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Abstract

Population growth, coupled with climate and social shifts, has resulted in a global phenom-
enon of water scarcity. Yet, the effect of social factors on water resources has been poorly
studied. Hence, this study aimed to identify the key parameters in social systems that sig-
nificantly impact hydrological system change and presents the best scenario for water man-
agement. The system dynamic (SD) approach was employed in this research to construct a
combined framework of policies based on scenarios, which aimed to ensure social sustain-
ability and coupled human-water systems. For this purpose, the SD model was simulated
on the Gavshan Basin in the west of Iran for the long-term period 2020-2050. The results
indicate that the water resources in the Gavshan Basin cannot meet the growth of the popu-
lation. Meanwhile, about 20% of the water stored in the Gavshan Dam is not effectively
used and flows out of the irrigation network as wastewater. The result of the sensitivity
analysis showed that in scenarios 3 and 4, the policy of wastewater reuse in the agricultural
sector significantly increases available water resources, has a major impact on water sup-
ply, and increases crop yields. These findings can be applied by policy-makers. Instead of
making efforts only to change hydrological systems, policies need to first focus on socio-
hydrology systems sustainability. It is suggested that national organizations’ support should
be implemented to prevent the adverse consequences of wastewater reuse in agriculture
and reduce treated wastewater risks.
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1 Introduction

The worldwide populace is increasing rapidly, and projections indicate that by 2030, if the
existing water administration methods persist, the planet will confront a 40% insufficiency
between projected demand and accessible water supply (Bo et al. 2021). Moreover, persis-
tent water shortage, hydrologic unpredictability, and severe climatic occurrences (such as
deluges and arid spells) are regarded as major menaces to worldwide well-being and societal
endurance (Kellner 2021). Hence, the interdependence between the hydrological system and
the human system renders the regulation of water resources more intricate (Sriyono et al.
2021). Conversely, water shortage has emerged as a significant impediment to the advance-
ment of society and poses a peril to sustenance in expanding regions across the globe (Liu
et al. 2020). Conversely, the choices taken by water resource executives have the potential
to generate either benefit or hardship for the populace and may even steer society towards
unrest and activism (Stosch et al. 2022). Neglecting the correlation between the human-
water systems could result in the breakdown of water governance (Sriyono et al. 2021).

In light of the growing problems of water scarcity caused by human activities, water
specialists have begun to tackle the constraints of water management by considering the
interdependent interactions between society and water, and by promoting a stronger inte-
gration of hydrology and social science (Kellner 2021). The discipline of socio-hydrology
holds great potential in the field of water resource management, as it seeks to uncover the
complex interplay and reciprocal influences between natural systems and human activities,
with the ultimate goal of promoting sustainable water usage (Vanelli and Kobiyama 2020).
Socio-hydrology endeavors to observe, comprehend, and forecast the dynamic interrela-
tionships and interdependence between water and humans (Xia et al. 2022).

Most research on socio-hydrology (e.g., Xia et al. 2022, 2018; Penny and Goddard
2018) has elucidated interconnected human and water systems via numerical methods and
conscientious endeavors to apprehend socio-water interrelations and response through
mathematical models, mainly as non-linear differential models. Some socio-hydrological
studies have tried to model the complex dynamics between coupled human-water systems
using various modeling methods such as System Dynamics (SD) modeling (Dong et al.
2019; Elsawah et al. 2017; Lindqvist et al. 2021), Agent-based modeling (Molajou et al.
2021), and Monte Carlo simulations (Jeong et al. 2020). The SD technique has found an
explicit application in socio-hydrological studies compared to all the modeling techniques
described in this review. The study of SD involves the use of model simulations to com-
prehend the dynamic behavior of intricate systems during their evolution. This technique
has been widely used in water resources management, e.g., dynamic water resource man-
agement in China (Dong et al. 2019), urban water supply in Pakistan (Bano et al. 2022),
ecosystem service provision of urban water in Finland (Lihde et al. 2023), and modeling of
wastewater treatment plants (Noutsopoulos et al. 2020). Moreover, SD has been employed
to illustrate the enhancement of embankment procedures for flood control (Luu et al. 2022).
However, some research (e.g., Behboudian et al. 2023; Molajou et al. 2021) has demon-
strated the ability of socio-hydrological systems to withstand severe occurrences. The SD
technique is a way to understand complex system behavior over time and identify feedback
loops and time delays that influence total system behavior (Sun et al. 2017). Studying how
a system changes over time is one of the advantages of SD modeling. SD models in socio-
hydrology systems represent system components that change over time (Luu et al. 2022).

Socio-hydrological models that have been developed based on SD help to understand
the process and interactive feedback between human and water systems (Xu et al. 2018).
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These models can be employed to forecast the potential future developments over the
next few decades, based on the current state of the socio-hydrological system (Melsen
et al. 2018). While most previous studies (e.g., Luu et al. 2022; Jeong et al. 2020; Dong
et al. 2019) have concentrated exclusively on quantitative modeling and the develop-
ment of hydrological components, only a limited number of studies have made efforts
to operationalize social concepts in water management. In other words, the processes
and interactions between social and hydrological systems are not well-defined in math-
ematical terms in socio-hydrology studies (Mostert 2018; Xu et al. 2018). Therefore,
the major limitation of the implementation of social components in socio-hydrological
models is the formulation of social components (Massuel et al. 2018).

In order to fill this gap, the present research addresses the formulation of social inter-
actions in socio-hydrology research. In Fig. 1, the study framework was designed to
simulate the interactions between hydrological and social systems. The aim of this study
is to present a new hybrid method that extends the socio-hydrology knowledge around
the concept of economic, agricultural, and social sustainability. Social sustainabil-
ity considers and reflects on the question of quality of life, participation, health, trust,
responsibility, security, and solidarity across residents of a Gavshan basin in the west of
Iran. Accordingly, the research questions are as follows:

(1) How is the process of the evolution of the human-water system?

(2) How is the prediction of the trajectories of social, hydrological, agricultural, and eco-
nomic systems?

(3) What is the best scenario for water resource management from the perspective of socio-

hydrology?
7
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Fig. 1 Conceptual framework of the study
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2 Materials and Analysis
2.1 Study Area

Gavshan catchment with a 7736 km? area is located in Kermanshah province, in the west
of Iran. In Spring, approximately half of the Gavsahn dam’s capacity is filled for a duration
of three months. The volume of the Gavshan dam fluctuates between 60 and 450 (106m®)
based on factors such as rainfall, input, vaporization, and flow (Kermanshah Regional
Water Authority 2020). Gavshan dam was built to give household water to the cities of
Kermanshah and Kamiyaran, which have a total population of two million people, to give
agricultural water to 31,000 (ha) of the Bilevar and Miandarband plain lands, and to gener-
ate 9.2 MW of electricity (Fig. 2). In the Gavshan Basin, agriculture serves as the primary
occupation of the residents and constitutes the foundation of the local rural economy. There
are about 11 agricultural pumping stations that are used to pressurize irrigation. Therefore,
agriculture is the most important factor influencing social and hydrological status and water
scarcity in Kermanshah province (Kermanshah Regional Water Authority 2020). The rea-
son for selecting this region is the low performance of the Gavshan irrigation network.

2.2 Data Collection and Analysis

In this study, the data was acquired through a two-step process. In the first step, data
regarding the societal aspect was gathered via the use of questionnaires. To select farm-
ers, a multistage stratified random sampling technique was used. The statistical popula-
tion consisted of farmers who used the irrigation Gavshan network (N= 120) (Kerman-
shah Regional Water Authority 2020). The sample size was determined at 87 farmers
(S = 87) based on Krejcie and Morgan’s table (Krejcie and Morgan 1970). The closed-
questionaries included 53 questions related to the social sustainability components. Five
experts who had a good knowledge of the topic/study area were consulted on the ques-
tionnaire design and content validity before the data collection. The reliability of the
questionnaire was assessed by the reliability coefficient and the Cronbach’s alpha was
above the conventional level of 0.7. After filling out the questionnaires, the cognitive
framework of the socio-hydrology system was utilized to derive hypotheses regarding the
interplay between hydrological and social factors. In the second step, the model input,
like daily weather data from 1990 to 2020 including temperature and precipitation, was
obtained from the Kermanshah Meteorological Station (2022). The populace statistics
were computed based on population surveys conducted by the Statistical Center of Ker-
manshah (2020) between 2000 and 2020. The agricultural and economic data were esti-
mated using reports from the Kermanshah Agricultural Jihad Organization (2020).

2.3 Research Method

System Dynamics (SD) models offer a conceptual framework to depict non-linear interre-
lationships, explore the connections and reciprocal influences among system elements, and
model water management approaches. SD models illustrate cause-and-effect loops of a sys-
tem in a network, which tracks the evolution of cause-and-effect variables and simulates the
dynamics of the variables over time (Dong et al. 2019). The fundamental steps involved in SD
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Fig.2 The Gavshan Basin (Kermanshah Regional Water Authority 2020)

modeling include identifying the variables and creating dynamic connections between them
using a Causal Loop Diagram (CLD). The SD model comprises five fundamental kinds of
variables: a stock variable (S), flow (F), a rate variable (R), an auxiliary variable (A), and an
information arrow. Stock variables (also known as levels, accumulations, or state variables)
accumulate information regarding inflow and outflow at a specific time (Eq. 1). Stock and
flow variables are a fundamental element of a stock-flow diagram. In the SD models, stocks
are used to show the real-world processes (e.g., water resources, people, stocks of mate-
rial). Stock variables define the static part of a dynamic system. Flow variables define how
the values of stocks change over a period of time. The rate variable measures stock changes
between two consecutive times. Auxiliary variables denote the decision-making mechanism,
and information arrow data signifies the correlation between two variables (Liu et al. 2020).

t
S(t) =Sy + / (D Inflow — ) Outflow)dt (1)
0

In the equation above, S(t) denotes the amount of the stock variable at a given time t,
and S, represents the initial value of the stock variable. The inflow and outflow refer to the
input and output of the stock variable over the time period (0, t).
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2.3.1 Socio-Hydrological Hypothetises

In Fig. 3, a causal loop diagram (CLD) was formulated to specify the feedback circuits and to
recognize the association links among the elements of the socio-hydrology system. The CLD
represents the relationships between the variables in terms of positive (+) or negative (-) polar-
ity (Lin et al. 2020). In the reinforcing Loop (R), a positive correlation suggests that a decrease
(increase) in variable A results in a decrease (increase) in variable B. Balancing Loop (B)
indicated a negative correlation between variables A and B. Therefore, the balancing Loop
denotes a reverse correlation between the root cause and the reliant variable, where a decrease
(increase) in the root cause will result in an increase (decrease) in the reliant variable (Elsawah
et al. 2017). In Fig. 3, the reinforcing and balancing loops are shown by R and B. Based on
Fig. 3, a surge in runoff caused by rainfall and river inflow amplifies the surface water flows,
soil moisture level, and groundwater volume, which in turn boost the dam storage via these
reinforcing feedback loops (R1, R2, R3). Increased ET has balancing feedback on both soil
water content and precipitation (B1, B2). Whilst the infiltration process augments the quantity
of aquifer, the restoration of the aquifer through groundwater recharge diminishes the current
of the river and has an adverse impact on the stream of surface water (balancing loop of B3).
The transfer of base flow from underground aquifers to the dam reservoir reduces the vol-
ume of groundwater (B5). Furthermore, the expansion of the population results in a surge in
household water usage and a rise in the demand for sustenance. Following the food supply for
the growing population, the agricultural water demand also increases. Furthermore, increas-
ing the volume of dam reservoir water and access to water causes the area under cultivation of
water crops to increase. Cultivating more areas of agricultural land increases the withdrawal of
water stored in the dam. Increasing the withdrawals from the reservoir has a balancing effect
on the cultivated area and returns the change of land to its base state (B6). For residents of the
Gavshan basin whose economy and livelihood depend on agriculture, the agriculture sector
is more effective in increasing income and strengthening the economic system. In the same
way, the increase in the amount of crop yield has a reinforcing effect on the GDP of the region
and population growth (R4). Increasing the cultivation of agricultural products, in addition to
increasing income, creates employment and increases access to food. These elements as rein-
forcing loops of the socio-hydrology system have a positive effect on the important indicators
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Fig.3 Causal loops diagram of the socio-hydrological system. Source: findings of research
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of social sustainability, including quality of life, social participation, and social health, and as
a result, have a positive effect on population changes (RS, R6, R7). Time lag is an important
part of the socio-hydrological system. Time lags reduce the information that systems can use
to respond to the environment and complicate the dynamics of the system (Sun et al. 2017). In
Fig. 3, time delay was considered between cultivated area and crop yield.

2.3.2 Stock-flow diagram (SFD) models

In order to develop the socio-hydrology model, first, the state-flow structure of the model
was drawn in the Vensim software (Fig. 4). Then the interactions between variables (stock
variables and auxiliary variables) and the values of parameters (constant variables) were
simulated. In the stock-flow diagram model presented in Fig. 4, there are 88 variables in
the model: 10 stock variables, 21 rate variables, 3 exogenous variables (model inputs), 12
auxiliary variables, and 42 constant variables (model parameters). Variables and the math-
ematical formulation are reported in Appendix Table 2.

Climatic change will intensify the hydrological cycle, leading to changes in the annual
water storage in the dam. Hence, in this study, the annual time step unit was used to simu-
late the model. The model has simulated from 2010 to 2050, and the horizon of the simu-
lation program was 30 years. In the stock-flow model, relationships between variables are
mainly described by differential equations. Mathematical equations can be derived based
on evidence or experience, survey/empirical data, and logical inferences (Rebs et al. 2019).

2.3.3 Socio-Hydrological Equations

a) Hydrological Variables Equation: It is presupposed that the Gavshan dam reservoir
will provide water for household and farming usage, concerning the factors of the
hydrological system. The surface water considers the incoming flow volume (F;. (1),
10°m>month™"), groundwater recharge Ry (t)), and outgoing interbasin transfer flow
(Fipe ©) (Eq. 2). The Gavshan Dam receives water replenishment from both precipita-
tion and runoff, while the transfer of water between basins occurs through the flow of
the Gaveh River. This refers specifically to the initiative of transferring water from the

Jamishan dam to the Gavshan dam.
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Fig.4 Stock-flow diagram of the socio-hydrological system, Source: findings of research
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t

Vo (0 = Vg (tg) + / ) (Fin, () — Ry, () — Fyp (D) x dt 2)
Referring to Eq. (3), the stock variable measure of the soil water formula comprises the
volume of soil water, infiltration, ET, and percolation. Infiltration (I (t)) is evaluated by the
product of precipitation amount (Pre (t)) and an infiltration coefficient (Cin). As shown
in Eq. (4), for measuring ET, reference evapotranspiration of crops (ET)) is calculated by
multiplying by the volume of the soil water (Xiang et al. 2020). The WP is the threshold

of the minimum amount of soil moisture that is necessary for the plant to avoid wilting.

t
Vi (0 = Vi () + / (I(t) - Per (t) — ET (1)) x dt 3)
0

ET (t) = ETy X (Vg (©) = WP (1)) @)

Groundwater (ng (), 10°m>month™!) was modeled using the groundwater recharge
(R,,), percolation rate (Per,,), and base flow (Fy,). Base flow increases when water is
transferred from a different watershed (Conant et al. 2019).

t

Vo (0 = Vo (1) + / O(Rgr + Per — Fy, ) X dt 5)

Fbase(t) = Vgro(t) X Cbase (6)

Storage water of the Gavshan dam (SWD (t), 10°m®month™) as a stock variable, plays
an extremely major role in the agricultural water supply and storing water for domestic
demand. Eq. (7) is the calculation formula of water storage, base flow (F,,.), evapora-
tion (E (t), and outgoing interbasin flow (F;,) are inflow to dam storage, where (F_,,) is
the water flowing out the stored water of the dam, S (t) is the spillway of the dam.

t
SWD (t) = SWD () + / (Fyase + Fine = E — Fop — S () x dt (7
0

S (t) = Max,,, (t) — SWD (1) ®)
when the reservoir reaches its capacity, water will flow through the spillway (S (t)) (Eq. 8).

b) Socio-economic equation: Population models (P (t)) as a stock variable usually start
with four key variables (four demographic processes) including birth (B (s)), death (D
(s)), immigration (Im), and emigration (Em). The population affects domestic water
demand (DWD (t)). According to Tehreem et al. (2020), population increase due to per
capita consumption (PCC (t)) increases the demand for water.

t
P(t)=P(t0)+/ (B (s) + Im — D (s) — Em) 9)
0

DWD (t) = P (t) Xx PCC (t) (10)

@ Springer



Agricultural Water Resource Management in the Socio-Hydrology:... 2761

Within the socio-hydrological models, the Cul equation, as introduced by Rahman
et al. (2019), is utilized to express the cultivated area. It should be noted that if a par-
ticular land parcel is utilized twice within the same year, its area will be counted twice,
as mentioned by Zhou et al. (2021). Therefore, the Cul equation that exhibits the culti-
vated area’s dynamics is presented as follows:

t
Cul(t) = Cul(ty) + / (Ceu(® — I(D) x dt 1)
0
where Cul (t) denotes the cultivated area, Ccul (t) represents the alteration rate of Cul,
and Irr (t) denotes the irrigated area within the basin.

FAO (https://www.fao.org/3/s2022e/s2022¢08.htm) has provided two empirical equa-
tions for determining the proportion of the overall precipitation that is used efficiently.

P, = 0.8 x P —25 ifP > 75mm/month (12)

= 0.6xP—-10 if P < 75mm/month (13)

In the equations above, P represents the amount of precipitation (mm/month) and Pe
denotes the amount of efficient precipitation (mm/month). Farming, in conjunction with its
related industries, stands as a primary means of subsistence in the Gavshan river basin. The
annual agricultural earnings per unit of work (Al (t)) in farming equates to the labor executed
by a single individual who is fully engaged in farming activities. To calculate this measure,
we utilized agricultural income (AR (p)) and expenses (Ex (p)), as shown in Eq. (14).

AL(t) = Al (t,) + / (AR (p) —Ex (p)) (14)
0

Gross Domestic Product (GDP) is the most frequently utilized indicator for economic
activity. Per capita GDP (PCgpp) is derived by dividing the nominal GDP by the overall
populace of a nation (Fatmawati 2022).

p = GDP (/P (1) (15
¢) Social sustainability equation: "f:he social sustainability equation was used to check the

state of social indicators dynamics in the Gavshan watershed. The important indicators
of social sustainability are social participation, social responsibility, social health, quality
of life, social security, social trust, and social solidarity (Popovic et al. 2017). Thangiah
et al. (2020) showed that income affected the improvement of the quality of life, so this
study chose the quality of life index as an exogenous variable. Despite the numerous
measures suggested to assess social sustainability, there is a dearth of supportive data for
these indices. This issue is widespread in socio-hydrological system modeling owing to
the absence of quantifiable information on social elements (Mostert 2018). To address this
predicament, this investigation conferred quantitative importance on social sustainability
in the Gavshan basin. First, a questionnaire was developed to measure social sustainability,
and by survey method, nominal numbers 1 and 2 were assigned to the answers. A score of
1 indicates a positive answer (Yes) and a score of 2 indicates a negative answer (No). In
the same way, the positive answers were evaluated based on Eq. 16. Dynamics between
social sustainability components are simulated based on the experimental formulas.
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L =Y/Nx100 (16)

In the equation above, (I;) indicates the number of items of indexes, (Y) is the total num-
ber of positive responses to the desired item, and (N) is the total number of respondents.

3 Results
3.1 Validation and Calibration of the Socio-Hydrology Model

To evaluate the policy scenarios, first, it is necessary to have confidence in the calibration
of the SD model; if the simulated model represents the real process of the system, it can be
used for future prediction. In this research, validation of the model was performed through
dimensional consistency tests, structural verification testing, and behavioral pattern tests
with available observational information. All equations of the socio-hydrology model were
correctly fitted into the dimensional test by the unit check tool in Vensim software. Assess-
ment of structural testing is a verification that is done through qualitative assessment. To
conduct structural testing, evaluators or designers may be invited to evaluate the structural
correlation between the causal feedback loops incorporated in the SD model (Kurnianing-
tyas et al. 2019). In this study, the structure of the model (including boundaries, dynamic
interactions, relationships between hydrology and social components, and parameters) was
confirmed by experts in the fields of water management and experts in the agricultural man-
agement office, and they declared that the created model reflects the real structure of the
socio-hydrology system. Behavioral testing determines how the trend of the simulated data
matches with the historical data. To validate the system behavior in estimating precipitation,
the historical data were examined (Fig. 5). The authentication relies on regression investiga-
tions in which credible cause-and-effect connections have been detected among constitu-
ents. The determination coefficient (R2=0.98) exceeded 0.7 in this instance (Fig. 5).

3.2 Analysis of Scenarios

The key variables’ behavior of the socio-hydrology model was simulated based on the policy
scenarios for the years 2010-2050 (Table 1). Using Table 1 as a reference, several situations
were created to comprehend the workings of social and hydrological systems. In the base
scenario, current environmental conditions were considered the same without any change
(Table 1).

3.3 Analysis of Sensitivity

The sensitivity analysis of the SD model was checked using the Synthesis tool of Ven-
sim software. In Fig. 6, the sensitivity of hydrological variables including the volume of
surface water, the volume of incoming water, the volume of groundwater, and the storage
volume of the dam towards to exogenous parameters (e.g., precipitation, flow coefficient,
evaporation from the dam reservoir, infiltration, percolation, irrigation water, and per cap-
ita water consumption) are presented. The results show that the model’s output is sensitive
to the change of parameters and that the change of parameters of one system can affect the
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Fig.5 Assessment of precipitation data and simulation outcomes from 2010 to 2020. Source: findings of
research

Table 1 Designing socio-hydrological scenarios

Scenario  Description

Baseline ~ Current environmental conditions within the basin would remain the same without any change
(precipitation rate is 200 mm/year, the average temperature is 15 °C, the population growth
rate is 1.4%, average irrigation efficiency is 45%, per capita water consumption is 230 m*/
person/day, surface water loss is 37 million m? (Mrn3), return flow to the surface resource is
1.6 Mm?, productivity is 3 ton, and social participation is 45%).

Scenario 1 Irrigation efficiency increases by 55%.

Scenario 2 Irrigation efficiency increases by 60%, per capita water consumption decreases by 215 m?/
person/day, implementation of educational programs and promotion of social participation to
55 percent.

Scenario 3 Irrigation efficiency increases by 65%, per capita water consumption decreases by 210 m?/
person/day, wastewater reuse in agriculture to 25 Mm?, and productivity increases by 4 tons/
ha in 2025.

Scenario 4 Irrigation efficiency increases by 70%, per capita water consumption decreases by 200 m?/

person/day, wastewater reuse in agriculture to 30 Mm?, productivity increases by 5 ton/ha in
2027, and surface water loss decreases by 10 Mm’.

Findings of research

evolution of stock variables in another system. The behavior pattern of the water resources
variables is shown in Fig. 6. The results show that with the constant environmental and
social conditions, under the baseline, the volume of groundwater, surface water, and dam
reserves will decrease. Meanwhile, the volume of surface water is expected to decrease
from 22 Mm? in 2020 to 7 Mm?® in 2050 (Fig. 6b), and the volume of groundwater will
decrease from 5 Mm? in 2020 to less than 1 Mm? in 2050 (Fig. 6d).

Based on scenarios 3 and 4, water recycling and using treated effluent in agricul-
ture directly affect the storage water. For the simulation period, the volume of inflow for
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Fig.6 Behaviour of hydrological variables under five scenarios: (a) incoming flow, (b) surface water, (c)
storage water of the dam, (d) groundwater. Source: findings of research

scenario 3 is estimated from 2 Mm?® in 2010 to 37 Mm? in 2050 (Fig. 6a), a difference that
constitutes about 19% of the inflow. This indicates that wastewater reuse has a high impact
on the surface flow and the volume of stored water in the Gavshan dam (Fig. 6b). In the
same way, wastewater reuse in agriculture increases groundwater recharge and causes the
volume of groundwater to increase. As shown in Fig. 6, during the simulated period in the
base scenario, withdrawal from the dam reserves is increasing, and the volume of outflows
is more than the volume of inflows. The outflows indicate a significant reduction in the vol-
ume of water storage in the Gavshan dam in the future. At the beginning of the simulation
period, withdrawal water from the reservoir was 170 Mm?; with a growth of 50% in 2019,
it reached its maximum amount of approximately 256 Mm? (Fig. 6c).

Fig. 7 illustrates the outcomes of the sensitivity tests for essential social parameters in the
model, such as population, water requirements, agricultural productivity, employment, GDP,
and social durability. These parameters signify the social, economic, and agricultural systems
and can exert a considerable influence on the hydrological system. The simulated result of
the stock variable of the population is shown in Fig. 7a. The annual population growth rate
in the present study is 1.6%, which is assumed a constant value from 2010 to 2050. With this
growth rate, the population was 2.04 million people in 2017, and it will be 12 million people
in 2050. Domestic water demand is influenced by population and per capita water consump-
tion in urban and rural areas. According to the population growth trend in the studied area,
domestic water demand will increase. As shown in Fig. 7b, the domestic water demand has an
increasing trend. The value of this variable is 66.240 Mm®/year at the beginning of the simula-
tion period, and it will be 99.202 Mm? /year with a growth of 20.8% in domestic demand at
the end of the simulation period. Behavioral patterns of agricultural water demand are also a
function of population. Therefore, the observed trend for this variable is similar to the trend
of domestic water demand behavior (increasing). Considering that the per capita consump-
tion of domestic water in Kermanshah is 230 (m3day'1person'1) and is about 26 (m?) more
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Source: findings of research

than the global per capita consumption (170 m*day 'person™) (Kermanshah Regional Water
Authority 2020), reducing per capita water consumption was considered an important policy
in water management. Per capita water consumption was assumed to be 215, 210, and 200
(m*day 'person’!) in the second, third, and fourth scenarios, respectively. The findings indicate
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that the domestic water demand increases due to population growth even though the per capita
water consumption decreases by about 30% (Fig. 7b and c).

Based on the results, the average annual rate of cultivation area change is 0.85%. The outcomes
of the model’s performance evaluation demonstrate that in order to avoid the decline in the harvest
output of various commodities under normal conditions, it will be imperative to enhance the extrac-
tion of groundwater (Fig. 7d). Therefore, in baseline, the volume of groundwater will decrease more
steeply, and in the horizon of 2050, its volume will be less than one million cubic meters (Fig. 6d).

Although the basin’s population grew rapidly over the simulation period (Fig. 7a), the augmen-
tation of water reserves in scenarios 3 and 4, along with improved irrigation efficiency, will estab-
lish an equilibrium between water supply and demand. This will result in a slower rate of growth for
the total water demand in domestic and agricultural sectors (as depicted in Fig. 7c). Furthermore, it
will also pave the way for speedy economic progress in the basin by 2050 (as indicated in Fig. 7e,
f, and g). In this study, economic growth was modeled as a function of an increase in agricultural
production, which is manifested in a rise in national income. There is evidence (e.g., Sertoglu et al.
2017; Tahamipour and Mahmoudi 2018) that agricultural production has a positive effect on GDP
and economic growth. Based on Fig. 7g, the fourth scenario is the most effective scenario for eco-
nomic purposes. Scenarios with any reduced rate in per capita water consumption have a negligi-
ble effect on the amount of total water demand, but scenarios with a higher irrigation efficiency
and wastewater reuse in agriculture have an important impact on water supply and increasing crop
yields. According to the results, the GDP will increase by about 50% in the third scenario and
80% in the fourth scenario during a 30-year time horizon. Fig. 7h shows the social sustainability
index. Based on the results, the values of indicators such as social participation, social health, social
responsibility, social trust, social security, and social solidarity were estimated to be 43.5%, 69.4%,
70.8%, 52.6%, 63.6%, and 74.4%, respectively. Based on Fig. 7h, the increasing trend of the social
sustainability indexes indicates that the level of social indicators will improve and the social system
of the study area will be accompanied by the growth of the quality of life in the future.

4 Discussion

This study developed an SD model to identify interaction feedback mechanisms between
social and hydrological systems that are integrated into a complex socio-hydrology system.
Based on the results, the decreasing trend in the volume of the dam indicates that the Gavshan
dam will face significant challenges in supplying water for domestic and agricultural needs. It
means that even with the highest efficiency in agriculture water consumption, there will not
be enough water to meet the needs. This points out the necessity of balancing water supply
or demand management strategies. Based on scenarios 3 and 4, using wastewater recycling
can increase available water by about 30 Mm?*/year for agriculture. Furthermore, repairing the
worn pipes of the water transmission network and reducing water leakage from 37% to 10%
can save Kermanshah province from the water shortage for the domestic water supply. It is
expected that with the increase in the cultivation area of agricultural products, according to
the net irrigation requirement, the withdrawal from the resources will increase and as a result,
the ability of the water resources system to respond to the growing demand will decrease
(scenario 4). Irrigation of crops using recycled wastewater can be an economic policy when
aiming to increase productivity. Jeong et al. (2020) affirmed that utilizing treated effluent for
second-stage irrigation in nations or territories with elevated per capita domestic water usage
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can be a cost-effective approach for water administration. Mainardis et al. (2022) provided a
comprehensive examination of the recycling of wastewater in agriculture. They recorded the
difficulties of wastewater recycling, such as microbiological and public health effects, as well
as the buildup of emerging pollutants in soils. As mentioned by Zamora-Ledezma et al. (2021),
it is better to use modern technologies in wastewater recycling to reduce treated wastewater
risks and prevent the entry of contaminants and heavy metals into the environment.

As demonstrated in scenario 4, better access to water and the reuse of wastewater have
enhanced crop yields and Gross Domestic Product (GDP). The greater the crop yield
and more intensified use of farmland, the higher the productivity and profitability of
a farm. Thangiah et al. (2020) have stated that economic growth results in an increase
in incomes, which motivates consumers to have more purchasing power, leading to an
improved material quality of life and standard of living. Veisi et al. (2022) have also veri-
fied that factors like income and employment have a positive influence on the quality of
life and the expansion of irrigated agriculture. Therefore, in addition to purchasing power
and GDP growth, the quality of life indicator is influenced by the employment rate.

4.1 Limitation

This study will guide hybrid qualitative-quantitative modeling in domains of water manage-
ment where multiple levels of dynamic interactions between social and hydrological sys-
tems are of significance. However, the study had several limitations. For example, due to
the uncertainty in Iran’s inflation rate, this study could not deal with the inflation rate policy
and prices of agricultural products in the scenarios. In this study, a variety of scenarios were
simulated based on domestic water demand and agricultural water demand. As such, this
study could not model the dynamics of the industry and environmental water demand.

5 Conclusions

This research conducted the applicability of a hybrid dynamic simulation model that would
address human-water management issues and could promote agricultural development and social
sustainability. The results indicate that the water resources system can not supply water to the
growing population in the Gavshan watershed. Based on management scenarios, the effective-
ness of leakage reduction strategies and wastewater reuse in recovering water resources and
responding to population growth demand showed that wastewater reuse policies in agriculture
can curb the water stress crisis. The hybrid SD model of this study relies on very precise relation-
ships between human and water systems and has proposed new insights related to interactions
among hydrological, agricultural, economic, and social components. Hybrid modeling could add
value to socio-hydrology systems understanding, and as a consequence, would provide better pol-
icy scenarios. Based on the findings, it is advisable to construct a sewage treatment plant to sus-
tain the volume of water resources and guarantee a steady supply of water for irrigation purposes
in the times to come. In addition, it is suggested to avoid adverse consequences and prevent the
entry of contaminants into the ecosystem using modern technologies in wastewater recycling. In
this study, wastewater reuse was modeled as an economic and technical policy to curb the water
crisis, and future studies can expand this model by considering environmental impacts. Further-
more, future research could extend the model of this study to the interpretability of wastewater
reuse in agriculture and examine the socio-hydrological performance.
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