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Abstract


Land subsidence resulting from the overexploitation of groundwater is an important issue in the Choshui River Basin, Taiwan. In the current study, we employed system dynamics simulation in modeling the supply of surface and groundwater, as well as the demand for water by industry, water deficits, and mechanisms underlying land subsidence. The proposed model was then used to estimate the magnitude of land subsidence and evaluate various management strategies. Our simulation results revealed that the vigorous enforcement of well sealing would have a modest effect on land subsidence; however, it would also have notable adverse effects on the agricultural community. We determined that reducing the demand for irrigation water (e.g., by switching to less water-intensive crops) would reduce land subsidence, while preserving profitability in those areas. In the future, this policy could be complemented by promoting the adoption of advanced irrigation technology and automatic systems to further slow the excessive exploitation of groundwater, with a corresponding effect on land subsidence.
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1. Introduction


Fresh water is a precious resource, due largely to the fact that humans have direct access to only 2.53% of all the earth’s water [1]. In 2015, the United Nations (UN) proposed the Sustainable Development Goals (SDGs), including ‘Clean Water and Sanitation’ (Goal 6), aimed at ensuring that all humans have access to water and sanitation. Access to fresh water also promotes the goals of ‘No Poverty’ (Goal 1), ‘Zero Hunger’ (Goal 2), ‘Sustainable Cities and Communities’ (Goal 11), ‘Climate Action’ (Goal 13), and ‘Life on Land’ (Goal 15).



Growing populations and economic development are increasing the demand for fresh water, and advances in hydrogeology, prospecting, pumping technology, and rural electrification have increased groundwater extraction [2]. Overexploitation of groundwater causes water tables to decline, such that aquifer systems become compressed. This leads to land subsidence, which can have a permanent effect on water storage capacity and underground infrastructure [3].



Land subsidence is an important concern in Taiwan, particularly along the southwestern coasts. In 2020, the land sank more than three centimeters in some areas, mostly in the Choshui River basin between Yunlin and Changhua counties. Severe land subsidence can have a profound influence on above-ground structures, such as threatening the operation of high-speed rails and highways. It can also lead to the salinization of coastal aquifers via saltwater intrusion, undermining soil quality and increasing the frequency of flooding [4].



Land subsidence in Taiwan is caused mainly by groundwater overexploitation, due largely to uneven temporal and spatial distributions of rainfall. The Choshui River basin has no large-scale water storage facilities, which means that local industries must compete to extract groundwater for development. Governmental interventions are required to slow down the extraction of groundwater. The issue of land subsidence involves water supply, water demand, water deficits, and policy instruments under the effects of time delays and nonlinear causality. Therefore, effective management strategies for land subsidence depend on systematic analysis.



In accordance with grounded theory, we collated extensive literature on the driving forces of land subsidence from foreign and domestic sources. We then identified the key factors via grouping and clustering on which to develop a system dynamics (SD) model. The SD approach is well-suited to dynamic systems characterized by interdependence, mutual interaction, information feedback, and nonlinear causality. It has also proven effective in studying problems that arise in balancing and reinforcing loops. For highly complex groundwater systems, the SD approach can be used to capture interdependencies and feedback between various subsystems. This also allows for the presentation of relationships between factors using causal loop diagrams. In the current study, we employed Vensim PLE to construct an SD model by which to characterize the dynamic groundwater balance and simulate accumulated land subsidence. The proposed system was applied to the Choshui River basin with the intention of deriving insights by which to formulate effective policy aimed at mediating land subsidence.



The remainder of this paper is structured as follows. Section 2 presents a review of the literature pertaining to SD in the context of water resources. Section 3 describes the methodology and data used in this paper. Section 4 presents simulation results under various scenarios. The final two sections respectively provide a discussion of policy implications and conclusions.




2. Literature Review


SD has been used to explore economic growth [5], public policy [6], agricultural conservation [7], urban development [8], business development [9], financial systems [10], demographics [11], and environmental systems [12]. SD has proven highly effective at the quantitative simulation of the dynamic consequences of policies. In the current study, we explore the supply of, demand for, and management of water resources; therefore, this literature review focuses on the application of SD to water resource management.



Simonovic modelled global water resources using the SD approach [13]. The World Water Model was based on the last version of World3, in which water quantity and quality are presented in the context of population, agriculture, economy, nonrenewable resources, and persistent pollution. The total water stock in the model included precipitation, ocean resources, nonrenewable groundwater resources, and water recycling. The resulting simulations revealed a strong relationship between water resources and industrial growth, and identified pollution as the most important issue pertaining to global water levels.



Zhang and Mitsch used the SD model to investigate the hydrologic processes of four different flow-through-created freshwater wetlands in Ohio, USA [14]. Their model of a three-hectare riparian wetland developed using STELLA 7.0 featured dynamic interface level controls, surface water inflow and outflow, precipitation, evapotranspiration, and groundwater seepage. They determined that the hydroperiod of the wetland provided more than sufficient flooding to ensure that it met the criteria for jurisdiction as a wetland. Water budget predictions provide useful information pertaining to hydroperiod and hydrologic dynamics prior to the construction of stormwater wetlands.



Chen et al. combined a driving-force–state–response (DSR) framework and the SD model by which to establish the dynamic strategy planning procedure [15]. They also considered the integrated management of land, water, and air resources in river basin systems. Their combination of modified land-use management methods with DSR dynamic strategy planning procedure demonstrated the efficacy of these techniques for urban and regional planning.



Khan et al. demonstrated the application of SD in two case studies with dynamically-linked processes, including seepage from a river, evaporation from a shallow water table, groundwater storage, and lateral flow from upland to lowland areas [16]. Their model is applicable to the simulation of responses to irrigation management scenarios aimed at developing strategies by which to improve water use efficiency, prevent salinization, and reduce the cost of groundwater abstraction in lowland areas.



Wei et al. developed a complex SD model of the interactions between water resources, environmental flow, and socioeconomic indicators in the Weihe River basin of China [17]. Their model comprised nine subsystems, including population, industry, agriculture, water demand, wastewater and its treatment technology and policy, water resources, water balance, ecology, and environment water demand, as well as environmental flow requirements. Their results obtained under four alternative socioeconomic growth patterns demonstrated the efficacy of their approach to modeling dynamic behavior in order to identify optimal growth patterns.



The Singapore Water SD model developed by Xi and Poh revealed that investing in only groundwater storage or surface water catchments is insufficient to achieve water self-sufficiency [18]. They also determined that if Singapore invests in desalination or wastewater reclamation only after the water supply shows signs of stress, water shortages could ensue for up to five years, thereby illustrating the need to build water infrastructures well in advance.



Balali and Viaggi adopted the SD approach to modeling groundwater dynamics under various economic policies and climate change scenarios [19]. They used STELLA software to create a dynamic hydroeconomic model by which to elucidate the interactions among the economic behavior of farmers, groundwater aquifer dynamics, climatic conditions, and economic policy on the vulnerability of groundwater under dry, normal, and wet conditions. They demonstrated that the implementation of economic policies related to irrigation water and energy pricing can significantly affect groundwater exploitation and its volume balance. They also demonstrated that climate change can affect groundwater recharge, and that precipitation is positively correlated with aquifer recharge rates.



Alifujiang et al. adopted the SD approach to develop a dynamic water balance model of the Issyk-Kul Lake basin for the period from 1980 to 2012 [20]. Results based on sensitivity analysis revealed that changes in lake water levels could be attributed primarily to water withdrawal from lake tributaries, changes in land use, and increases in population water demand, as well as evaporation and precipitation.



Ghasemi et al. employed the SD approach to develop a management strategy to deal with water resources in metropolitan Tehran, Iran [21]. The results showed that despite the diminishing availability of water resources, optimizing the use of existing resources could reduce water deficit within 30 years.



Mokhtar and Aram developed an SD model to investigate the hydrologic and socioeconomic aspects of groundwater balance in an Iranian agricultural plain [22]. The results of the business-as-usual policy scenario demonstrated the ineffectiveness of current governmental policies at maintaining a regional balance in groundwater. They also ran their model under different mitigation policies, including methods aimed at improving irrigation efficiency and groundwater recharge under agricultural expansion. Their results indicated that re-establishing regional balance in groundwater distribution within the next 30 years could be achieved as long as irrigation efficiency is improved while maintaining the current level of agricultural production.



Pluchinotta et al. developed an SD model to elucidate the means by which actions influence the decision making of stakeholders in an interaction space [23]. Their model has been used to evaluate the impact on water management policies and identify critical feedback in the dynamic evolution of the system. Their research was not intended to optimize water allocation, price decisions, or crop planning. Rather, their objective was to illustrate for decision makers the potential consequences of their decisions. The results of their work could be used as a starting point for future research dealing with the complexity of water management and policy design.



Bai et al. employed SD modeling to determine the hydrologic and economic implications of irrigation efficiency (IE) policy in a coupled sociohydrologic system under three climatic scenarios [24]. Simulations were conducted on the lower Rio Grande region (LRG) of New Mexico, USA, for the period from 1969 to 2099. These simulations included water, land, capital, and population modules. Results revealed current policies are capable of increasing abundance by 4.7~74.5% and return flow by −3.0~9.9%. However, these positive results would come at the cost of decreased hydrologic connectivity (−31.5 to −25.1%) and negative economic growth (−32.7 to −5.7%).



Conventional modeling schemes cannot be used to characterize dynamic feedback relationships between the physical aspects of water balance and population growth, the development of agriculture and industry, technological developments, or the use of other resources. A review of the literature revealed that SD is an effective tool in the field of water resource management; however, it has not been widely used to model groundwater dynamics in regions of severe land subsidence.



Over the past decade, numerous studies have been conducted on groundwater and land subsidence in Taiwan; however, there has been considerable variation in their focus and the dimensions they address. Some researchers have sought to predict the probability of land subsidence, whereas others have conducted numerical simulations of groundwater flow. There has been research on land subsidence monitoring, the analysis of groundwater extraction, and the development of algorithms (e.g., genetic algorithms and neural networks) to estimate soil compression parameters. Relatively little research has addressed the issue of water resources management or the formulation of policy instruments to deal with land subsidence.



Based on the theory of collaborative governance, Lo explored environmental issues, the collaboration process, and design of systems aimed at mitigating land subsidence in the Yunlin and Changhua areas [25]. They identified a number of factors influencing collaborative governance mechanisms, including the transfer of resources from the central government to local governments, coordination between ministries and governments, consistency in objectives of various sectors, and the soundness of supervision and accountability mechanisms. They emphasized the importance of addressing the concerns of all stakeholders in land subsidence prevention, creating channels to facilitate citizen participation, and enhancing mechanisms for external supervision.



Liao and Chen proposed a subsidy policy aimed at mitigating land subsidence and flood problems associated with the overuse of groundwater by farmers in Da-Cheng Township, Taiwan [26]. They simulated the required total subsidy expense and the monetary value of avoided flood damages from alleviating the land subsidence, and determined that the benefit–cost ratios from the proposed subsidy regulations were all higher than that from the Flood Control Program currently adopted by the government. Under the specific regulations suggested in this study, the ratio can be as high as 1.15, which means that using a limited budget efficiently requires addressing the underlying issues as early as possible.



Lo focused exclusively on the influence of interministry collaboration on land subsidence prevention, entirely avoiding the issue of policy implementation [25]. Liao and Chen examined the effects of policy implementation from the perspective of subsidy policies [26]; however, they did not consider the effects of other mechanisms on land subsidence. This is the first study to employ SD as a decision-support tool in the analysis of land subsidence areas in the Choshui river basin, including nonlinear causality and information feedbacks among interlinked variables, as well as the processes governing groundwater drawdown. This paper contributes to the literature on SD for water resource management by incorporating the concepts of grounded theory to facilitate the identification of factors that are crucial to the SD model, rather than selecting factors arbitrarily.




3. Materials and Methods


3.1. Selection of Key Factors—The Concept of Grounded Theory


Grounded theory was developed by two sociologists, Glaser and Strauss, in 1967 [27]. This systematic methodology begins with the collection of qualitative data, from which ideas/concepts emerge. The concepts are then tagged using codes that provide a succinct summary. The ongoing collection and review of these codes enables the grouping and categorization of concepts to form hypotheses. This emergent aspect of grounded theory differs from the traditional scientific model of research, in which the researcher selects an existing theoretical framework from which hypotheses are derived, and data collection is intended only for hypothesis testing.



The issue of land subsidence is complex and multifaceted. In accordance with grounded theory, we conducted an extensive review of the literature, analyzed primary research results, and selected relevant factors.



Key factor selection was implemented in three steps:




	
We began with a comprehensive review of the literature covering supply, demand, and policy. Supply included the development of water conservancy facilities, the excavation and sealing of water wells, and the construction of groundwater recharge facilities. Demand included water for agriculture, water for aquaculture, and water for industrial parks. Policy included water price adjustments and rewards for using recycled water.



	
We then consolidated common factors based on segments and keywords repeatedly mentioned in the literature.



	
Finally, we coded the factors and segments with the aim of identifying relationships among Level 1 codes in order to form higher-level concepts in accordance with the primary categories, such as supply and demand.








Table 1 presents an example constructed using the above steps. Our primary objective was to identify the key factors influencing land subsidence from which to develop the SD model. In the current study, we employed the concept of grounded theory to overcome the subjective selection of components used in existing SD studies.




3.2. System Dynamics Model


Complex issues cannot be resolved from an event-oriented perspective or through the use of simple linear thinking. SD provides a number of tools by which to model and analyze dynamic interactions in complex systems [28]. The most important feature of SD is its applicability in elucidating the endogenous structure of systems, including interactions among the various elements within the context of decision making. SD bases the relationship between structure and behavior on the concept of information feedback and control. Accordingly, time delays, amplifications, and structural relationships among system elements often play a more important role than individual components in determining system-level phenomena.



The identification of causal loops can facilitate the establishment of SD models. Land subsidence is caused by groundwater exploitation, which can be modelled as an imbalance between supply and demand. Thus, the proposed SD model is based on the interactions among water supply, water demand, and land subsidence (see Figure 1).



As shown in Figure 2, we expanded the aspects of supply and demand. The downward-pointing arrow at the top of the figure indicates the source of recharge; i.e., rainfall. The two-way arrow between water supply and land subsidence at the bottom of the figure indicates an interactive relationship. Industry-level demand is obtained by multiplying the area of land in use by the water demand per unit area in that industry. In other words, the demand for water in each industry is given by the area of land in use multiplied by irrigation, aquaculture, and industrial water demand per unit area. Total water demand is obtained by summing industrial-level demands. The difference between the supply and demand is referred to as the deficit, which in turn influences the supply and demand. This represents a causal loop. Supply is broken down into surface water and groundwater. The difference between groundwater use and recharge serves as the basis for land subsidence calculations.



We created stock-flow diagrams for the Choshui River basin in accordance with the principles of SD, a series of casual loops, and mathematical equations (see Appendix A). The proposed model uses the concepts of water balance and rainfall-runoff transformation to estimate the availability of water for agriculture and industry. The model respectively generates water demand data for agriculture and industry based on land use expansion, changes in water demand, and the effect of time delays.



As shown in Figure 3, the relationships and stock–flow diagrams were formulated using the SD software package ‘‘Ventana Simulation Environment Personal Learning Edition” (Vensim PLE) [29]. The plus sign indicates an increase in the variable at the head of the nearby arrow, whereas the minus sign indicates a decrease in that variable. Furthermore, this figure illustrates the relations between key components and feedback mechanisms of the system, including several balancing (B) and reinforcing (R) loops.



In Figure 3, water deficit is located at the center, and the demand for water resources is on the right. Land area is a dichotomous variable; i.e., it comprises both agricultural and industrial land. Water demand is correlated mainly with land area as follows: land area times water demand per unit area for crops, aquaculture, or industry, respectively. The current model assumes that further land development is possible as long as there are sufficient water resources. We also assumed that more wells will be excavated when water resources fail to satisfy demand. The proposed model also takes the effect of time delays into account.



The upper left portion of Figure 3 indicates the availability of water resources, where rainfall (at the top) is divided into surface water (on the right) and groundwater recharge (below). The level variable of groundwater supply is represented by the number of groundwater wells. Multiplying the average volume of water extracted from each well (a fixed value) by the number of wells gives us the total water extracted from wells (i.e., groundwater supply). Adding the total available surface water to the total well-supplied water gives us the total water supply.



Land subsidence mechanisms are presented in the lower left corner of Figure 3. The downward arrow indicates the conversion of rainfall to groundwater (i.e., groundwater recharge). Subtracting groundwater demand from groundwater recharge gives us the volume of groundwater overexploitation. Multiplying by the groundwater overexploitation value by the volume of water required to cause one centimeter of land subsidence gives us the accumulated land subsidence. We also sought to account for the effects of land compaction under the effects of subsidence, which can have a negative effect on the rate of subsidence.



The overall methodology flowchart is illustrated in Figure 4. This flowchart provides a step-by-step guide outlining the integration of grounded theory and system dynamics modeling.




3.3. Data Sources


3.3.1. Study Area


The Choshui River basin is located along the midwestern coast of Taiwan, including the counties of Changhua and Yunlin. The Choshui River runs from east to west through the study area (Figure 5), which covers approximately 1800 km2 across the two counties. The alluvial plain is surrounded by geographic boundaries, including the Taiwan Strait (to the west), the Central Mountain Ridge (to the east), the Wu River (to the north), and the Beigang River (to the south) [30]. Measurements of groundwater level in the aquifers revealed two prominent flow directions: northwest from a mountainous area in the east (Changhua) and southwest (Yunlin) [31].



Given the insufficient surface water supply in the area, agricultural communities and industries extract groundwater to supplement their demands for irrigation, aquaculture, and industrial use. Hence, groundwater overdraft causes serious land subsidence, especially during droughts. In this study, we collected data related to the Choshui River basin (Changhua and Yunlin) for use as parameters in the SD model.




3.3.2. Data Required for SD Model


We collected open-access statistical data and reports from government sources (e.g., websites), including the surface water–rainfall ratio; groundwater–rainfall ratio; surface runoff utilization rate; area of land under agricultural and industrial development; water demand for irrigation, aquaculture, or industrial use per unit area; proportion of land area under agricultural or industrial development; and proportion of water used for irrigation, aquaculture, or industrial use. This data are listed in Table 2.



We also estimated some required data, including the average volume of water excavated from each well, the number of water wells, the number of wells sealed due to land subsidence, the effect of time delays, and the volume of water required to cause one centimeter of land subsidence. These data are listed in Table 3. The rationality of these estimates was verified by experts and specialists.



The simulation was run for the period from 2020 to 2080 (60 years), in which 2020 was used as the base year and the modeling time-step was 1 year.






4. Results


4.1. Scenario Design


Three scenarios were established in accordance with the tenets of grounded theory, based on an extensive review of the literature and various strategies aimed at reducing land subsidence.



	
Scenario 1—Vigorous enforcement of well sealing






One of the main causes of land subsidence is an excess of wells. In many situations, governments are unable to curtail groundwater exploitation, due in part to the fact that a complete ban could have a severe negative impact on industrial activity and the livelihoods of farmers and fishermen. The Taiwan government has adopted an interim measure in which approximately 500 wells are sealed each year for each 1 cm of subsidence [33]. Scenario 1 assumes the adoption of stronger measures in which the number of wells sealed annually is increased from 500 to 1500 for each 1 cm of subsidence.



	
Scenario 2—Promotion of surface water utilization






Rainfall can become surface water or groundwater recharge. Roughly 16% of surface runoff ends up replenishing the water supply; i.e., most surface water flows into the ocean. Scenario 2 assumes that more dams are built in order to increase the utilization of surface water from 16% to 25%.



	
Scenario 3—Reduced demand for irrigation water per unit area






In the current study, we estimated the total water demand by multiplying land area by the water demand per unit area. Scenario 3 focuses on reducing net consumptive use of water for irrigation (from 14.2 thousand cubic meters per hectare to 10 thousand cubic meters per hectare), which can be realized by cultivation of less water-intensive crops (e.g., sorghum), using advanced irrigation technology and automatic systems.




4.2. Simulation Results


	
Scenario 1—Vigorous enforcement of well sealing






Figure 6 presents the results of Scenario 1. The red line indicates the results of sealing 500 wells per year for each 1 cm of subsidence. The blue line indicates the land subsidence resulting from the sealing of 1500 wells per year. Clearly, implementing more vigorous well-sealing measures would have a moderate effect on land subsidence.



Figure 7 illustrates the land use results obtained under Scenario 1. From top to bottom, the three graphs present the total land use, industrial land use, and agricultural land use. The red lines indicate the results obtained when 500 wells are sealed each year for each 1 cm of subsidence (baseline scenario), and the blue lines indicate the results obtained when 1500 wells are sealed per year for each 1 cm of subsidence (Scenario 1). The relatively small discrepancy between the two lines indicates that well sealing had a negligible effect on land use.



	
Scenario 2—Promotion of surface water utilization






Figure 8 displays the simulation results obtained under Scenario 2. The brown indicates the results obtained under the baseline scenario, in which only 16% of the surface runoff replenished the water supply, and the blue line presents the results obtained when water utilization was increased from 16% to 25% (Scenario 2). These results demonstrate that efforts aimed at increasing the surface water in place of groundwater could have a profound effect on reducing land subsidence. Scenario 2 outperformed the other scenarios in terms of the reduction in accumulated land subsidence. The strength of this scenario can probably be attributed to the large amount of rainwater in this region, such that even a modest increase in surface water utilization could have profound effects on the reduction in groundwater extraction.



The brown lines in Figure 9 indicate the results obtained under the baseline scenario, and the blue lines indicate the results obtained under Scenario 2 (increasing surface water utilization). Based on historical usage data, it appears that 97% of the water supply is provided to agricultural land, while 3% is provided to industrial land. Thus, promoting surface water utilization would have a pronounced effect on agricultural land use. We also found that implementing Scenario 2 would have a positive effect on overall land use while reducing the fluctuation.



	
Scenario 3—Reduced demand for irrigation water per unit area






Figure 10 presents the simulation results obtained under Scenario 3. The light blue line indicates the results obtained under the original demand for irrigation water (14.2 thousand cubic meters per hectare), and the dark blue line indicates the results obtained by reducing demand to 10 thousand cubic meters per hectare. Our results reveal that reducing the demand for irrigation water could indeed mediate land subsidence. Note however that demand in the current study included water for use in industry as well as agriculture, and agricultural water was further divided into irrigation and aquaculture. Thus, our results pertaining to irrigation water were not as significant as those obtained under Scenario 2.



Figure 11 illustrates changes in land use obtained under Scenario 3. Reducing demand for irrigation water had a pronounced effect on agriculture, such that the growth in agricultural land use was greater than that before the adjustment, and in comparison, the increase in industrial land use was much smaller. Although the effect of irrigation water demand reduction can cause the system to underperform as compared with Scenario 2, Scenario 3 holds promise to mitigate the land subsidence while maintaining a steady condition for overall land use.





5. Discussion


The three scenarios simulated in this study were meant to moderate land subsidence from the perspectives of supply and demand. Supply strategies included reducing the number of water wells (Scenario 1) and increasing the rate of surface water utilization (Scenario 2), both of which were shown to reduce the rate of groundwater exploitation. Scenario 3 focused on reducing net consumptive use of water for irrigation. Our results revealed that the enormous number of wells in the Choshui River basin (approximately 150,000) meant the impact of sealing 1500 wells per year for each 1 cm of subsidence would be negligible. Furthermore, restrictive policies (i.e., enforcement of well sealing) were not received well by agricultural producers due to adverse impacts on production, which in turn hurt the economic condition of the agrarian communities. Finally, monitoring the use of wells could prove to be an administrative nightmare.



Scenario 2 is meant to enhance the utilization of surface water by building more dams and improving water retention methods. This scenario would no doubt reduce land subsidence; however, implementing such methods would be time-consuming and costly. Furthermore, the construction of more dams has led to the extinction of many fish and other aquatic species; the disappearance of birds in floodplains; the extensive loss of forest, wetlands, and farmland; the erosion of coastal deltas; and other adverse environmental effects. Note, however, that this type of development can have tangible as well as intangible effects, and quantifying the impact would require additional data and sophisticated valuation methods from environmental economics. Our current SD model does not include a subsystem by which to quantify the economic losses associated with these environmental effects.



Scenario 3 is meant to mediate subsidence by reducing net consumptive water use for irrigation. In effect, it can also significantly decrease the land subsidence while maintaining profitability of agricultural production. For example, land subsidence in the Yunlin area of the Choshui River basin has shifted from coastal areas to areas along the high-speed rail. In 2020, the area suffering from significant land subsidence reached 103.8 square kilometers. The accumulated subsidence was 2.62 m, and the average subsidence in 2020 was 5.5 cm. In 2021, the government sought to mediate the overexploitation of groundwater by promoting the cultivation of less water-intensive crops (e.g., sorghum) and encouraging farmers to plant dry crops in areas within 1.5 km of the high-speed rail in Yunlin. Financial incentives for cultivation of less water-intensive crops include subsidies granted by the central government (NTD 45,000 per hectare (NTD stands for New Taiwan Dollar; on average (Year 2020), USD 1 is approximately equivalent to NTD 29.5)), subsidies granted by an environmental services program (NTD 5000 per hectare), and subsidies granted by the Yunlin County government (NTD 10,000 per hectare). Adding these subsidies to the profits from harvesting crops allows farmers to earn an average of NTD 114,000 per hectare simply by switching to sorghum. Sorghum crops are also time-efficient, such that the profits are comparable to those of rice. In the future, this policy could be complemented by promoting the adoption of advanced irrigation technology and automatic systems for hydrological data acquisition and transmission to further improve irrigation efficiency. In addition, appropriate land management policies should be implemented to ensure water savings are not used to increase crop production by expanding cultivated lands.




6. Conclusions


Land subsidence is a complex issue involving water supply, water demand, water deficits, and policy instruments. It is further complicated by time delays and various linear and nonlinear causalities. Devising management strategies for land subsidence requires systematic analysis. In the current study, we adopted the Choshui River basin in Central Taiwan as a case study in the construction of an SD model. The presented stock–flow diagrams and the simulation results provided insight into the groundwater management problem, where increasing groundwater withdrawal from a growing number of wells is pushing the system toward its limit in terms of availability of water resources. Consequently, significant groundwater table drawdown poses a serious threat to sustainability of industrial production in the region. This paper contributes to water-resource SD literature by explicitly capturing interdependencies and feedback between various subsystems in the simulation of management strategies for governing groundwater drawdown. Our results are summarized below.



Unlike existing SD studies in which system components are largely arbitrary, we employed grounded theory to facilitate the extraction of primary factors based on a review of the literature. We coded the factors as either supply or demand, due to the fact that groundwater exploitation can be attributed primarily to an imbalance between the two. The resulting SD model was implemented using Vensim PLE.



Simulation results revealed that the vigorous enforcement of well sealing (Scenario 1) would have a modest effect on land subsidence; however, the adverse impacts on the livelihood of the agricultural community were significant. Scenario 2, aimed at enhancing surface water utilization, improved land subsidence; however, the associated costs and adverse environmental impacts were notable. Scenario 3, aimed at reducing net consumptive use of water for irrigation, would provide substantial benefits in terms of land subsidence while maintaining the profitability of agricultural production. However, this mitigation policy requires government intervention to provide financial incentives for cultivation of less water-intensive crops and the adoption of advanced irrigation technology and automatic systems. Recently, the government has begun to encourage the agricultural sector to plant dry crops or less-water-intensive crops in severe land subsidence areas. Based on this plan, subsidies need to be granted by the central and local governments; this is absolutely not remarkable when compared to the calculated benefit from the switching to less-water-intensive crops. Even if subsidies are fully removed, the benefit will remain feasible due to the improvement in irrigation and farming technologies. Furthermore, agricultural extension services and nongovernmental organizations can play a significant role by training the farming communities to raise their awareness of water scarcity.



The current model considered the connections among water supply, water demand, and land subsidence. We did not consider the influence of land subsidence or various strategies on the environment, or the effects of reparation methods on economic performance. Including such factors in future models would make the proposed model more comprehensive. Note also that this study simulated only a single management strategy. In the future, researchers could evaluate a portfolio of strategies.
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Appendix A


The equations in our SD model use either stocks or flows as variables. Stocks refer to accumulations used to characterize the state of a system in order to derive information upon which to base decisions. Flow is used to define rates capable of affecting a change in stocks. The accumulation of stocks is a function of the difference between inflow and outflow. A stock with one inflow and one outflow is formulated as follows:


  S t o c k  ( t )  = S t o c k  (   t 0   )  +   ∫    t 0   t   [  I n f l o w  ( t )  − O u t f l o w  ( t )   ]  d t  



(A1)




where Stock(t) indicates the stock at time t, Stock(t0) indicates the stock at time t0, Inflow(t) indicates the inflow at time t, and Outflow(t) indicates the outflow at time t.



Land quantity is the main stock in the model. Annual changes in land quantity are controlled by land inflow (i.e., development) and land outflow (i.e., subsidence). The quantities of agricultural and industrial land at a time t are respectively calculated as follows:


  Q A L  ( t )  = Q A L  (   t 0   )  +   ∫    t 0   t   [  A L D  ( t )  − A L S  ( t )   ]  d t  



(A2)






  Q I L  ( t )  = Q I L  (   t 0   )  +   ∫    t 0   t   [  I L D  ( t )  − I L S  ( t )   ]  d t  



(A3)




where QAL(t) refers to the quantity of agricultural land at time t, QAL(t0) indicates the quantity of agricultural land at time t0, ALD(t) indicates agricultural land development at time t, and ALS(t) indicates agricultural land subsidence at time t. QIL(t) indicates the quantity of industrial land at time t, QIL(t0) indicates the quantity of industrial land at time t0, ILD(t) indicates industrial land development at time t, and ILS(t) indicates industrial land subsidence at time t.



The number of groundwater wells is another stock in our model. Inflow covers the excavation of groundwater wells, while outflow covers the sealing of groundwater wells. The number of groundwater wells at a time t is calculated as follows:


  G W  ( t )  = G W  (   t 0   )  +   ∫    t 0   t   [  E W  ( t )  − S W  ( t )   ]  d t  



(A4)




where GW(t) refers to number of groundwater wells at time t, GW(t0) indicates the number of groundwater wells at time t0, EW(t) indicates the number of excavated groundwater wells at time t, and SW(t) indicates the number of sealed groundwater wells at time t.



The accumulated land subsidence level is derived from annual land subsidence using the following formula:


  A L S  ( t )  = A L S  (   t 0   )  +   ∫    t 0   t   [  L S  ( t )   ]  d t  



(A5)




where ALS(t) refers to the accumulated land subsidence level at time t, ALS(t0) indicates the accumulated land subsidence level at time t0, and LS(t) indicates the land subsidence level at time t.
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Figure 1. Relationships among water supply, water demand, and land subsidence. 
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Figure 2. Relationships among surface water, groundwater, water use by various industries, water deficits, and land subsidence. 






Figure 2. Relationships among surface water, groundwater, water use by various industries, water deficits, and land subsidence.



[image: Sustainability 14 01371 g002]







[image: Sustainability 14 01371 g003] 





Figure 3. Stock–flow diagram of dynamic hydrological system in Choshui River basin. 
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Figure 4. Methodology flowchart of grounded theory and system dynamics model. 
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Figure 5. Map of Choshui River basin. Data source: Chu et al. [31]. 
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Figure 6. Simulated land subsidence under Scenario 1. 
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Figure 7. Simulated land use under Scenario 1. 
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Figure 8. Simulated land subsidence under Scenario 2. 
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Figure 9. Simulated land use under Scenario 2. 
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Figure 10. Simulated land subsidence under Scenario 3. 
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Figure 11. Simulated land use under Scenario 3. 
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Table 1. Example of key factor selection.
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Main Category

	
Level 2

	
Level 1

	
Concepts Drawn from Literature






	
Supply

	
Use of surface water

	
Inadequate interception of surface runoff

	
Insufficient planning of water for home use and irrigation, resulting in groundwater exploitation by the public and private sectors




	
Development of water conservancy facilities

	
Government investment in water supply facilities for the allocation of surface water resources




	
Development of water resource facilities aimed at increasing the water supply, such as the Hushan Reservoir and Niaozueitan Artificial Lake




	
Use of groundwater

	
Water well management and sealing

	
Implementation of water well management and industrial planning to mediate water usage




	
Ceasing all subsidies involving consumables and power consumption leading to groundwater exploitation




	
Management of existing illegal wells, prevention of new illegal wells, and an annual reduction in the number of publicly operated water wells




	
Groundwater recharge

	
Installation of groundwater recharge facilities in Yunlin and Changhua




	
Demand

	
Water use by industry

	
Changes in use of water for agricultural irrigation

	
Provision of rewards to promote the conversion of farms irrigated with groundwater to dry farming or afforestation, or leaving such farms fallow




	
Converting 6000 hectares of farmland to dry farming and 2000 hectares of flatland to afforestation




	
Changes in use of water for aquaculture

	
Government allocation of coastal areas with poor soil in Yunlin and Changhua to freshwater aquaculture




	
Gradual replacement of freshwater aquaculture with seawater aquaculture




	
Industrial water use

	
Majority of water supply for industry from wells




	
More pronounced impact of deep water wells than shallow wells on land subsidence




	
Other water uses

	
Water price adjustments in response to changes in demand

	
Establishing a reasonable water price structure aimed at controlling consumption to prevent waste: the adoption of tiered pricing and removal of basic fees, while accounting for the costs involved in developing water resources




	
Rewards for using recycled water

	
Encouraging major water users to employ water-saving equipment and recycle water











 





Table 2. Data from open-access sources.
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	Name
	Quantity
	Data Source





	Ratio of surface water to rainfall
	0.71 (no unit)
	Water Resources Agency, Ministry of Economic Affairs



	Ratio of groundwater to rainfall
	0.04 (no unit)
	Water Resources Agency, Ministry of Economic Affairs



	Surface runoff utilization rate
	0.16 (no unit)
	Water Resources Agency, Ministry of Economic Affairs



	Area of land under agricultural development
	106,566 hectare
	Water Resources Agency, Ministry of Economic Affairs



	Area of land under industrial development
	4978 hectare
	Water Resources Agency, Ministry of Economic Affairs



	Water demand for irrigation per unit area
	14.2 thousand cubic meters per hectare
	Water Resources Agency, Ministry of Economic Affairs and our estimates



	Water demand for aquaculture per unit area
	32.3 thousand cubic meters per hectare
	Water Resources Agency, Ministry of Economic Affairs and our estimates



	Water demand for industry per unit area
	56.6 thousand cubic meters per hectare
	Water Resources Agency, Ministry of Economic Affairs and our estimates



	Proportion of area used for irrigation
	0.9 (no unit)
	Water Resources Agency, Ministry of Economic Affairs



	Proportion of area used for aquaculture
	0.1 (no unit)
	Water Resources Agency, Ministry of Economic Affairs



	Proportion of water used for agriculture
	0.97 (no unit)
	Water Resources Agency, Ministry of Economic Affairs



	Proportion of water used for industry
	0.03 (no unit)
	Water Resources Agency, Ministry of Economic Affairs










 





Table 3. Data based on our estimates and verified by experts and specialists.
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	Name
	Quantity
	Data Source





	Rainfall
	6.1 billion cubic meters
	Our estimates and verified by experts



	Average volume of water excavated from each well
	100 thousand cubic meters per well
	Our estimates and verified by experts



	Number of water wells
	150,000 wells
	Our estimates and verified by experts



	Number of wells sealed due to land subsidence
	500 wells annually for each 1 cm of subsidence
	Our estimates and verified by experts



	Time delays effect
	1~3 years
	Our estimates and verified by experts



	Water volume causing 1 cm of land subsidence
	19,011~263,157 thousand cubic meters per cm
	Yang [32]
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