

where f/, and Y; represent actual and simulated values, respectively; ¢ is time. If ERR < 0.1, the variable
is accurate; if ERR > 0.1, the variable is not accurate.

3.2.2. Sensitivity analysis. Sensitivity test is carried out to ascertain the influence caused by the change
of parameters, which is the basis for optimization of the model. The sensitivity can be examined by
altering the value of one parameter at a time while the others remain unchanged. The sensitivity
index can be defined as follows (Zhang et al., 2008):

Ty, Ax,

where Ry represents the sensitivity index of stock variable Y to parameter X; Y; and X; mean the value of
Y and X at time ¢, respectively; AY; and AX, are the increments of stock variable Y and parameter X at
time ¢, respectively; ¢ means time; R represents the average sensitivity degree; Ry means sensitivity
degree of stock variable Y; i means parameter for stock variables; n means the number of parameter
for stock variables. If R < 0.1, the variable is not sensitive; if R > 0.1, the variable is sensitive.

3.3. Selection of variables

This study builds an integrative model which combines socio-economic, ecological environment, and
water resources of WHR, which is naturally the system boundary of the SD model in the paper. The
research period extends from 2005 to 2030, and the time step is one year. Following Wei et al.
(2012), Sun et al. (2017), and Song et al. (2018) and considering the accessibility of data, this study
selects five subsystems as the model subsystems, including the population, economy, land resources,
water demand and supply, and water environment subsystem.

3.3.1. Population subsystem. The population factor is one of the driving factors that has a vital impact
on the socio-economic development and the ecological environment (Falkenmark & Widstrand, 1992;
Sinding, 2009; Immerzeel & Bierkens, 2012; Yang et al., 2019). In this subsystem, we choose six indi-
cators to show the scale and growth rate of the population, including total population (TP), net
population change (NPC), urban population (UP), rural population (RP), urbanization rate (UR), and
natural population growth rate (NPR). The total population is the stock variable, which is decided by
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the net population change, while the net population change is decided by the natural population growth
rate. The urbanization rate determines the change of the urban and rural population.

3.3.2. Economy subsystem. The main elements of the economic subsystem should contain general pro-
duction, for instance, agricultural and industrial production, which are supported by water resources.
Economic development not only affects the ecological environment, but also influences the consump-
tion of water resources (Feng et al., 2008). Consequently, ten indicators are selected to reflect the
economic status and its growth, including GDP, primary industry production (PIP), secondary industry
production (SIP), tertiary industry production (TIP), rise in primary industry production (RPI), rise in
secondary industry production (RSI), rise in tertiary industry production (RTI), growth rate of primary
industry production (GRP), growth rate of secondary industry production (GRS), and growth rate of ter-
tiary industry production (GRT). PIP, SIP, and TIP are stock variables, while RPI, PSI, and RIT are rate
variables that cause the three stocks to vary.

3.3.3. Land resources subsystem. The relationship between land and water resources is reflected by the
interaction in terms of their utilization (Gilmour et al., 2005; Keeley & Faulkner, 2008). The change in
cultivated area affects agricultural water demand, while the ecological water consumption will grow as
the urban green land increases. Therefore, six indicators are selected as follows: cultivated area (CA),
urban green land (UGL), rise in cultivated area (RCA), rise in urban green land (RGL), growth rate
of cultivated area (GRC), and growth rate of urban green land (GRG).

3.3.4. Water demand and supply subsystem. Water demand and supply in the total amount of water
resources are reflected in this subsystem (Wei et al., 2012; Sun et al., 2017). In this study, the water
resources demand (WRD) is measured from the actual consumption of water resources, including agri-
cultural water consumption (AWC), industrial water consumption (IWC), domestic water consumption
(DWC), and ecological water consumption (EWC). In addition, the structure of the water resources
supply (WRS) is classified into three types: the quantity of surface water resources (QSW), the quantity
of ground water resources (QGW), and the quantity of overlap between surface and ground water
(QSG). Moreover, two crucial indicators are contained in this subsystem, named water resource balance
(WRB) and water resources factor (WRF).

3.3.5. Water environment subsystem. The quality of the water environment affects the regional sustain-
able development and water resource sustainable utilization (Kilkis, 2016; Song et al., 2018). The
rational allocation of ecological water resource and the effective control of water pollution are beneficial
to the sustainable development of the region (Song et al., 2018). Following Sun et al. (2017) and Song
et al. (2018), we select the indicator of water consumption of ecology (EWC) and the amount of water
pollution (AWP) to reflect the allocation of ecological water resource and the control of water pollution,
respectively. Furthermore, the EWC is divided into five components, including water consumption of
green area (WCGQG), water for water and soil conservation (WSC), water consumption of plant
(WCP), water consumption of urban water surface (WUW), and water consumption of artificial
water area (WAW). The AWP is influenced by amount of wastewater effluent (AWE) and amount
of sewage treatment (AST) (Qin et al., 2011; Sun et al., 2017). Moreover, the amount of sewage
treatment is determined by the sewage treatment rate (STR), which is affected by the environmental
investment (EI).
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3.4. Scenario design

To compare with other scenarios, we use Scenario 0 to evaluate the future trend under the current
development pattern. In Scenario 0, all features of the basin remain unchanged. Moreover, five alterna-
tive scenarios are proposed to facilitate the coordinative development of socio-economy and
environment.

Scenario 1 (S1: Population growth) addresses basin water resources under rapid population increases.
Rapid population growth can affect water demand (Sophocleous, 2004) and thereby exert new pressures
on the carrying capacity of water resources in the research area.

Scenario 2 (S2: Economic leading) gives priority to economic development, which emphasizes the
importance of economic growth. Jointly considering the current development status and future potential
of regional economic development of Shannxi and Gansu Province, a high economic growth is
employed. To simulate this situation, the parameters related to economic development are appropriately
amplified (Liu et al., 2015).

Scenario 3 (S3: Resource saving) focuses on improving the water efficiency and water resource
supply, which are crucial for the coordinated development of ecology and socio-economy (Xue
et al., 2017). Considering this situation, we assume that the WPU, WPR, WPS, WPT, and WPC all
decline by 25%.

Scenario 4 (S4: Environment leading) emphasizes the protection of the environment with controlling
pollution and improving environmental quality. For years, basin environmental issues have dramatically
influenced the socio-economy development, therefore, effective strategies for improving the ecological
and environmental quality of the river basin are urgently needed (Yang ef al., 2019). Increasing environ-
mental investment and reducing wastewater discharge are effective measures to protect the environment
of the river basin, so we assume that the CID, CDD, and CAD all decline by 25%, while the REI rises
by 25%.

Scenario 5 (S5: Collaborative development) represents an integrated scenario for the coordinative
development of socio-economy and environment. A new parameter set is established by combining
the above-mentioned scenarios (S1, 2, 3, and 4). The scenarios and parameters used in the model are
shown in Table 1.

4. Results
4.1. Test for model

4.1.1. Validation test. The data from 2005 to 2016 are substituted into the SD model, and considering
a mass of variables in the model, only four representative variables are chosen for the test. Table 2
demonstrates the error rate and average error rate of each parameter in the model are less than 10%,
which falls within the acceptable range. The optimal and least optimal values of average error rate
are 0.15% and 3.5%, respectively. The model validation results match well with the actual system, indi-
cating that the model can reflect the reality accurately.

4.1.2. Sensitivity test. To test the model’s sensitivity, we select 12 parameters to confirm their influ-
ence towards the stock variables. Each parameter increases or decreases by 10% annually during the
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Table 1. Comparison of the model.

Parameter

SO
Natural
growth

S1
Population
growth

S2
Economic
leading

S3

Resource saving

S4
Environment
leading

S5
Collaborative
development

Natural population
growth rate (NPR)

Growth rate of
primary industry
production (GRP)

Growth rate of
secondary industry
production (GRS)

Growth rate of
tertiary industry
production (GRT)

Water consumption
per day by per
urban resident
(WPU)

Water consumption
per day by per
urban resident
(WPR)

Water consumption
per unit of
secondary industry
production (WPS)

Water consumption
per unit of tertiary

industry production

(WPT)

Water consumption
per cultivated area
(WPC)

Coefficient of

industry wastewater

discharge (CID)

Coefficient of
domestic
wastewater
discharge (CDD)

Coefficient of
agriculture
wastewater
discharge (CAD)

Environmental
investment ratio
(REID)

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Increase by
25%
Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Increase by 25%

Increase by 25%

Increase by 25%

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Decrease by 25%

Decrease by 25%

Decrease by 25%

Decrease by 25%

Decrease by 25%

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Decrease by
25%

Decrease by
25%

Decrease by
25%

Increase by 25%

Increase by 12.5%

Increase by 12.5%

Increase by 12.5%

Increase by 12.5%

Decrease by 12.5%

Decrease by 12.5%

Decrease by 12.5%

Decrease by 12.5%

Decrease by 12.5%

Decrease by 12.5%

Decrease by 12.5%

Decrease by 12.5%

Increase by 12.5%
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Table 2. Error rate between the actual and simulation values.

Actual Simulation Error rate Average error  Actual Simulation Error rate  Average error
Year value value (%) rate (%) value value (%) rate (%)
Total population (104 persons) GDP (108 yuan)
2005 3,416.17  3,416.17 0 2.31 3,034.41 3,034.41 0 3.50
2006 3,427.72  3,504.99 2.25 3,521.34 3,593.87 2.06
2007 3,436.21 3,515.51 2.31 4,228.60 3,981.48 —5.84
2008 3,449.3 3,522.54 2.12 5,245.49 4,832.3 —7.88
2009 3,425.01 3,536.63 3.26 6,085.80 5,936.35 —2.46
2010 3,345.71 3,511.87 4.97 7,352.52 6,890.47 —6.28
2011 3,356.73 3,431.1 222 8,943.54 8,311.47 —7.07
2012 3,373.17  3,441.39 2.02 10,263.13  10,091.6 —1.67
2013 3,382.25 3,458.6 2.26 11,629.35  11,579.8 —0.43
2014 3,391.67  3,468.97 2.28 12,802.20  12,969.5 1.31
2015 3,406.59  3,479.38 2.14 13,354.18  14,128.1 5.80
2016 3,427.03 3,493.3 1.93 14,292.71  14,469.3 1.24
Cultivated area (104 ha) Water resources demand (108 m®)
2005 322.79 322.79 0.00 0.15 68.14 68.14 0.00 1.74
2006 321.90 322.14 0.08 64.18 67.83 5.70
2007 322.62 321.18 —0.45 60.80 62.84 335
2008 322.30 321.82 —0.15 63.78 63.95 0.27
2009 322.42 321.50 —0.29 64.16 65.65 2.33
2010 32191 321.82 —0.03 63.77 64.69 1.44
2011 321.35 321.18 —0.05 65.24 65.31 0.12
2012 320.75 320.53 —0.07 66.18 67.14 1.45
2013 320.09 319.89 —0.06 64.72 65.39 1.03
2014 318.49 319.25 0.24 66.82 67.81 1.48
2015 317.34 317.66 0.10 66.84 68.29 2.16
2016 315.40 316.39 0.31 66.86 67.87 1.51

simulation period. The results shown in Table 3 reveal that only three of the 12 parameters have a higher
sensitivity than 10%, including GRS, WPS, and WPC. Other parameters, however, are insensitive to
target system state, indicating that the model is robust.

According to the results from model validation and sensitivity analysis, the SD model is perceived to
be not only valid, but also robust. Therefore, it suggests that the SD model can reflect the actual situation
well and thus provides a good basis for the subsequent prediction.

Table 3. The results of sensitivity analysis.

Average sensitivity by ~ Average sensitivity by Average sensitivity by  Average sensitivity by

Variable increasing 10% (%) decreasing 10% (%) Variable increasing 10% (%) decreasing 10% (%)
NPR 3.15% 2.32 GRS 36.91 33.45

GRC 0.71 0.71 WPU 5.39 5.39

WPR 9.55 9.55 WPS 14.96 14.98

WPT 3.80 3.80 WPC 57.79 65.18

GGW 9.29 8.86 WSu 7.02 7.02

AWA 0.55 0.55 CID 8.74 8.74
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4.2. Scenario analysis

4.2.1. Natural growth (S0). Based on the test results, we simulate the SD model under Scenario 0, and
the results are summarized in Table 4.

In the population subsystem, the total population will reach 3,644.33 x 10* person in 2030, and the
growth rate is 6.68%. The urban population will change from 881.37 x 10* in 2005 to 2,004.38 x 10* in
2030 with a relative increase of 127.42%, indicating that the speed of urbanization in the research area
will accelerate.

In the economy subsystem, the GDP will reach 29,499.9 x 10® yuan in 2030, 9.72 times than that in
2005. The primary industry production with the slowest growth rate is predicted to be 2,235.79 x 10
yuan, while the secondary industry production with the fastest growth rate is predicted to be
15,050.00 x 10® yuan, which is 5.99 and 11.15 times higher than that in 2005, respectively.

In the land resources subsystem, the cultivated area will reach 305.36 x 10* ha in 2030, and the
value is reduced by 5.4% compared to 2005. Urban green land is predicted to increase from
1.62 x 10* ha in 2005 to 16.42 x 10* ha in 2030, which corresponds to an increase by 10.14
times.

In the water demand and supply subsystem, the water resource demand will reach 82.24 x 10® cubic
meters, which is increased by 20.69% compared to 2005. Meanwhile, the water resources supply is pro-
jected to decrease from 123.72 x 10® cubic meters in 2005 to 73.73 x 10® cubic meters in 2030, which
corresponds to a decrease by 40.41%. Moreover, the gap between demand and supply will reach 8.52 x
10® cubic meters by 2030, suggesting that we should explore other effective ways to balance water
demand and supply.

In the water environment subsystem, the ecological water consumption and amount of water pollution
will reach 6.37 x 10% and 14.85 x 10® cubic meters, which are 2.53 and 1.81 times than that in 2005,
indicating that more and more attention has been paid to environmental protection and the growth rate of
pollution emissions has been slowed.

Table 4. Simulated values of the critical variables in Scenario 0.

Subsystem/Unit Variable 2005 2020 2030 Growth rate (%)
Population/lO4 person TP 3,416.17 3,571.19 3,644.33 6.68
UP 881.37 1,767.74 2,004.38 127.42
RP 2,534.80 1,803.45 1,639.95 —35.30
Economy/10® yuan GDP 3,034.41 18,284.7 29,499.9 872.18
PIP 373.02 1,770.59 2,235.79 499.38
SIP 1,349.78 8,450.78 15,050.00 1,015.00
TIP 1,311.61 8,063.33 12,214.10 831.23
Land resources/10* ha CA 322.79 310.35 305.36 —-5.40
UGL 1.62 9.32 16.42 913.58
Water demand and supply/10® m* WRD 68.14 70.75 82.24 20.69
WRS 123.72 65.25 73.73 —40.41
WRB 55.58 —5.50 —8.52 —115.33
Water environment/10% m® EWC 2.52 4.52 6.37 152.78
AWP 8.22 13.80 14.85 80.66
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4.2.2. Different scenarios analysis. On the basis of the descriptions provided above, the simulation
results under different scenarios can be obtained by using Vensim software (see Tables 5-9).

Table 5 shows that compared with the natural growth scenario (S0), the growth rate of total popu-
lation in Scenario 1 is the highest (about 10.42%), and will be 3,772.05 x 10* person, while the
value in Scenario 2 is the lowest (about 6.11%), and will reach 3,624.89 x 10* person. The population
growth rate should be kept at a reasonable level to maintain regional development. Considering that too
fast a growth rate may exert excessive pressure on the environment and resources, Scenario 5 is more
appropriate in this regard. In Scenario 5, the total population will be 3,716.55 x 10* person, and the
growth rate is predicted to be 8.79%.

Table 5. Simulation results of the population subsystem in all scenarios (unit: 10* person).

Variable Year SO S1 S2 S3 S4 S5

TP 2005 3,416.17 3,416.17 3,416.17 3,416.17 3,416.17 3,416.17
2020 3,571.19 3,677.15 3,568.61 3,572.56 3,571.19 3,629.96
2030 3,644.33 3,772.05 3,624.89 3,670.22 3,644.33 3,716.55
Growth rate (%) 6.68 10.42 6.11 7.44 6.68 8.79

Up 2005 881.37 881.37 881.37 881.37 881.37 881.37
2020 1,767.74 1,820.19 1,766.46 1,768.42 1,767.74 1,796.83
2030 2,004.38 2,074.63 1,993.69 2,018.62 2,004.38 2,044.10
Growth rate (%) 127.42 135.39 126.20 129.03 127.42 131.92

RP 2005 2,534.80 2,534.80 2,534.80 2,534.80 2,534.80 2,534.80
2020 1,803.45 1,856.96 1,802.15 1,804.14 1,803.45 1,833.13
2030 1,639.95 1,697.42 1,631.20 1,651.60 1,639.95 1,672.45
Growth rate (%) —35.30 —33.04 —35.65 —34.84 —35.30 —34.02

Table 6. Simulation results of the economy subsystem in all scenarios (unit: 108 yuan).

Variable Year SO S1 S2 S3 S4 S5

GDP 2005 3,034.41 3,034.41 3,034.41 3,034.41 3,034.41 3,034.41
2020 18,284.7 18,279.70 27,729.10 18,361.30 18,284.7 22,789.60
2030 29,499.9 29,391.10 43,433.10 35,190.80 29,499.9 40,077.30
Growth rate (%) 872.18 868.59 1,331.35 1,059.72 872.18 1,220.76

PIP 2005 373.02 373.02 373.02 373.02 373.02 373.02
2020 1,770.59 1,770.18 2,507.66 1,776.80 1,770.59 2,127.24
2030 2,235.79 2,231.66 3,135.91 2,427.47 2,235.79 2,800.51
Growth rate (%) 499.38 498.27 740.68 550.76 499.38 650.77

SIP 2005 1,349.78 1,349.78 1,349.78 1,349.78 1,349.78 1,349.78
2020 8,450.78 8,446.25 13,030.80 8,520.59 8,450.78 10,729.10
2030 15,050.00 14,982.20 22,486.00 18,461.40 15,050.00 21,151.00
Growth rate (%) 1,015.00 1,009.97 1,565.90 1,267.73 1,015.00 1,467.00

TIP 2005 1,311.61 1,311.61 1,311.61 1,311.61 1,311.61 1,311.61
2020 8,063.33 8,063.29 12,190.70 8,063.92 8,063.33 9,933.24
2030 12,214.10 12,177.20 17,811.20 14,302.00 12,214.10 16,125.80
Growth rate (%) 831.23 828.42 1,257.96 990.42 831.23 1,129.47
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Table 7. Simulation results of the land resources subsystem in all scenarios (unit: 10* ha).

Variable Year SO S1 S2 S3 S4 S5

CA 2005 322.79 322.79 322.79 322.79 322.79 322.79
2020 310.35 310.27 310.26 310.51 310.39 310.41
2030 305.36 305.02 303.54 306.72 305.46 306.03
Growth rate (%) —5.40 —5.51 —5.96 —4.98 —5.37 -5.19

UGL 2005 1.62 1.62 1.62 1.62 1.62 1.62
2020 9.32 9.31 9.22 9.37 9.34 9.37
2030 16.42 16.35 14.19 20.05 16.53 16.96
Growth rate (%) 913.58 909.26 775.93 1,137.65 920.37 946.91

Table 6 shows that the indicators of GDP, primary, secondary and tertiary industry production have a
similar growing trend. Compared with Scenario 0, Scenario 2 has the most significant influence on the
economy, Scenario 1, however, has the lowest economic level. In Scenario 2, the GDP will be
43,433.10 x 10® yuan, and the growth rate will reach 1,331.35%. The secondary industry production
and tertiary industry production will, respectively, reach 22,486.00 x 10® and 17,811.20 x10® yuan,
which will be predicted to improve by 16.66 and 13.58 times. Considering that rapid economic devel-
opment may cause environmental contamination, Scenario 5 is more moderate. In Scenario 5, the GDP
will reach 40,077.30 x 10® yuan, 13.21 times higher than that in 2005.

Table 7 shows that the maximum and minimum values of urban green land, respectively, appear in
Scenario 3 and Scenario 2. In Scenario 3, urban green area will reach 20.05 x 10* ha, which is improved
by 1,137.65%. However, the value will be 14.19 x 10* ha, which corresponds to an increase by
775.93% in Scenario 2. Meanwhile, the different scenarios have few significant differences in the
values of the total cultivated area. Compared with the other models, Scenario 5 is more suitable. In
chnario 5, the cultivated area will reach 306.03 x 10* ha, and the urban green land will be 16.96 x
10™ ha.

Table 8 shows that the gap between water resource supply and demand exhibits a growing trend. The
lowest and highest water resource imbalance values, respectively, appear in Scenario 3 (about —87.56%)

Table 8. Simulation results of the water demand and supply subsystem in all scenarios (unit: 10% m?).

Variable Year SO S1 S2 S3 S4 S5
WRD 2005 68.14 68.14 68.14 57.74 68.14 62.64
2020 70.75 71.08 79.46 54.28 70.37 67.83
2030 82.24 82.53 94.53 68.35 81.86 74.75
Growth rate (%) 20.69 21.12 38.73 18.38 20.14 19.33
WRS 2005 123.72 123.72 123.72 123.72 123.72 123.72
2020 65.25 65.25 65.14 65.27 65.25 65.27
2030 73.73 73.70 71.27 76.56 73.95 74.19
Growth rate (%) —40.41 —40.43 —42.39 —38.12 —40.23 —40.03
WRB 2005 55.58 55.58 55.58 65.98 55.58 61.08
2020 —5.50 —5.83 —-14.12 10.99 —5.12 —2.56
2030 —8.52 —8.83 —23.26 8.21 =791 —0.56
Growth rate (%) —115.33 —115.89 —141.85 —87.56 —114.23 —100.92
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and Scenario 2 (about —141.85%), and the gap between demand and supply will reach 23.26 x 10®
cubic meters in Scenario 2. Meanwhile, different scenarios have few significant differences in water
supply, indicating that the imbalance is mainly influenced by water consumption, which shows an
increasing trend in all scenarios. Moreover, the results imply that although Scenario 2 guarantees the
economic development, it enlarges this imbalance between water resource supply and demand. Com-
pared with the other models, Scenario 5 is more appropriate. In Scenario 5, the gap between demand
and supply will reach 0.56 x 10® cubic meters.

Table 9 shows that the growth rate of ecological water consumption in Scenario 2 and Scenario 3
will, respectively, be the lowest and highest (about 129.83% and 190.16%), and the values will
reach 5.79 x 10® and 7.31 x 10® cubic meters, respectively. Moreover, the growth rate of amount of
water pollution is greatest in Scenario 2 (about 97.76%) and lowest in Scenario 4 (about 35.49%),
and will, respectively, reach 16.26 x 10® and 11.14 x 10® cubic meters. In Scenario 2, the economy
displays rapid development, resulting in an increase in amount of water pollution. Considering that
the economy cannot be developed at the cost of destroying the environment, Scenario 5 is more suitable
as before. In Scenario 5, the ecological water consumption and amount of water pollution will reach
6.72 x 10® and 12.26 x 10® cubic meters, respectively.

5. Discussion

This study aims to construct a comprehensive evaluation and management system for the joint effects
of socio-economic development and watershed environment management, which could be obtained
through model tests and scenario analysis. The model test results show that the SD model is considered
not only valid, but also robust. Moreover, the results of the scenario analysis can reveal the trends of
system changes and effects of various policy combinations, so as to offer guidance to policy makers.
The population growth and economic leading scenarios (S1 and S2) reveal the single pursuit of rapid
population and economic growth will enhance the imbalance between water resource supply and
demand, and aggravate the contradiction between the socio-economic development and ecological
environment, which development is still at the expense of good ecological environment. Without effec-
tive watershed management, rapid socio-economic development most likely causes serious
environmental problems. This suggests that a comprehensive strategy with the socio-economic and
eco-environment should be taken into account in watershed management.

Table 9. Simulation results of the water environment subsystem in all scenarios (unit: 108 m?).

Variable Year SO S1 S2 S3 S4 S5

EWC 2005 2.52 2.52 2.52 2.52 2.52 2.52
2020 4.52 4.52 4.50 4.53 4.53 4.53
2030 6.37 6.35 5.79 7.31 6.51 6.72
Growth rate (%) 152.78 152.06 129.83 190.16 158.41 166.74

AWP 2005 8.22 8.22 8.22 8.22 8.22 8.22
2020 13.80 13.90 14.75 10.36 10.35 10.96
2030 14.85 14.96 16.26 12.58 11.14 12.26
Growth rate (%) 80.66 82.02 97.76 53.03 35.49 49.20
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In addition, Scenario 3 presents that water resource saving can narrow the gap between water resource
supply and demand; however, the sustainable utilization of water resources and socio-economic devel-
opment cannot be met in the future. Meanwhile, although the amount of water pollution increases in all
scenarios, the growth rate in Scenario 3 is the lowest, demonstrating that water resource conservation is
an effective measure to protect the ecological environment of the river basin. Compared with other scen-
arios, Scenario 4 is intended to assess the protection of environment with controlling pollution and
improving the environmental investment. The result shows that the socio-economic development will
be constrained and the ecological environment quality of the river basin can be improved. To achieve
more sustainable development, we integrated the first four scenarios into the fifth scenario and provide
an optimal choice for river basin development, which comprehensively considers population, economy,
land and water resources, environmental pollution and protection.

Furthermore, based on the status quo in Weihe River Basin, there is a prominent contradiction
between economic development and environmental protection, and the government should schedule a
series of measures for coordinated development of socio-economic and environmental aspects.

First, the socio-economic development should not exceed the carrying capacity of the environment
and avoid falling into the vicious cycle of economic development at the expense of wild nature, as
exhibited in Scenarios 1 and 2. We should adjust the industrial structure, optimize the industrial
layout, and promote the transformation and upgrading of traditional industries through strengthening
technological transformation and innovation. Moreover, vigorous development of the tertiary industry,
including high and new technology industry, cultural industry and service industry, should be encour-
aged to reduce the large consumption of resources and environment. As for the secondary industry, we
should appropriately increase investment in research and development, raise the proportion of technol-
ogy-intensive industries, and promote the development of high-end technology industries and products
in the secondary industry.

Second, local governments in the WHR should format policies and countermeasures to prevent urban
sprawl at the expense of cultivated land, and advocated intensive use of urban land as well as increasing
the green areas, to facilitate the protection of the ecological environment. We should strengthen the man-
agement of planning implementation to promote the rational and intensive use of land for all kinds of
construction, especially for urban construction. Through strict examination of the applications for urban
construction land, a land expropriation system should be rigorously implemented to control the scale of
the land use. Furthermore, a red line for the permanent protection of the basic cultivated area should be
drawn, and land development, consolidation, and reclamation should be promoted, which can increase
the effective cultivated area.

Third, tailored policies on water resources management in the research area should also be directed by
the local government, in order to extend the sources of water supply, increase the efficiency of water
usage, and optimize the existing structure of water supply in the research area. In terms of agriculture,
we should improve irrigation measures and adopt new irrigation methods, such as sprinkler irrigation
and drip irrigation, and improve the construction of water-saving supporting projects in irrigated
areas. In terms of industry and household life, technical measures should be taken to improve
sewage treatment, and the recycling rate of industrial wastewater and domestic sewage should be
raised. In addition, the rational design of rainwater systems can realize the collection, treatment, and
reuse of rainwater.

Last but not least, the research area should divert the local development mode towards a more sus-
tainable fashion, that is to say, to emphasize the coordinated development of society, economy, and
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environment. Since no single step, no matter population increase, economic development, nor nature
resources preservation, will be the solution for achieving the double win of alleviation of the environ-
mental pressures without affecting the socio-economic development level.

6. Conclusions

In this study, a watershed-scale SD model is applied to assess the coordinative development of the
socio-economy and environment in the WHR. The model is calibrated based on the data collected
from the 2005 to 2016 period, and the test results of validation and sensitivity confirm the applicability,
accuracy, and robustness of the model. Based on the test results, different scenarios are established to
predict the overall performance of the model. The main conclusions can be derived as follows: (1) The
collaborative development scenario (S5) is the optimal scheme that takes both the socio-economic
development and the environment protection into consideration. Therefore, development strategies
based on S5 can accelerate population and economic development, assure a moderate growth rate,
reduce the imbalance between water resource supply and demand, and improve the ecological environ-
ment of the river basin. (2) The imbalance between water resource supply and demand is mainly
influenced by water resource demand. Since the water resource consumption will increase with pro-
duction growth and population explosion, the imbalance will expand in the near future, which will
lead to accumulated unsustainable trends in the research area. (3) Pollution issues cannot be solved
through merely environmental investment, or traditional economic development path under the
notion of ‘pollute first and then protect’. Strengthening environmental protection in the research area
requires coordinative development of the socio-economy and environment.

Compared with the existing models, our SD modeling framework clearly expresses the stock-flow
among socio-economic development, land and water resources, environmental pollution and protection
in a river basin. It also pays sufficient attention to identifying an optimal and practical strategy to allow
the establishment of a coordinative development mode. Therefore, this model can help to understand the
features and behaviors of a river basin, and hence provide a powerful tool for assisting decision-making
on issues of coordinative socio-economic development, environmental health protection, water
resources conservation, etc., in the river basin area. By using the SD model, the study found that without
effective watershed management, rapid socio-economic development most likely causes serious
environmental problems. This suggests that integrated socio-economic and eco-environmental strategies
should be considered in watershed management. Factors such as population, economy, water and soil
resources, environmental pollution and protection should be considered comprehensively, and the coor-
dinated development of society, economy, and environment should be emphasized.

However, this study has the following inadequacies: First, the model presented in the paper is sim-
plified, and it does not contain relevant factors such as water price and quality due to the limited
data. Second, the amount of variables in the model is rather small, and some possible scenarios are
not evaluated in the paper. Third, the model results may have certain errors, and the application of
big data in the river basin may make the dynamic simulation results more precise and rational in the
future. These inadequacies indicate directions for future research. In future studies, we will introduce
water price, water quality, and other related factors into the study, and add more variables and scenarios
for evaluation. In addition, we will make comprehensive use of big data to conduct dynamic simulation,
which can make future dynamic simulation results more accurate and reasonable.
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