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s u m m a r y
Zayandeh-Rud River Basin is one of the most important basins in central Iran, which has been continually
challenged by water stress during the past 60 years. Traditionally, a supply-oriented management
scheme has been prescribed as a reliable solution to water shortage problems in the basin, resulting in
a number of water transfer projects that have more than doubled the natural flow of the river. The main
objective of this study is to evaluate the reliability of inter-basin water transfer to meet the growing
water demand in Zayandeh-Rud River Basin. A system dynamics model is developed to capture the interrelationships between different sub-systems of the river basin, namely the hydrologic, socioeconomic,
and agricultural sub-systems. Results from simulating a range of possible policy options for resolving
water shortage problems indicate that water is essentially the development engine of the system. Therefore, supplying more water to the basin without considering the dynamics of the interrelated problems
will eventually lead to increased water demand. It is demonstrated that the Zayandeh-Rud River Basin
management system has characteristics of the ‘‘Fixes that Backfire’’ system archetype, in which interbasin water transfer is an inadequate water management policy, causing significant unintended sideeffects. A comprehensive solution to the problem includes several policy options that simultaneously
control the dynamics of the system, minimizing the risk of unintended consequences. In particular, policy
makers should consider minimizing agricultural water demand through changing crop patterns as an
effective policy solution for the basin’s water problems.
! 2013 Elsevier B.V. All rights reserved.

1. Introduction
Water scarcity resulting from economic and population growth
is considered as one of the most important threats for human societies and a constraint for sustainable development (UN-Water,
2008). Within the next decades, water may become the most strategic resource, especially in arid and semi-arid regions of the world
(UN-Water, 2005). Historically, policy makers in these regions have
tried to solve water scarcity problems through dam building,
groundwater recharge, cloud seeding, desalination, wastewater reuse, and developing massive water transfer projects, among others
(Hutchinson et al., 2010). However, there is a growing body of
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evidence that water scarcity can be created or intensified by unsustainable decisions to meet the increasing water demands (Gleick,
1998; Cai et al., 2003). In arid regions, supply-oriented water management schemes, although promising in the short-run, are typically associated with unintended secondary consequences in the
long run (Madani and Mariño, 2009). In essence, the failure to develop sustainable water resources solutions at watershed scale is
rooted in the lack of understanding about the interrelated dynamics of different sub-systems of complex watershed systems (Mirchi
et al., 2010).
Zayandeh-Rud River Basin is one of the most strategic Iranian
watersheds due to its significant agricultural, as well as industrial
and environmental importance. In the past decades, growing population, driven by urbanization, industrial, and agricultural development, coupled with occurrence of severe droughts have
significantly increased water stress in the basin. To address this
problem, different conventional engineering solutions have been
practiced since 1952, including a multi-purpose reservoir and
three inter-basin water transfer projects. Given the inadequacy of
these projects to solve the water shortage problems, three additional inter-basin water transfer projects are currently under

24

A. Gohari et al. / Journal of Hydrology 491 (2013) 23–39

development to increase the water supply of the basin within the
next decade.
Inter-basin water transfer from water-abundant regions (donors) to regions with water shortages (recipients) has been recognized as a solution to secure water supply for supporting
development in recipient basins (Muller, 1999; Allan, 2003;
Ballestero, 2004; Dyrnes and Vatn, 2005; Gupta and van der Zaag,
2008). Thus, numerous water transfer projects have been implemented around the world (e.g., Australia (Wright, 1999), China
(Shao et al., 2003), Germany (Schumann, 1999), Iran (Abrishamchi
and Tajirshy, 2005; Bagheri and Hjorth, 2007; Madani and Mariño,
2009), Mexico (Medellin-Azuara et al., 2011), and the United States
(Israel and Lund, 1995; Varady, 1999; Lund et al. 2010;
Medellin-Azuara et al., 2011; Madani and Lund, 2012)). Worldwide, approximately 14% of global water withdrawal is provided
through inter-basin water transfer projects and this portion is expected rise to 25% by 2025 (ICID, 2005). Water transfer initiatives
have relieved water stress by providing ‘‘sufficient’’ water for different users (Muller, 1999; Ballestero, 2004), enhancing socioeconomic development (Israel and Lund, 1995; Klaphake, 2005;
Gupta and van der Zaag, 2008), and increasing freshwater availability for ecosystem augmentation in the recipient basins
(Scheuerlein, 1999; Gichuki and McCornick, 2008). However, water
transfer may entail negative long-term social, economic, and environmental impacts, raising concern as to its effectiveness as a panacea to water shortage (Matete and Hassan, 2006; Klein, 2007;
Kittinger et al., 2009; Growns et al., 2009; Olden and Naiman,
2010; Yan et al., 2012). It has been argued that the need for additional water supply in water-deficient regions increases when
water shortage is addressed through water transfers with no control on water demand (Gichuki and McCornick, 2008).
Investigating the reasons for success or failure of water transfer
projects can provide valuable lessons to water resources planners
and policy makers, who have historically based their decisions on
a simple comparison of water balances in the recipient and donor
basins (Andrade et al., 2011). Water transfer decisions should be
based on a holistic view of the problem, which not only includes
the hydrological aspects, but also the socioeconomic and environmental concerns. Developing integrated water resources management models can facilitate a holistic understanding of complex
watershed systems, leading to sustainable water resources planning and management decisions (Madani, 2007; Mirchi et al.,
2010). System dynamics models are tools that facilitate understanding of the interactions among diverse but interconnected
sub-systems that drive the dynamic behavior of the system (Forrester, 1961, 1969; Meadows et al., 1972; Richmond, 1993; Ford,
1999; Sterman, 2000). These models can facilitate water resources
planning and management by identifying problematic trends and
their root drivers within an integrated framework (Mirchi et al.,
2012), which is critical for sustainable management of water resources systems (Hjorth and Bagheri, 2006; Madani, 2010).
This study presents an integrated system dynamics model, the
Zayandeh-Rud Watershed Management and Sustainability Model
2.0 (ZRW-MSM 2.0), to evaluate water resources sustainability in
the Zayandeh-Rud River Basin. The model is an extension to the
ZRW-MSM, developed by Madani and Mariño (2009). In addition
to providing an improved database, ZRW-MSM 2.0 allows for simulation of the agricultural sub-system which was not included in
the original version of the model. Given the importance of agriculture, as the main water consumer in the basin, this improvement is
essential for comprehensive understanding of the Zayandeh-Rud
River Basin’s water stress problem. The specific objectives of this
study include: (1) examining the adequacy of water transfer as a
reliable long-term solution to water shortage in the ZayandehRud River Basin; (2) evaluating the impacts of inter-basin water
transfers on social, economic, environmental, and hydrological

sub-systems of Zayandeh-Rud River Basin system; (3) understanding the effects of different water management strategies and policies on the system and its sub-systems; and (4) identifying
sustainable solutions to water scarcity in the basin. A description
of the study area and an overview of system dynamics and its
application in water resources management are given in Sections
2 and 3. Sections 4 and 5 discuss the model development process
and the results under different policy options for resolving water
shortagein the basin. The policy implications of the study and conclusions are given in Sections 6 and 7.

2. Zayandeh-Rud River Basin
The Zayandeh-Rud River Basin (Fig. 1) covers an area of about
26,917 km2 in central Iran. Table 1 summarizes some of the main
characteristics of the basin. The population of the basin increased
from 3.1 million in 1996 to 3.7 million in 2006. More job opportunities and a higher economic growth relative to the neighboring
basins are the major reasons for immigration to the basin (Madani,
2005). The basin contains six irrigation networks, located mostly in
the upper sub-basins that supply water for agriculture, which is
the major water consumer. The main traditional staple crops of
the basin are wheat, rice, barley, and corn, which are highly water
consumptive. Irrigation is essential due to low precipitation coupled with asynchrony between rainy and growing seasons (Zayandab Consulting Engineering Co., 2008). Like in other parts of Iran,
low irrigation efficiency of 34–42% is considered as one of the main
reasons for high agricultural water demands.
The basin has a number of surface and groundwater resources.
Zayandeh-Rud River with an average flow of 1400 million cubic
meters (MCM), including 650 MCM of natural flow and 750 MCM
of transferred flow, is the main surface water resource of the basin.
The river eventually flows into the Gav-Khouni Marsh in the east of
the basin. Gav-Khouni is an internationally recognized marsh under the Ramsar Convention on Wetlands (1971) and the basin’s
main ecological resource (Mansoori, 1997; Madani and Mariño,
2009). Nevertheless, due to aggressive upstream water uses, GavKhouni does not receive its minimum water share from the Zayandeh-Rud River, triggering severe ecosystem degradation in the system, which has caused the marsh to be considered an already dead
wetland by many environmental activists (Evans, 1994; Vakili,
2006; Nikouei et al., 2012). Groundwater is the other major water
resource of the basin. Over 22 confined and unconfined aquifers
provide 369,000 MCM of hydrostatic groundwater storage for the
basin (Zayandab Consulting Engineering Co., 2008).
Gav-Khouni Marsh has received large inflows only for a short
period of time after implementation of each water transfer project,
causing ecological water shortage in the basin. Fig. 2 shows the historical trend of water use and associated impacts on inflow to GavKhouni Marsh. The figure illustrates the basin’s water resources
expansion over time, as well as episodes of water shortage due
to anthropocentric or natural scarcity. Before 1953 irrigation water
was provided through springs and qanats (English, 1968; Wulff,
1968; Motiee et al., 2006; Madani, 2008), and early summer snowmelt. Water resources development was limited to traditional
small diversion structures that provided water for small farm
lands. In response to increasing water demand post World War
II, the first water transfer infrastructure, Kuhrang Tunnel No. 1,
was constructed and began operation in 1953. The basin’s second
water resources development project was the Chadegan (Zayandeh-Rud) Dam, with a capacity of 1500 MCM, which was built in
1971 for flood control and agricultural water supply. At that time
agricultural water demand was growing with the construction of
modern irrigation and drainage networks (Morid, 2003). By the
early 1980s water demand had reached the limit of water supply
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Fig. 1. The Zayandeh-Rud River Basin. Blok arrows illustrate inlets of inter-basin water transfer projects, and polygons show the geographical extent of major uses.

Physiographic and hydrologic
Elevation range (m)
Annual average precipitation range (mm)
Average temperature range ("C)
Annual potential evapotranspiration (mm)
Average Humidity (%)
River length (km)
Average natural flow (MCM)
Average transferred flow (MCM)
Urban
Population in 2006 (capita)
Population growth rate (%)
Domestic water use (%)
Industrial
Industrial water use (%)
Agricultural
Irrigation efficiency (%)
Agricultural water use (%)
Irrigated area (ha)
Rain fed area (ha)
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50–1500
3–30
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24–57
350
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Watershed water use
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Watershed water use (MCM)
Gav-Khouni inflow (MCM)
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Zayandeh-Rud
Dam

1400
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CheshmehLangan Tunnel
Kuhrang
Tunnel No.2

10
34–42
73
270,000
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Groundwater
Water supply from groundwater resources (%)
Groundwater supply from wells (%)
Groundwater supply from qanats (%)
Groundwater supply from springs (%)

72
83
12
5

Demand
Per capita urban water demand (Liter)
Per capita rural water demand (Liter)
Gav-Khuoni Marsh minimum required input flow (MCM)

240
150
140

and the basin was facing serious water shortages. The third water
resources development project of the basin was Kuhrang Tunnel
No. 2, which started to operate in 1985 to transfer water for
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Table 1
General characteristics of the basin.
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Fig. 2. The historical trend of water use and inflow to Gav-Khouni Marsh (Isfahan
Regional Water Company, unpublished data).

agricultural development, as well as satisfying domestic and industrial water demands. During the last years of the 20th century
droughts reduced the discharges of the two Kuhrang Tunnels. Consequently, water level in the Chadegan Reservoir dropped significantly and considerable groundwater overdraft occurred. As the
demand continued to grow, Cheshmeh-Langan Tunnel was finalized in 2005 as the third water transfer infrastructure of the basin.
The three water transfer tunnels have more than doubled the natural flow of Zayandeh-Rud River (Table 2).
Despite its recurring water deficit, since 2002 the ZayandehRud River Basin has become a donor basin, providing 257 MCM
of water to urban areas in the neighboring basins (Table 3). Given
the ongoing water shortage problems and the inadequacy of the total available water to meet the needs of the basin, and to donate
sufficient water to other basins, two other water transfer projects
(Goukan Tunnel and Kuhrang Tunnel No. 2) are nearing completion
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Table 2
Transfer projects importing water to Zayandeh-Rud River Basin.

a
b

Name of project

Year of completion

Annual capacity (MCM)a

Length (m)b

Donor basin

Kuhrang Tunnel No. 1
Kuhrang Tunnel No. 2
Cheshmeh-Langan Tunnel
Goukan Tunnel
Kuhrang Tunnel No. 3
Beheshtabad Tunnel

1954
1985
2005
2015 (expected)
2016 (expected)
Under study

330
250
164
150
280
1100

2800
2827
8130
20,000
49,230
64,970

Karoun River Basin
Karoun River Basin
Dez River Basin
Dez River Basin
Karoun River Basin
Karoun River Basin

Zayandab Consulting Engineering Co. (2008).
Source: Isfahan regional water company (http://www.esrw.ir).

Table 3
Transfer projects exporting water from Zayandeh-Rud River Basin.

a

Name of project

Annual capacity
(MCM)a

Recipient city

Yazd water transfer
Golab water transfer
Ardestan city water
transfer
Shahrekord city water
transfer
Jarghouyeh city water
transfer
Naeen city water transfer

100
35
15

Yazd
Kashan
Ardestan and Natanz

25

Shahrekord

45

Jarghouyeh

37

Naeen and Khour-oBiabanak

Zayandab Consulting Engineering Co. (2008).

to bring additional water to the basin. Furthermore, the feasibility
of transferring an additional 1100 MCM of water to Zayadeh-Roud,
Yazd, and Kerman through a new water transfer facility (Beheshtabad Tunnel) is currently being studied. Tables 2 and 3 present
some basic characteristics of the incoming and outgoing water
transfer projects of the basin.
As discussed by Madani and Mariño (2009) ‘‘the Zayandeh-Rud
River Basin is an example of a complicated watershed system
where the lack of complete knowledge about all the interacting
sub-systems has led to failure of the policymakers in addressing
the water shortage in the basin.’’ High industrial and agricultural
potentials are the main drivers of development in the basin,
encouraging in-migration. Without consideration of the possible
secondary effects, the supply-oriented water transfer has been
the primary policy, matching water supply and demand in the basin. However, each water transfer has solved the water shortage
problem only for a short period as water demand has increased
in parallel with water supply—a trend that will likely continue
and/or exacerbate with time. In recent years, the basin has witnessed an unprecedented pressure on water resources, especially
in agricultural sectors. Gav-Khouni Marsh is drying and its ecosystem has been damaged. The winter census of Isfahan Environmental Organization shows that the number of migratory birds in this
marsh has decreased by more than 90% during the last decade (Soltani, 2009). A holistic view of the different problem drivers and
their interactions helps develop an effective solution for providing
a sustainable water supply in the basin. Following Madani and
Mariño (2009), system dynamics is used in this study to understand the main causes of the past failure, and suggest reliable policy solutions to the problem.
3. System dynamics
Systems thinking helps recognize water resources as a system
that includes disparate but interacting parts, which functions as
a unit that must be treated as a whole (Simonovic, 2009). System
dynamics, which is based on dynamic and closed loop theories of
systems thinking, is a method to capture the complex systems

and monitor their dynamic behavior (Forrester, 1961; Sterman,
2000). Due to the complex nature of water resources management
problems, they have been highly resistant to solutions developed
based on linear thinking or an event-oriented view of problems
(Hjorth and Bagheri, 2006; Simonovic, 2009; Mirchi et al., 2012).
Therefore, a shift from looking at isolated problems and their
causes to systematic thinking about water problems is essential
for developing effective solutions. System dynamics provides a
framework to see interrelationships and processes rather than
individual components, and for capturing patterns of change rather
than static snapshots of the problem (Simonovic and Fahmy, 1999).
It can thus be a suitable approach to capture problematic trends of
water resources and their root causes in an integrated framework.
System dynamics models can reproduce the system’s response to
interventions over time, which facilitates addressing the existing
problems at appropriate scale and scope (Winz et al., 2009; Mirchi
et al., 2012). However, the ability of these models to provide insights into potential consequences of system perturbation are
dependent on efficiently recognizing the main components and
feedback loops between them (Madani and Mariño, 2009;
Simonovic, 2009; Mirchi et al., 2012).
In the field of water resources, system dynamics has been used
for water quality and environmental planning (Vezjak et al.,
1998; Guo et al., 2001; Tangirala et al., 2003; Leal Neto et al.,
2006; Venkatesan et al., 2011; Mirchi and Watkins, in press), flood
management (Ahmad and Simonovic, 2000, 2004; Simonovic and
Li, 2003), emergency planning and crisis management (Simonovic
and Ahmad, 2005; Bagheri et al., 2010), reservoir operation (Ahmad
and Parshar, 2010), drought impact assessment (Shahbazbegian
and Bagheri, 2010); participatory water modeling (Ford, 1996;
Stave, 2003; Tidwell et al., 2004; Langsdale et al., 2007, 2009),
and water resources policy analysis, management, and decisionmaking (Simonovic and Fahmy, 1999; Xu et al., 2002; Simonovic
and Rajasekaram, 2004; Stewart et al., 2004; Sehlke and Jacobson,
2005; Bagheri and Hjorth, 2007; Gastélum et al., 2009; Madani
and Mariño, 2009; Ahmad and Parshar, 2010; Davies and Simonovic, 2011; Qaiser et al., 2011; Hassanzadeh et al., 2012). More extensive reviews of system dynamics applications in water resources
can be found in Winz et al. (2009) and Mirchi et al. (2012).
Many water resources management models capture hydrological and related natural processes in water resources systems exclusively and assume socioeconomic aspects of these systems as
exogenous drivers (Draper et al., 2003; Jenkins et al., 2004; Zhu
et al., 2007; Medellin-Azuara et al., 2008; Maneta et al., 2009; Connell-Buck, 2011; Tanaka et al., 2011). In contrast, system dynamics
models provide a holistic framework to focus on the interacting
natural and socioeconomic processes in water systems as a whole.
This ability of system dynamics is the main reason for its widespread application in water resources planning and management
problems in the last century. Despite the growing applications of
system dynamics in the water resources field, Mirchi et al.
(2012) argue that ‘‘the field of water resources has not utilized
the full capacity of system dynamics in the thinking phase of
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integrated water resources studies’’, advocating that more emphasis should be put on the qualitative modeling phase of system dynamic analysis for better understanding of complex water
resources systems. Following their cautionary suggestion, this
study pays particular attention to the qualitative modeling stage
of the problem to identify the main drivers of the undesired issues
in the basin. Running a quantitative system dynamics model,
which is based on a detailed qualitative causal model, facilitates
understanding the complex causal relationships within the Zayandeh-Rud system. This approach helps simplify the extensive qualitative and quantitative models of the problem to a simple causaldescriptive model, which clearly reflects the archetypal behavior of
the system, as discussed later in Section 6.

4. Model development
The first and foremost step in system dynamics modeling is to
determine the system’s structure, consisting of positive and negative casual relationships between components and feedback loops
(Sterman, 2000). In a positive causal relationship, an increase/decrease in one variable causes an increase/decrease in the other variable. The opposite is true for a negative causal relation between
two variables. Combinations of positive and negative casual relationships form feedback loops. Fundamentally, there are two types
of feedback loops: reinforcing (positive) loop and balancing (negative) loop. Balancing feedback loops have a target-oriented behavior, i.e., if some changes drive the system to shift away from its
goal, the balancing feedback loop tries to neutralize the effects of
that shift, and return the system to its initial condition. This feedback loop is characterized by trends of growth-decline or declinegrowth (oscillation around the equilibrium point). In contrast, reinforcing feedback loops are considered as driving factors of a system, whose archetypal behavior is characterized by continuous
trends of growth or decline (Sterman, 2000; Simonovic, 2009;
Mirchi et al., 2012). As reinforcing feedback loops rarely drive an
isolated system, pure continuous growth or decline does not typically occur in nature. The effects of reinforcing loops will be eventually neutralized or reduced by balancing loop(s) in complex
purely natural systems (Bender and Simonovic, 1996; Madani
and Mariño, 2009).
Generally, the qualitative analysis phase of a system dynamics
study involves two major steps: (1) developing a conceptual model
or casual loop diagram (CLD) of the problem; and (2) developing
the stock and flow diagram (SFD) of the problem based on its
CLD. A CLD of the system, which is developed using an evolutionary approach, represents holistic understanding of the system
structure, determining its boundaries, and identifying the key variables (Simonovic, 2009). In the next step, SFDs are developed to
provide a clear picture of the stock and flow structure of the system
(Madani and Mariño, 2009; Mirchi et al., 2012). In the system
dynamics context, the main variables are either stocks, i.e., the
state of the system, or they are flows, which reflect the rates by
which the stock variables change (Simonovic, 2009). A classic
example of a stock variable in the water resources context is water
storage in a reservoir that changes by the inflows and outflows, as
flow variables.
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4.1.1. Hydrological sub-system
The CLD of the hydrological sub-system represents regional elements of the hydrologic cycle, water supply, and ecosystem (e.g.,
Gav-Khouni Marsh). The inter-basin water transfer projects,
groundwater and surface water interaction, regional hydrology,
and water supply are the main components of this sub-system
(Fig. 3). As illustrated in Fig. 3, regional climatologic and hydrologic
attributes such as temperature, precipitation, evapotranspiration,
runoff, and natural flows, as well as groundwater recharge govern
the basin’s natural water balance. The CLD shows the dynamics
among these components using polarized arrows denoting positive
and/or negative causal relationships. Furthermore, the CLD shows
the supply-oriented human interventions (e.g., inter-basin water
transfer) that have increased water availability to satisfy growing
demand. The ordinal priorities of water allocation in the basin
are considered as domestic, industrial, agricultural, and finally,
environmental. Surface water is the first choice to meet these demands while groundwater is used when the surface water supply
is not available. The return flow from non-consumptive portion
of the water use from various sectors is fed back to the system in
the form of surface water and groundwater recharge. Gav-Khouni
Marsh is considered as the downstream physical boundary of the
system whose natural inflow has inevitably reduced due to persistence of severe water shortages and the existing priority order for
meeting demands.
4.1.2. Socioeconomic sub-system
The CLD of the socioeconomic sub-system is shown in Fig. 4.
Water demand in the basin is driven by the state of socioeconomic
development, which in turn impacts the residents’ utility, as well
as drives in-migration from neighboring basins (Madani and
Mariño, 2009). National economic growth rate is an exogenous
economic factor that affects the overall attractiveness of living conditions nationwide, including the Zayandeh-Rud River Basin. It is
assumed that a combination of per capita water use, added value
from water use, national economic growth rate, and the watershed’s GRP relative to neighboring regions, determines the residents’ utility. The residents’ utility is a proxy for the economic
development in the basin and the residents’ satisfaction from the
available job opportunities, services, and goods, which triggers
in-migration from neighboring basins (Madani and Mariño,
2009). Faster economic growth in the basin, as compared to neighboring basins, will lead to relatively more rapid development,
which will increase job opportunities, encouraging in-migration,
and raising water use by various use sectors. Thus, the residents’
utility heightens the socioeconomic development, raising the per
capita water use. The increase in per capita water use increases
the growth rate of sectoral per capita water demand. Consequently,
the basin’s total water demand, determined as the summation of
agricultural, industrial and domestic water demands, increases as
well. Since economic productivity emanating from water use is different for industrial, domestic, and agricultural uses, the added value has been defined as the summation of economic productivity
for different use sectors. When water supply is not a constraint,
increasing water demand will lead to an increase in the sectoral
water use. The basin’s water use-related productivity will put this
basin at an advantage in relation to neighboring basins, making it a
more attractive place to reside in, which will ultimately increase
water demand in what appears to be a reinforcing process.

4.1. Casual loop diagram
The CLD of the supply-oriented water management problem in
the Zayandeh-Rud River Basin is comprised of hydrologic,
socioeconomic, and agricultural sub-systems. Each sub-system includes different drivers of the basin’s water resources system
development.

4.1.3. Agricultural sub-system
More than 70% of the supplied water is allocated to the basin’s
agricultural sector (Gohari et al., 2013). A variety of irrigated crops
are cultivated in the basin. The irrigation water demand for production of ten different crops and/or class of crops has been considered in this study, including wheat, barley, potato, rice, onion,
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Fig. 3. CLD of the hydrological sub-system.

Fig. 4. CLD of socioeconomic sub-system.

alfalfa, corn, garden products, vegetables, and cereal and legume.
The CLD of agricultural sub-system for two hypothetical crops is
shown in Fig. 5. It is assumed that decisions pertaining to crop production levels and crop-based agricultural land use are based on
income-maximizing behavior of the farmers. Therefore, the land
area for each crop is assumed to be a function of its net economic
benefit in the previous year. Both expected land area and irrigation
water requirement for each crop have positive relationships with
expected water requirement for the corresponding crop. The basin’s expected agricultural water requirement, which is calculated
as the sum of expected water requirement of all crops, determines
the net agricultural water demand. Furthermore, agricultural
water demand has a negative causal relationship with irrigation
efficiency. It is noteworthy that the basin’s agricultural water demand is only partially satisfied due to unavailability of sufficient

irrigation water. Thus, ‘‘delivery rate’’ is defined as the proportion
of agricultural water demand that can be satisfied using available
irrigation water supply. Agricultural water demand and water supply have positive relations with agricultural water use. High agricultural water use when coupled with high irrigation efficiency
will result in minimal loss of water, increasing the net agricultural
water consumption. The actual land area for each crop is determined by modifying the expected land area for the corresponding
crop based on the delivery rate, which is positively related with actual land area.
An agricultural market is simulated to calculate the net economic benefit from each crop. The production of each crop increases as a result of increase in actual land area that is allocated
to that crop. The crop price is determined as a function of its
production in the same year and is negatively related to the
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Fig. 5. CLD of agricultural sub-system.

production level. The benefit from each crop, which has a positive
causal relationship with production, is considered to be the sum of
benefits from the crop product, as well as benefits from the crop’s
by-products. The cultivation cost for each crop rises with the actual
land area, and includes the cost of seeds, labor, fertilizer, and pesticide. In this study, the price of water is not considered as a significant component of the cultivation cost for irrigation water is
highly subsidized in the basin, and there are many political obstacles against raising the price of agricultural water (Madani and
Mariño, 2009). The dynamic market of each crop is assumed to
be independent from the others whereas, in actuality, dependence
may be observed in dynamic markets or cultivation of different
crops.
4.2. Stock and flow diagram
The SFD of the hydrological and socioeconomic sub-systems are
shown in Figs. 6 and 7, respectively. Stock variables of the system
are available surface water, available groundwater, per capita
industrial water demand, per capita domestic water demand, and
population. These stock variables increase or decrease in response
to changes in inflow and outflow rate variables. The SFD of agricultural sub-system is not shown here. This SFD would be almost the
same as its CLD (Fig. 5) as the only stock variable of this sub-system is water supply.
4.3. Water resources performance indices
Two indices or performance measures are used to illustrate the
impacts of different management policies on various sub-systems
of the Zayandeh-Rud water resources system. These indices include the reliability and vulnerability of the water supply system.
The reliability index is defined as the probability that available
water resources can meet the demands during the entire simulation period (Eq. (1)), indicating the long-term capability of the system to provide sufficient water supply (Klemes et al., 1981;
Hashimoto et al., 1982):

ReI ¼

Number of years with D ¼ 0
N

ð1Þ

where D is the water deficit and N is the number of years or the
length of the simulation period (McMahon et al., 2006).
The vulnerability index in year i is defined as the expected value
of deficits or average annual deficit divided by average annual demand in the deficit period (Eq. (2)), characterizing the average
probability of failure of the water resources to meet the water demand (Sandoval-Solis et al., 2011):

VuI ¼

!
N
X

=ðNumber of years with D > 0Þ

i¼1

Water demand

ð2Þ

4.4. Model calibration
The ability of the model to capture the underlying system structure is assessed through behavior reproduction and sensitivity
analyses. Once the model is calibrated it can be used to evaluate
various water resources management strategies and policies using
an annual time step. The spatial boundaries of the model are based
on watershed boundaries and the time horizon of the model is
30 years (2011–2040). The hydrological CLD is simulated using
data from the period of 1971–2000, assuming that historical
hydrologic trends hold into the future. In this model, natural and
transferred flows, precipitation, and temperature are input time
series data. Evapotranspiration and percolation to groundwater
are defined as functions of temperature and precipitation, respectively. Runoff is calculated by SCS curve number method (SCS,
1972) as a function of precipitation and land use. Evaporation from
groundwater, natural groundwater inflow, groundwater seepage,
and transferred outflow are fixed variables in the model. Initial
population and per capita industrial and domestic water demands
are set according to the available data for the year 2010. The base
capacities of surface water and groundwater withdrawals are set to
2000 and 4000 MCM, respectively, based on the current water consumption levels in the basin (OWWMP, 2010). Water supply data
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Fig. 6. Stock and flow diagram of the hydrological sub-system.
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Fig. 7. Stock and flow diagram of the socioeconomic sub-system.

from Iran Ministry of Energy’s Office for Water and Wastewater
Macro-Planning (OWWMP, 2010) and unpublished data for water
allocation and transferred water from Isfahan Regional Water
Company were used to characterize groundwater and surface
water resources. Likewise, the model uses agricultural data from
Jahad Agriculture Ministry, including land area, and prices and production levels of different crops. Information about the meteorological variables and the basin’s population were collected from

Meteorological Organization and Isfahan Province Management
and Planning Organization, respectively.
The observed data for a time period of ten years (2001–2010) is
used for calibrating the parameters of the ZRW-MSM 2.0 model. In
the first step of calibration, most model variables were kept constant to run simulations without considering dynamic feedbacks
within the system. This was necessary to identify critical variables
in each sub-system. In the next step, the process of reproducing the
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Fig. 8. The comparison of observed data and simulation results.

system’s historical trends with dynamic feedbacks was initiated by
adjusting some hydrologic and socioeconomic variables. Finally,
further modifications of parameters were made by running the
model with all feedback loops to mimic the trends of observed
behaviors in the basin based on the available historical data.
Fig. 8 shows the comparison between the simulated and observed
values for population, domestic water demand, and agricultural
land area for rice and wheat production over the calibration period.
Overall, the correlations between the observed and simulated
trends of these parameters are found to be acceptable for a complex integrated model, indicating that the model has been satisfactorily calibrated to reproduce the behavior of different parameters
within the system.
5. Model application
The model is used in a two-step procedure to provide insights
into the most effective strategies and policies to improve water resources management in the Zayandeh-Rud River Basin. In the first
step, different water resources management strategies are adopted
to identify policy leverage areas. In the second step, a more focused
analysis is performed to develop suitable water management policies with reference to the identified leverage areas.
5.1. Strategy identification
Sensitivity analyses using extreme conditions provide insights
into effective strategies for water resources management during
the period of 2010–2040. The developed model is run under extreme hypothetical socioeconomic and water management scenarios (Table 4) to identify the key drivers of the system. Fig. 9 shows
the behavior of selected model variables throughout the simulation period. Under the population control scenario (P.C.) where
population and domestic water demand do not change, episodes
of severe water shortage along are simulated in the basin due to

increasing industrial agricultural water demands. The economic
recession scenario is simulated by applying constant population
and industrial and domestic water demands, and low level of residents’ utility. The model simulates great water shortage (in the
agricultural sector), which is approximately similar to P.C. scenario. In the case of industrial watershed (I.W.), the residents’ utility rises throughout the simulation period in response to
industrialization and more economic activities. Watershed population and domestic and industrial water demands increase as compared with previous scenarios while no significant water shortage
is projected. Under no surface water withdrawal (N.S.W.W.) the
residents’ utility declines continuously over simulation period
due to decreasing water supply. Water shortage grows as population and domestic and industrial water demands increase with
decreasing growth rate. In the case of no groundwater withdrawal
(N.G.W.W.) low values are simulated for residents’ utility (lower
than P.C.). Watershed population and domestic and industrial
water demands increase with lower growth rate than N.S.W.W.
However, the projected water shortage is more severe than the
case of N.S.W.W. due to greater unmet agricultural water demand.

Table 4
Extreme socioeconomic and water management scenarios for strategy identification.
Scenario
Population control (P.C.)

Description

Population and domestic water demand are
assumed to be constants after 2010
Economic recession (E.R.) Residents’ utility is set equal to zero
Industrial watershed
Agricultural water use is set equal to zero
(I.W.)
Surface water withdrawal is assumed to be zero
No surface water
withdrawal
(N.S.W.W.)
Groundwater withdrawal is assumed to be zero
No groundwater
withdrawal
(N.G.W.W.)
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Fig. 9. Behavior of selected model variables in the simulation period (2010–2040) under extreme socioeconomic and water management scenarios.

The response of the Zayandeh-Rud water resource system to the
extreme scenarios, as illustrated in Fig. 9, are examined by analyzing the behaviors of main variables of hydrological, socioeconomic,
and agricultural sub-systems, as well as reliability and vulnerability indices. Table 5 presents the results and Table 6 summarizes the
corresponding reliability and vulnerability indices for different
water sectors. Unlike domestic and industrial demands, the vulnerability index of agricultural demand is high (Table 6), indicating
that agricultural water use is the major driver of water shortage
in the basin. Agricultural water demand remains very high even
under the economic recession scenario in which an extreme undesirable socioeconomic condition is simulated by setting residents’
utility equal to zero. The highest vulnerability indices, however,
are calculated for environmental flow of Gav-Khouni Marsh. The
same finding is reflected in reliability index calculations where
agricultural water deficit persists throughout the simulation period. Maximum reliability index of 1 is calculated for domestic and
industrial uses under different extreme scenarios. The reliability
of environmental flows is highest under the extreme cases of using
water only for industrial economic activities or when no surface
water is withdrawn. The results suggest that proper management
of agricultural water should take higher priority over improving
the patterns of domestic and industrial water uses because efficiency of water use in this sector can, in effect, mitigate water tension in the basin during the simulation period. Similarly, managing
domestic water demand will be more important for relieving water
stress than industrial water demand. Furthermore, dependence of

the residents’ utility on groundwater resources is greater than surface water resources. The analysis determines that agricultural
water demand management and groundwater management, which
supply agricultural water, are the key water resources management strategies in the basin.
5.2. Policy analysis
Using the understanding of policy levers and responses, effective policies to improve the long-term performance of the system
can be developed. This phase of the analysis involves trial and error, as well as some speculations about effectiveness of different
policies. Good expert judgment can minimize the number of scenarios to be tested. Nevertheless, a good number of simulations
are required to identify the best policy options for the basin. Here,
a number of agricultural water and surface water management
policies have been analyzed based on the results of the identified
strategies. Descriptions of selected policy simulation scenarios
are summarized in Table 7. Each policy is defined by changing
one or more parameter(s) of the model to represent, for example,
likely changes in water withdrawals from surface and groundwater
resources, agricultural water use efficiency, and agricultural crop
choice.
The simulated trends for selected variables of the system are
shown in Figs. 10 and 11. The simulation results for the business
as usual (B.a.U.) scenario are provided as a reference for comparison. Under this scenario population and industrial and domestic
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Table 5
Explanation of simulation results under extreme socioeconomic and water management scenarios.
Scenario

Output description

Population control (P.C.)

Domestic water demand does not change due to population control; industrial water demand increases in the simulation period;
great agricultural water shortage in the whole period (reliability index is equal to zero and vulnerability index is high); Gav-Khouni
Marsh receives no water except for a few years due to high amounts of rainfall (vulnerability index is high); severe water shortage is
seen in the basin
Agricultural water demand is very high and cannot be satisfied (reliability and vulnerability indices are approximately similar to
P.C.); Gav-Khouni Marsh receives no water except for a few years due to high amounts of rainfall (reliability and vulnerability indices
are approximately similar to P.C.); water shortage does not change significantly in comparison with P.C.
Residents’ utility rises through the whole period; population, domestic, and industrial water demands increase with increasing
growth rates; Gav-Khouni Marsh receives sufficient water in the simulation period (reliability and vulnerability indices are 1 and
zero, respectively); no water shortage is expected in the basin
Residents’ utility drops continuously; population, domestic, and industrial water demands increase with decreasing growth rate;
agricultural water use is lower than I.W. and decreases during the simulation period; vulnerability index for agriculture is very higher
than P.C.; Gav-Khouni Marsh is provided with enough water to sustain in the simulation period (reliability and vulnerability indices
are similar to I.W.); growing water shortage is expected in the basin (greater water tension than P.C.)
Residents’ utility is less than other scenarios; population, domestic, and industrial water demands increase with lower growth rate
than N.S.W.W.; agricultural water use is very lower than N.S.W.W. (vulnerability index for agriculture is more than N.S.W.W.); GavKhouni Marsh receives no water in the simulation period (vulnerability index is lower than P.C); greater water tension than N.S.W.W.

Economic recession (E.R.)

Industrial watershed (I.W.)

No surface water withdrawal
(N.S.W.W.)

No groundwater withdrawal
(N.G.W.W.)

Table 6
Reliability and vulnerability of different water sectors under extreme socioeconomic and water management scenarios.
Scenario

ReI
(agriculture)

ReI
(environment)

ReI (domestic and
industrial)a

VuI
(agricultural)

VuI
(environmental)

VuI (domestic and
industrial)b

Population Control (P.C.)
Economic Recession (E.R.)
Industrial Watershed (I.W.)
No Surface Water Withdrawal
(N.S.W.W.)
No Groundwater Withdrawal
(N.G.W.W.)

0.00
0.00
–
0.00

0.10
0.10
1.00
1.00

1.00
1.00
1.00
1.00

0.28
0.23
–
0.54

0.87
0.87
0.00
0.00

0.00
0.00
0.00
0.00

0.00

0.00

1.00

0.89

0.99

0.00

a,b
Domestic and industrial water demands are satisfied based on the current allocation policy in the basin. Therefore, the values of reliability and vulnerability indices are
equal to 1 and zero respectively under different scenarios.

Table 7
Description of selected water management policies.
Policy scenario

Description

Business as usual (B.a.U.)

Transferred inflow and outflow are assumed to be similar to current watershed plans; surface water withdrawal
capacity is equal to 2000 MCM; groundwater withdrawal capacity is equal to 4000 MCM; agricultural water use
efficiency is equal to 45%
Water transfer similar to B.a.U.; surface water and groundwater withdrawals remain constant; agriculture water use
efficiency is 80%
Water transfer similar to B.a.U.; surface water and groundwater withdrawals remain constant; agriculture water use
efficiency is 45%; alfalfa, corn and rice are not cultivated in the basin
Water transfer similar to B.a.U.; surface water and groundwater withdrawals remain constant; agriculture water use
efficiency is equal to 45%; alfalfa, corn, rice, barley and vegetable are not cultivated in the basin
Surface water inflow increases due to the operations of Goukan Tunnel (2015), Kuhrang Tunnel No. 3 (2016), and
Beheshtabad Tunnel (2020) inter-basin water transfer with 200, 100, and 500 MCM capacities respectively; surface
water withdrawal capacity increases linearly, getting 1000 MCM in 2020 more than its current amount in 2015;
groundwater withdrawal capacity increases non-linearly up to 4500 MCM in 2040; agricultural water use efficiency is
equal to 45%
Increase in surface water inflow same as I.W.T.; surface water and groundwater withdrawals remain constant;
agricultural water use efficiency is 80%; alfalfa, and rice are not cultivated

Agricultural water demand management I
(A.W.D.M.I)
Agricultural water demand management II
(A.W.D.M.II)
Agricultural water demand management III
(A.W.D.M.III)
Inter-basin water transfer (I.W.T)

Inter-basin water transfer and demand
management (I.W.T.D.M.)

water demands increase over the simulation period. Severe water
shortage is expected due to high agricultural water demand and
environmental water shortages, which will cut off Gav-Khouni
Marsh’s inflow. The first agricultural water demand management
scenario (A.W.D.M.I) projects smaller population growth rate, and
domestic and industrial water demands as compared with B.a.U.
Lower agricultural water demand is expected due to improved irrigation efficiency, and the simulated water shortage lower than
B.a.U. The Gav-Khouni receives adequate inflows only for a few
years. Under the second agricultural water demand management
scenario (A.W.D.M.II), lower residents’ utility leads to smaller

increase in industrial and domestic water demands and population
than B.a.U. and A.W.D.M.I. The agricultural water demands are satisfied for a few years of the simulation period and water shortage is
low in other years due to cultivation of water-efficient crops. Compared to A.W.D.M.I the Gav-Khouni Marsh’s inflow improves only
slightly. The simulation of the third agricultural water demand
management scenario (A.W.D.M.III) results in the lowest levels of
residents’ utility over the simulation period. The increase in population, industrial, and domestic water demands are considerably
lower than the other strategies. No agricultural water shortage is
expected because of reduced cultivated land area, and the water
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shortage is expected to be lower than that of A.W.D.M.II. The GavKhouni Marsh’s average annual inflow ($150 MCM) is sustained
more than 50% of the time (Fig. 11).
The inter-basin water transfer scenario (I.W.T.) results in the
highest residents’ utility along with higher growth rates for population and industrial and domestic water demands (Fig. 10). Water
shortage is expected to reduce after increase in surface water supply, but increasing water demand causes water shortage to reappear. Agricultural water demand rises significantly after
completion of the third planned water transfer project (Beheshtabad Tunnel). As for environmental flows, the Gav-Khouni Marsh receives sufficient water after completion of the water transfer
projects, but its inflow declines toward the end of the simulation
period (Fig. 11). Interestingly, the simulated end-of-period water
shortage in the basin under I.W.T. is higher than B.a.U. The last policy scenario is inter-basin water transfer and demand management
(I.W.T.D.M.), which projects a lower growth rate for increase in
population, and industrial and domestic water demands than
I.W.T. (Fig. 10). Under this scenario, agricultural water demand is
expected to be lower than B.a.U due to change in crop pattern
and improved irrigation efficiency. No agricultural water shortage
is projected after the operation of Goukan Tunnel in 2016, while

Gav-Khouni Marsh receives sufficient water (Fig. 11) after completion of Beheshtabad Tunnel. This scenario addresses the basin’s
water shortage over the three-decade planning horizon.
The behavioral trends of the main variables in the watershed
system under the simulated management policies are explained
in Table 8. Table 9 presents the values of reliability and vulnerability indices for different sectors under the selected management
scenarios. Overall, the results suggest that in the absence of appropriate management policies the basin’s water shortage will exacerbate with time. Improving the efficiency of agricultural water use
(A.W.D.M.I) is the most critical policy, although it may not be a
definitive solution for sustainable water resources management
in the basin. Rehabilitation and modernization of the basin’s irrigation systems can decrease agricultural water demand and use,
reducing required water supply. But, the simulated water shortage
shows that this policy will not obviate water shortage altogether.
The results of A.W.D.M.II and A.W.D.M.III show that cropping
change to water-efficient crops (e.g., garden productions, potato,
onion, and cereal) and the reducing cultivated land area can most
considerably decrease agricultural water demand. The simulated
water supply under modified crop pattern can approximately provide sufficient water for agricultural section and Gav-Khouni
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Fig. 10. Behavior of selected model variables in the simulation period (2010–2040) under different policy scenarios.
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Marsh. Implementation of water transfer projects (I.W.T.) raises
surface water supply, reducing water shortage in the short-run.
However, increasing water demand causes more severe water
shortage than B.a.U. at the end of simulation period due to higher
resident’s utility, leading to more groundwater withdrawal to supply sufficient water for the basin’s water uses. Supplying more
water using inter-basin water transfer (I.W.T.) is a band-aid solution that can temporarily ease the water scarcity while exacerbating the situation in the long-run. The results for the I.W.T.D.M
policy indicate that increased water supply coupled with demand
management is the most reasonable method for mitigating water
scarcity in the basin. The controlled economic development and
population growth, as a result of lower resident’s utility than
I.W.T., can address water shortage after completion of the planned
water transfer projects.

6. Discussion
Models are simplified representations of real systems (Box and
Draper, 1987; Sterman, 2000) and ZRW-MSM 2.0 is no exception.

However, despite their simplifications, models can provide valuable insights as long as their limitations are not overlooked when
interpreting their results for policy making (Madani, in press).
Some parameters of the integrated models (e.g., sociopolitical attributes) may be prohibitively difficult to quantify, especially in system dynamics models. A number of simplifying assumptions were
necessary to characterize the supply-oriented water management
in the Zayandeh-Rud River Basin. Interaction between surface
and groundwater, i.e. percolation and seepage, has been simulated
linearly in the hydrological sub-system. Furthermore, this component of the model represents groundwater resources in a lumped
fashion whereas, in reality, over twenty tow aquifers with different
withdrawals and hydrostatic storage capacities have been identified in the basin. In the agricultural sub-system, it is assumed that
the dynamic market of each crop is independent from the others
while dependence may be seen in real markets or cultivation of different crops. The developed agricultural CLD considers only ten
major crops to represent the variety of different crops in the basin.
Finally, the ratio of the basin’s GRP relative to neighboring basins is
defined as a constant value, which limits characterization of socioeconomic dynamics. In the face of these simplifying assumptions,
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Fig. 11. Gav-Khouni inflow in the simulation period (2010–2040) under different management policies. The average annual flow requirement to sustain Gav-Khouni Marsh is
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Table 8
Description of the main variables’ behavior under different management policies.
Management policy

Description of outputs

Business as usual (B.a.U.)

Industrial and domestic water demands increase; population and watershed water demand increase with high growth
rate; severe agricultural and environmental water shortages are expected throughout the simulation period according
to the vulnerability and reliability indices; extra groundwater withdrawal continues due to severe water tension; GavKhouni Marsh receives no water in the whole period (reliability and vulnerability indices are 1 and 0, respectively)
Increase in industrial and domestic water demands and population are lower than B.a.U.; agricultural water shortage is
lower than B.a.U. in the whole period, according to the vulnerability index; Gav-Khouni Marsh receives no water except
for a few years due to high rainfall
Increase in industrial and domestic water demands and population are lower than B.a.U. and A.W.D.M. I due to lower
residents’ utility; groundwater withdrawal and water shortage are considerably lower than B.a.U and A.W.D.M. I;
agricultural water demand is satisfied for a few years and water shortage is low in other years according to the
vulnerability index; Gav-Khouni Marsh receives no water in the whole period except for a few years
Increase in industrial and domestic water demands, and population are considerably lower than the other scenarios due
to significantly lower residents’ utility; groundwater withdrawal is smaller than A.W.D.M. II due to reduced agricultural
water demand; no agricultural water shortage in the simulation period according to the vulnerability and reliability
indices; Gav-Khouni Marsh is not supplied with sufficient water about 60% of the time
Increase in industrial and domestic water demands and population are much higher (exponential growth) than the
other policies after increase in surface water inflow; agricultural water demand increases after completion of
Beheshtabad Tunnel; more groundwater withdrawal occurs to meet high water demand at the end of the simulation
period (as a result of high resident’s utility); the values of vulnerability indices for agriculture and environment are
lower than B.a.U.; Gav-Khouni Marsh receives sufficient water after completion of water transfer projects, but no water
at the end of simulation period (reliability index is higher than B.a.U); water shortage in the basin is higher than B.a.U.
at the end of simulation period
Industrial and domestic water demands and population increase with lower growth rates than I.T.W.; no agricultural
water shortage after the operation of Goukan Tunnel in 2016; Gav-Khouni Marsh receives sufficient water after
completion of Beheshtabad Tunnel; vulnerability indices for agriculture and environment are lower than I.T.W., while
their reliability indices are higher than I.T.W.; no water shortage is expected after increase in surface water inflow

Agricultural water demand management I
(A.W.D.M.I)
Agricultural water demand management II
(A.W.D.M.II)

Agricultural water demand management III
(A.W.D.M.III)

Inter-basin water transfer (I.W.T)

Inter-basin water transfer and demand
management (I.W.T.D.M.)

Table 9
Reliability and vulnerability of different water sectors under different management policies.
Scenario name

ReI
(agriculture)

ReI
(environment)

ReI (domestic and
industrial)a

VuI
(agriculture)

VuI
(environment)

VuI (domestic and
industrial)b

Business as usual (B.a.U.)
Agricultural water demand management I
(A.W.D.M.I)
Agricultural water demand management II
(A.W.D.M.II)
Agricultural water demand management III
(A.W.D.M.III)
Inter-basin water transfer (I.W.T)
Inter-basin water transfer and demand
management (I.W.T.D.M.)

0.00
0.00

0.00
0.10

1.00
1.00

0.23
0.15

1.00
0.87

0.00
0.00

0.00

0.13

1.00

0.08

0.84

0.00

1.00

0.53

1.00

0.00

0.36

0.00

0.00
0.80

0.47
0.67

1.00
1.00

0.13
0.10

0.50
0.35

0.00
0.00

a,b

Domestic and industrial water demands are satisfied based on the current allocation policy in the basin. Therefore, the values of reliability and vulnerability indices under
different scenarios are equal to 1 and zero respectively.

ZRW-MSM 2.0 facilitates investigation of the trends of behavior as
opposed to quantitative snapshots of the system behavior, essential for generating insights into big-picture, long-term path of the
system under different policy scenarios (Madani and Mariño,
2009; Mirchi et al., 2012).
Understanding the system’s governing archetypal behavior can
provide insights for balancing water resources management and
development. System archetypes are generic CLDs that are used
as diagnostic tools to identify and address problematic dynamic
behavior (Senge, 1992; Braun, 2002; Wolstenholme, 2003). Braun
(2002) describes common system archetypes and their corresponding behaviors, including Limits to Growth, Shifting the Burden, Eroding Goals, Escalation, Success to the Successful, Tragedy
of the Commons, Fixes that Backfire (or Fixes that Fail), Growth
and Underinvestment, Accidental Adversaries, and Attractiveness
Principle. Some of these archetypes can be used to explain different
aspects of the basin’s water resources management (Mirchi et al.,
2012). For example, the basin’s socioeconomic development in a
water-deficient region is essentially governed by the Limits to
Growth archetype. The water scarcity is only the symptom of a
more profound problem, that is exceedance of natural supply

capacity of water resources in the basin. Similarly, the basin’s success in securing additional water resources in a potentially competitive setting can be explained by the Success to the Successful
archetype, where the system’s growth as compared with competitors enables it to secure even more resources for growth. Within
the basin’s agricultural sector the competition over groundwater
triggers significant drawdown of groundwater table as governed
by the Tragedy of the Commons.
From a management perspective, however, the Zayandeh-Rud
River Basin’s recurring water shortage has the characteristics of
the Fixes that Backfire archetype (Fig. 12). The theory of Fixes that
Backfire archetype states that short-sighted solutions that relieve
the symptoms of a problem without addressing the root causes
create a weak balancing loop that will entail unintended consequences. The quick fix solution triggers a stronger reinforcing loop,
which causes the problem to re-erupt in the future in an aggravated form, often with challenging unintended consequences
(Fig. 12). The main driver of the Zayandeh-Rud Basin’s water shortage is the unfettered development, which leads to increased demand, causing water scarcity to reappear in an exacerbated form
(Fig. 13). Therefore, increasing water supplies through water
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Fig. 13. The main loops of the water resources system of the Zayandeh-Rud River
Basin.

transfer projects are merely quick fixes that are doomed to create
challenging side-effects in a parched region where water is the
main engine for development. The simulation results of ZRWMSM 2.0 indicate that the basin will experience a dramatic and
growing water shortage if current local water resources management policies are used in the future without necessary modifications and adaptations. The persistent water shortage is mainly
due to presence of an unaddressed reinforcing feedback loop that
creates a vicious supply-development-demand cycle (Fig. 13).
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Fig. 14. The projected trend of water scarcity in the basin over time.
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The model predicts failure and depletion of the basin’s water resources by mid next century if the current water supply trends
hold into the future.
Despite the inadequacy of water transfers as a sustainable solution to the water shortage problems, three additional inter-basin
water transfer projects are currently under development to satisfy
the increasing water demand in the basin. While these projects
may be necessary given the reality and severity of current water
scarcity, supplying more water without effective demand management schemes will create the false perception of development potential in the basin (Madani and Mariño, 2009). This false message
can promote watershed development and attract more people to
settle down in the basin, expanding a community that is growing
much beyond what water resources can support naturally. In the
long run, continuous watershed development and population
growth, due to in-migration, will increase water demand, intensifying water scarcity. Fig. 14 illustrates that supplying more water
to the basin through water transfer will decrease water scarcity
in the short run (decreasing trend of water shortage). However,
an increasing trend of water scarcity in the long run indicates that
watershed development and population growth will increase
water demand, intensifying water scarcity. Thus, the problem will
continue to reappear more severely as has been the case in the
past, as the residents’ expectation of higher utility places more
pressure on water managers to endorse development of more
water-transfer projects.
During the past 60 years, the time interval between the water
resources development and full allocation of the added water supply in the basin has been short. There is a vital need to shift away
from water supply-oriented to water demand management policies for managing the water shortage in the basin. Emphasis should
be placed on effective strategies and policies for managing the watershed development and water demand simultaneously. Systemwide demand management programs that aim at increasing
awareness about the water scarcity situation must become integral
components of the basin’s water resources management, improving the effectiveness of the current and planned inter-basin transfers. Although not a permanent solution, cultivating water-efficient
crops and improving the irrigation efficiency is the most critical
policy leverage area to decrease the agricultural water use and,
subsequently, agricultural water shortage. The favorability of this
policy is manifest in higher reliability and lower vulnerability
within the system as compared to current practices (Table 9).

7. Conclusions
Water resources decision making should be based on a holistic
view of the problems due to the multitude of complex, interlinked
socio-economic and bio-physical sub-systems within watershed
systems. The recognition of various feedback mechanisms within
a water resource system is important for appropriate quantitative
and/or qualitative projection of long-run behavior. System dynamics is a practical framework for understanding water resource systems’ underlying structures, and capturing main feedback loops in
an integrated fashion. The approach offers convenient tools such as
CLDs and SFDs that facilitate conceptualization of water resource
systems, providing a basis for quantitative simulation in order to
examine different policy options. Although quantitative characterization of large water resources systems can be difficult, and sometimes speculative, due to complexity of interdependent subsystems, the approach provides a practical means for identifying
plausible behavioral trends that can guide policy making.
The traditional management approach for handling the Zayandeh-Rud River Basin’s persistent water scarcity problem has the
properties of the Fixes that Backfire system archetype. The
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supply-oriented management scheme through inter-basin water
transfers relieves the symptom of a larger problem only temporarily. The more critical problem is the unfettered development and
inefficient agricultural practices that has caused the ZayandehRud system to reach, and move beyond, the natural supply capacity
of groundwater and surface water resources. Soon after completion
of each water transfer project, the water scarcity reappears due to
continuous development and in-migration intensified by a false
perception of water availability. The problem becomes more challenging if the long-term socioeconomic vulnerability and damage
of ecosystems are taken into account. As the most important policy
lever, water resources and agricultural managers in Zayandeh-Rud
River Basin, and similar areas in Iran, are urged to focus on increasing the efficiency of agricultural water use and promoting the cultivation of water-efficient crop types to ensure highest reliability
and lowest vulnerability within the system. The simulation results
of ZRW-MSM 2.0 demonstrate that the inter-basin water transfer
alone is an unsustainable solution to the basin’s water scarcity
problem. Thus, it is critical to implement system-wide demand
management programs to increase the effectiveness of the current
supply-oriented approach by improving the balance between
socioeconomic development and water resources supply.
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