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Water agriculture nexus a system
dynamics approach for the next
three decades
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Agriculture, being a major consumer of water resources, is crucial for ensuring global food security.
Current patterns of water use and agricultural practices, if continued, are projected to cause severe
water shortages, particularly in agriculture, by 2054. This water scarcity has already reduced crop
cultivation, threatening future food and water security. This study introduces a dynamic system-based
model to simulate water resources, focusing on agricultural water consumption and groundwater
reclamation from 2025 to 2054. The model evaluates cultivated areas using three indicators: physical
productivity, economic productivity, and water consumption. Under projected conditions, significant
water shortages and declining underground water levels are anticipated. The most effective scenario
involves halting cultivation of water-intensive crops, reducing groundwater withdrawal by 25%,

and transferring 250 million cubic meters of water annually. This approach increases surface and
underground water levels by 29.5% and 36.5%, respectively, and offsets 65.1% of the water shortage.
These results emphasize the urgent need for sustainable water management to address future water
scarcity and ensure agricultural and food security. The proposed model serves as a valuable tool for
policymakers to design and implement strategies in water-scarce regions.

Keywords Water and agriculture nexus, System dynamic, Physical productivity, Economic productivity,
Scenario analysis, Zayandehrud basin

Inrecenttimes, the global population has seen a significant increase, accompanied by the rapid growth of industries
and a strong desire for development!. Unfortunately, this surge in activity, coupled with mismanagement and
the overall rise in water consumption, has led many regions of the world to face a severe water crisis>>. If a
suitable solution is not found in the near future, this crisis will only worsen. Looking ahead, water is expected to
become the most critical and strategic resource, particularly in arid and semi-arid regions across the globe?. As
evidenced by historical data, policymakers in these areas have attempted to address water scarcity issues through
various means such as building dams, replenishing groundwater, cloud seeding, desalination, wastewater reuse,
and the implementation of large-scale water transfer projects>®. However, it is essential to acknowledge that
unsustainable and misguided decisions aimed at meeting the growing demands for water can actually contribute
to or worsen the water scarcity crisis”®. While supply-based water management strategies may yield promising
results in the short term, they often lead to unintended and destructive consequences in the long run®!°. Food
security is one area which is vastly suffering at unprecedented scales threatening the prosperity in the Middle East
and North African region'!. Water, agriculture and food are mutually dependent and the water crisis in many
regions has caused the security of agriculture and food to be endangered. The nexus of water and agriculture and
the use of common and practical solutions is the solution to overcome this crisis®.

The Zayandehrud basin holds great importance in development planning due to its advantageous and unique
location, as well as its significant agricultural, industrial, and environmental value. It is regarded as one of the
most strategic regions in Iran'2 Over the past few decades, various factors have led to a substantial increase
in water tension within this region. To address these issues, several solutions, including the implementation
of various water transfer projects, have been employed!>!%. While several solutions, including water transfer
projects, have been implemented, there is a lack of comprehensive analysis on their long-term effectiveness and
sustainability. Previous studies have often focused on isolated aspects of water management without integrating
the broader impacts on agriculture and overall resource sustainability!>!°. It is recommended to examine the
long-term effects of each decision and avoid a one-sided approach to the issue. By using a dynamic system
and combining the model that includes it, it is possible to find a suitable solution to address the water crisis
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in the region by fully examining the long-term results!”. Extensive research has been done around the world,
including Iran, focusing on solutions and strategies for managing the water crisis and the water-food-energy
nexus using the concept of a dynamic system. Some notable studies include those conducted by'®-?’. Researchers
such as!>1628-30 have contributed to the modeling of water resources and utilization in the Zayandehrud basin
and Isfahan province. They have employed various models based on dynamic systems and proposed diverse
scenarios to tackle water-related challenges in this region. The outcomes of their studies have been compared
and evaluated accordingly.

Global research highlights significant regional variations in water-agriculture dynamics due to differences in
climatic, economic, and social conditions. Studies in water-scarce regions emphasize the critical need for efficient
irrigation systems and crop selection to reduce water consumption. Conversely, research in water-abundant areas
focuses on improving water quality and addressing runoff-related issues. In the Zayandehrud basin, previous
studies have also examined scenarios such as water transfer, similar to our approach and these studies concluded
that water transfer alone, without considering system dynamics and complementary scenarios, ultimately leads
to increased water demand. Additionally, while some studies have considered crop pattern changes, the criteria
for crop replacement or elimination were often limited to water consumption alone.

To address these gaps, this study introduces an integrated dynamic system model that aims to assess the
sustainability of water and agricultural resources in the Zayandehrud basin. Unlike previous research, which
may have concentrated on individual components or short-term outcomes, our model takes a holistic approach
by incorporating both physical and economic productivity indicators to evaluate water use and agricultural
sustainability'”. This model specifically addresses the limitations of previous studies by focusing on the amount
of water consumed by each agricultural product and modeling the cultivation area of different crops. This
unique approach allows for the identification and classification of the most favorable products based on water
consumption levels and productivity indicators, providing a more nuanced understanding of agricultural
sustainability. By exploring various management scenarios and altering cultivation patterns, the model simulates
potential future scenarios to assess their impact on water availability for agriculture. Additionally, the inclusion
of a water transfer scenario enhances the analysis, offering a comprehensive evaluation of potential solutions. The
study aims to fill the gaps left by prior research and propose the most effective scenario for improving agricultural
conditions in the region based on a thorough analysis of long-term results. This study, while providing valuable
insights into sustainable water management and agricultural practices, acknowledges several limitations. One
significant challenge is the limited availability of accurate and up-to-date data for certain variables, which may
influence the precision of the model’s outputs. Additionally, the modeling process involves several assumptions
and simplifications, such as considering climate change impacts primarily through precipitation changes, which
may not fully capture the complexity of all interacting factors. Furthermore, external factors, including future
socioeconomic and policy developments, introduce uncertainties that could affect the applicability of the results
under evolving conditions. These limitations highlight the need for continuous refinement of the model and
integration of more comprehensive datasets to improve the robustness and generalizability of the findings. The
findings of this study will be useful for policymakers, water resource managers, and agricultural stakeholders by
providing practical insights into sustainable water management strategies and agricultural practices, especially
in water-scarce regions. In general, given the critical water and subsidence situation in this region, this research
and its solutions can have an impact on other sectors and the lives of the people in the region.

Methods

Study area

The Zayandehrud River Basin, shown in Fig. 1, covers an area of approximately 41,524 km?. It is located in
central Iran, stretching between longitudes 50° 24’ to 53° 24" and latitudes 31° 11’ to 33° 42’. Within this region
lies the Zayandehrud River, one of the largest rivers in central Iran, serving as a vital resource for domestic,
industrial, and agricultural purposes. Originating from the Zagros Mountain range, this river flows through
diverse landscapes until it reaches the GavKhouni wetland. Along its course, the Zayandehrud River undergoes
various forms of exploitation. Stretching approximately 350 km in length, it boasts an average natural discharge
of 850 million cubic meters. The basin, with an elevation ranging from 1450 m in the east to 3974 m in the west,
experiences average rainfall between 50 and 1500 mm, and temperatures fluctuate between 3 and 30 degrees
Celsius. Moreover, the basin witnesses an annual evaporation and transpiration rate of around 1500 mm. As of
1996, the population of the basin was approximately 3,104,000, with an average annual population growth rate
of 2.14%. Notably, a total of 260,000 hectares of land are under irrigation, with an irrigation efficiency range of
35-399%2831,

The Zayandehrud Basin encompasses part of Isfahan Province, a key industrial and agricultural region in
Iran. This basin itself is a sub-basin of the Gavkhouni basin. Agriculture is the primary user of water in the
region and relies on both surface (30%) and groundwater (70%) sources for its supply. However, the occurrence
of severe droughts, coupled with the rising population and water demand across all sectors, has led to numerous
water-related challenges, particularly in agriculture. These problems have become increasingly significant in
recent years. Amidst the water crisis in agriculture, there has been a growing strain on underground water
resources for irrigation purposes. Consequently, these resources are also facing a crisis. Unless a suitable solution
is implemented, the region will encounter a myriad of issues in the coming years, predominantly concerning
underground water reserves>%,

Model development

The initial and foremost step in system dynamics modeling involves the identification of the system’s structure.
This encompasses the establishment of both positive and negative causal relationships between components, as
well as the identification of feedback loops!”. Generally, the qualitative analysis phase of a system dynamics study
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Fig. 1. The Zayandehrud River Basin.

comprises two key steps. Firstly, there is the development of a conceptual model or a causal loop diagram (CLD)
to illustrate the problem. Secondly, a stock and flow diagram (SFD) are created based on the CLD to further
depict the issue at hand. Specific to the Zayandehrud basin, the model comprises three interconnected sub-
systems that aim to conceptualize the system structure of the entire basin. These sub-systems include the areas
of hydrology, water, and wastewater; agriculture; and social-economic aspects. The simulation period spanned
from 2002 to 2012 with annual time increments.

The hydrological system encompasses various elements such as water, sewage, and their intricate interplay
with regional hydrological processes. It includes surface and underground water dynamics, crucial hydrological
factors like precipitation, the natural flow between basins, sewage, return water, as well as the overall management
of water resources and its applications. A representation of this subsystem can be observed in Fig. 2, which
exhibits a CLD. Within this diagram, SW represents surface water, while GW pertains to groundwater.

In the agricultural subsystem, the model considers eleven dominant crops: wheat, barley, rice, vegetables,
summer crops, oilseeds, sugar beet, forage crops, dried fruits, garden crops, and legumes. This subsystem
takes into account various variables such as cultivated area, water requirement, yield, net price, production,
profit, and physical and economic productivity of different products. Figure 2 show the CLD of the agricultural
system. However, due to brevity, only the modeling of two hypothetical products, X and Y, is shown. To view the
complete model of the agricultural subsystem, please refer to the stock and flow diagram (SFD) in the attached
file (Fig. 1). In this research, the expected annual land area of agricultural products is calculated using two
indicators: physical productivity (PP) and economic productivity (EP). Equations 1 and 2 define physical and
economic productivity respectively.

PP — Production' 0
Actual water requirement
EP Sale 2

~ Actual water requirement

The physical productivity (PP) of each individual product is determined by calculating the ratio between the
production of the product and the actual water usage for its cultivation. Additionally, the economic productivity
(EP) of each product is assessed by calculating the ratio between its sales revenue and the actual water
requirements. The determination of the actual land area dedicated to each crop is based on the annual water
allocation for that crop and its projected land requirements. By considering both physical productivity and
economic productivity, various products can be categorized, enabling the identification of valuable crops in
terms of water consumption, product performance, and economic aspects simultaneously. This process aids
in establishing suitable management strategies within the agricultural sector and facilitates a shift away from
cultivating low-value crops with high water usage.

In the socioeconomic system, the primary catalyst for urban water demand, industrial growth, population
surge, and migration from nearby towns is the social welfare factor of the region. This study defines the residents’
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Fig. 2. CLD of the water, agricultural, and socio-economic sub-systems (Understanding the interconnections
within the hydrology subsystem are illustrated using a blue arrow, while the agricultural subsystem employs a
green arrow to represent its relationships, and the socio-economic subsystem is depicted with a red arrow).

social welfare index as a function influenced by various internal and external factors. The Social Welfare Index
is computed as a weighted sum of normalized variables, including per capita water consumption, employment
rate, cost-benefit ratio per household, and national economic growth rate. The weights assigned to each variable

were determined through a calibration process based on real historical data. This

approach enhances the

model’s reliability and ensures that the index dynamically captures socio-economic variations over time (More

details in the attachment). The city’s socio-economic progress has led to greater develo
neighboring regions, resulting in increased job opportunities, migration towards the ¢
in the region, and heightened water consumption across different consumer sectors.

pment in comparison to
ity, escalated population

The complete depiction of the model, comprising hydrological, agricultural, and socio-economic subsystems,
is presented in in the attached file (Fig. 1). A SFD has been constructed to illustrate the warehouse’s structural

layout and system dynamics!'>3.

The dynamic equations for the subsystems were derived based on the system dynamics methodology and

causal loop diagrams (CLDs). These equations were formulated by analyzing historic

al data, consulting local

experts, and leveraging existing standard models (e.g., common hydrological and agricultural models). For

instance, in the hydrology subsystem, equations such as mass balance for surface and

groundwater flows were

derived using data on precipitation, evaporation, and inter-basin water transfers. In the agricultural subsystem,
equations for physical and economic productivity were defined as shown in Egs. 1 and 2. All equations were

parameterized and simulated using the VENSIM software.

The model parameters were calibrated using historical data from the Zayandehrud basin (2002-2012),
including meteorological statistics, agricultural reports, and local census data. To enhance the model’s accuracy,
sensitivity analysis was conducted to evaluate the impact of parameter variations on model outputs.

The developed dynamic equations are grounded in general principles of system dynamics (e.g., conservation
of mass and productivity concepts). Therefore, the model is potentially applicable to other regions with similar
characteristics. However, successful implementation in other areas requires localization of the model, which
involves incorporating region-specific data and conditions during the parameterization and validation stages.

For example, adapting the model to another arid or semi-arid region would require
precipitation levels, crop types, and water usage patterns to match the new context.

tailoring inputs such as
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Model calibration and validation
In order to evaluate various strategies and policies for water resources management, it is important to assess the
dynamic performance and accuracy of the model. The model’s implementation will take place over a time span
of 30 years, starting from 2025 and ending in 2054, with yearly time intervals. To calibrate the model, historical
observation data from a period of 10 years, specifically from 2002 to 2011, were taken into consideration. Initially,
extreme conditions were applied to test the structural behavior of the model, as outlined by Barlas in a previous
study. The behavior replication test aims to determine if the model can accurately reproduce patterns observed
in the real system. This test focuses on comparing the outputs generated by the model to the historical data
within the given time frame. To conduct this test, both observed (real) data and simulated data from the model
were used. Also, to accurately evaluate the behavior of the model, statistical indicators including coefficient of
determination (R2), root mean square error (RMSE) and coefficient of variation (U0) were useds,

Extreme conditions tests are conducted to evaluate how different parameters impact the behavior of a model™®.
In order to evaluate the performance of the model in extreme conditions and to validate the model, three specific
scenarios were applied: no withdrawal of groundwater, economic stagnation, and an increase in the volume
of surface water resources. The no withdrawal of groundwater condition assumed that there would be zero
extraction of water from underground sources. Under the economic recession condition, the model examined
the impact on the social welfare by reducing variables related to water consumption in the agricultural sector and
the job opportunity index. Social welfare represents the overall satisfaction and well-being of individuals within
a society, encompassing both economic and social aspects. For this study, it’s calculated as a dimensionless
composite index. Furthermore, by assuming a 100 million cubic meters increase in the volume of surface water
resources due to water transfers into the basin, it was anticipated that both the per capita water consumption and
the region’s added value would rise. Overall, these extreme condition tests play a crucial role in evaluating the
model’s behavior and its capability to produce reliable results even in challenging scenarios.

Policy scenarios

By carefully choosing the most appropriate scenarios, it is possible to ensure favorable results for the future
development of the region and maintaining water and food security. The first category encompasses individual
executive and management policies, which are designed to address the future situation of the region. These
policies take into consideration factors such as population growth, increasing water consumption across all
sectors (particularly in agriculture), and the status of underground water resources. In this category, specific
scenarios have been formulated, including plans for water transfer, reduction of extraction from underground
water sources, and the recommendation to abstain from cultivating water-intensive crops. These scenarios aim
to improve the overall condition of the region. The second category consists of hybrid policies, which combine
the most effective management scenarios from the previous section. One notable strategy employed in these
scenarios is the enhancement of water utilization efficiency in agriculture. After evaluating multiple options,
the optimal scenarios have been selected for implementation to ensure positive outcomes in the future. Detailed
explanations and descriptions of the specific scenarios and policies utilized can be found in Table 1.

Results and discussion

Model calibration and validation results

Figure 3a shows the comparison between observed and simulated values for some different variables to evaluate
the model calibration. By analyzing the graphs, it can be concluded that there is a logical correlation between
the trend of the observed data and the predicted variables for the model. Additionally, the results of statistical
indicators such as the coefficient of determination (R%), root mean square error (RMSE), and discrepancy
coefficient (UQ) are presented in the figure. These results also indicate a good fit between the model and the
observed data.

Grouping Scenario name | Description Scenario name | Description
Primitive BAU Business as usual ~ -
™ 250 MCM of water transfer to the basin NCSFR No cultivation of sugar beet, forage crops, and rice
Reducing the land area of sugar beet, forage crops,
RGW 25% reduction in groundwater extraction RLSFR 50_ALD | and rice by 50% and adding to the land area of
Operational dry fruits (pistachios, walnuts and almonds)
RLSFR 50 Reducing the land area of sugar beet, forage crops, and rice by 50% Reducing the land area of sugar beet, forage crops,
RLSFR 75_ALD | and rice by 75% and adding to the land area of
RLSFR 75 Reducing the land area of sugar beet, forage crops, and rice by 75% dry fruits (pistachios, walnuts and almonds)
NCSFR TW Nono-cgltivatior} of sugar beet, forage crops, rice, water transfer, and Non-cultivation of sugar beet, forage crops, rice,
Combinatorial B a20% increase in agricultural efficiency NCSFR _TW_ | 250 MCM water transfer, and 25% reduction of
RLSER 75 TW Reducing the land area of sugar beet, forage crops, and rice by 75%, RGW grqundwater w1t}1drawal, and a 20% increase in
- water transfer, and a 20% increase in agricultural efficiency agricultural efficiency

Table 1. Policy scenarios. This table presents a set of policy scenarios designed to address water scarcity

in the Zayandehrud basin. Scenarios are grouped into three categories: Primitive (BAU), Operational, and
Combinatorial. The policies consider factors such as population growth, water consumption, and the status of
underground water resources. These scenarios include specific plans such as water transfer projects, changing
and modifying cropping patterns in agriculture, reducing groundwater extraction, and improving water use
efficiency in agriculture.
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Fig. 3. The comparison between model simulated data and observational data (a) and The behavior of selected
parameters of the model in the test of extreme conditions (b).

The results of the extreme condition tests are presented in Fig. 3b. According to this figure, it was observed
that by implementing a scenario of no groundwater extraction, the volume of groundwater resources increased
significantly. Additionally, by applying an economic recession scenario, the model examined the impact on
regional welfare through reductions in agricultural water consumption and the job opportunity index. It was
assumed that the cessation of agricultural cultivation, the elimination of water consumption in agricultural and
industrial sectors, and the reduction in job opportunities would decrease the welfare of the region’s residents.
Figure 3b visually demonstrates this downward trend. Finally, by implementing a scenario of increasing
surface water resources and transferring 100 million cubic meters of water to the basin, both per capita water
consumption and the region’s value added increased, resulting in a population increase compared to the baseline
condition.

The model yielded satisfactory results in both behavior repetition tests and under extreme conditions,
establishing its readiness for future applications and flexibility in implementing diverse policies.

Implementing various policy scenarios

In the Business-as-usual scenario (BAU), there will be a significant increase in water shortage, particularly
within the agricultural sector, due to the rising water demand from 2025 to 2054. This scarcity of water has
resulted in a decline in crop cultivation. Evidently, the groundwater levels have experienced a sharp decrease as
a consequence of the higher water demand for agriculture. Furthermore, the storage capacity of Zayandehrud
Dam has been observed to follow a declining trend. Over time, there has been a notable decrease in the
variable representing social welfare. Figures 4 and 5 present a comparison between different scenarios and the
BAU scenario throughout the simulation period. The transferring water (TW) scenario assumes a transfer of
approximately 250 million cubic meters of water annually to Zayandehrud Dam. Based on Fig. 4, it can be
concluded that in this scenario, the water shortage experienced a relatively small decrease compared to the
BAU scenario. The volume of water within the dam has increased, and the decline in groundwater has been less
severe, showcasing improvement. This particular scenario allows for a larger amount of water available for crop
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cultivation, resulting in increased agricultural activities. Figure 5 shows that the decrease in social welfare has
been less severe under this scenario.

As a result of the significant and catastrophic decline in groundwater levels, a situation has been identified in
this particular domain. It is projected that groundwater extraction will decrease by 25% compared to the Business
as Usual (BAU) scenario. In the Reduced Groundwater Withdrawal (RGW) scenario, it has been observed that
groundwater is in a far more favorable state compared to the other two scenarios. The reduction in groundwater
levels transpires at a gentler slope and occurs in 2054, instead of reaching the previously estimated volume of
5653 million cubic meters, it actually triples to an impressive 16,700 million cubic meters. In this particular
scenario, water scarcity in the region reaches its peak and sees a significant increase in comparison to previous
scenarios. The social and economic well-being of the region has been steadily declining, and the population in
the area is projected to be lower than the BAU and TW (Total Withdrawal) scenarios. Therefore, even though
the RGW scenario offers some improvements in groundwater conditions, it is also linked to exacerbating water
scarcity issues and causing a reduction in the overall social welfare of the region. Consequently, relying solely on
this scenario is not deemed suitable.

Three different types of plants, namely sugar beet, forage crops, and rice, are known to consume large amounts
of water. In light of this fact, and in response to the pressing issue of water scarcity in the agricultural sector of
the region, five different scenarios have been devised to address the excessive water consumption associated
with these crops. The first scenario, termed RLSFR 50, envisages a 50% reduction in the land area dedicated to
cultivating sugar beet, forage crops, and rice. Under this scenario, there is no significant change observed in the
overall availability of ground and surface water compared to the Business-As-Usual (BAU) scenario. However,
the water shortage situation does improve considerably, with a reduction of approximately 34% on average.
The region’s population and welfare experience only marginal changes. Additionally, the land area dedicated
to other crops increases in comparison to the previous scenarios. Moving on to the RLSFR 75 scenario, this
envisions a more substantial reduction of 75% in the land area devoted to sugar beet, forage crops, and rice. In
this scenario, there is a parallel result to the previous scenario concerning the availability of ground and surface
water. However, there is a more significant improvement in the water shortage situation, with a reduction of
about 52% compared to the previous scenarios. Similar to the BAU and RLSFR 50 scenarios, there are negligible
changes in the population and social welfare of the region. However, the area of land devoted to other crops is
increasing, including major crops such as wheat and barley. In the NCSFR scenario, it is assumed that sugar beet,
forage crops, and rice will no longer be cultivated. While this scenario does not lead to significant changes in the
availability of ground and surface water sources, the water shortage in the region does experience a substantial
reduction of 69%. This scenario also contributes to a decrease in the overall water demand for agricultural
purposes. Similarly, to the previous scenarios, the population and social welfare factors remain relatively stable.
However, the area devoted to cultivating other crops sees further increases compared to the previous scenarios
where the three water-intensive crops were not cultivated. However, the total water withdrawal remains nearly
the same because the saved water from high-consumption crops is reallocated to other agricultural activities.
This reallocation results in an expansion of cultivated areas for alternative crops rather than an actual reduction
in water extraction. Consequently, despite the improvement in water-use efficiency and a reduction in water
shortages, the absolute levels of groundwater and surface water resources do not increase.

In the following situation, the cultivated area of sugar beet crops, forage crops, and rice has been diminished
by 50%. Instead, it is proposed to use the cultivated area for growing dry fruits (pistachios, walnuts and almonds),
which require less water and show promising physical and economic productivity based on two indicators
(RLSFR 50_ALD scenario). However, this scenario does not come recommended for practical implementation
as it has only resulted in a modest 25% improvement in water scarcity compared to the RLSFR 50 scenario.
Moving on to the RLSFR 75_ALD scenario, where there is a 75% reduction in the cultivation area of water-
intensive products, an additional amount of dry fruits cultivation area has been introduced. Despite this, the
water scarcity in the region has only slightly improved by an average of 36%, which is even worse than the RLSFR
75 scenario. Consequently, this particular scenario has performed poorly and is not considered favorable.

As a result, we can identify two NCSFR and RLSFR 75 scenarios as the top choices in this category.
Additionally, three other scenarios have been formulated by combining the best scenarios with water transfer,
improved irrigation efficiency, and a reduction of 25% in groundwater extraction. In the NCSFR_TW scenario,
it is assumed that sugar beet, forage crops, and rice will not be cultivated in the region. Moreover, it involves
an annual water transfer of 250 million cubic meters and a 20% increase in agricultural irrigation efficiency
compared to the previous state. The outcome of this scenario reveals that the condition of underground water
and surface water surpasses that of the BAU, RLSFR 50, RLSFR 75, NCSFR, RLSFR 50_ALD, RLSFR 75_ALD
scenarios. Furthermore, the region’s water shortage has been alleviated by 70%, which represents the most
significant improvement in terms of water scarcity within this scenario. Notably, the population and social
welfare of the region have reached their highest level in comparison to the preceding scenarios. In this particular
situation, the cultivated area for most crops has reached its peak, thanks to a 20% increase in efficiency. This
increase has allowed farmers to enhance their crop production even with the same amount of water allocated for
cultivation. However, it is important to note that despite these improvements, the underground water situation
remains critical. Now, focusing on the RLSFR 75_TW scenario, the cultivated area for three specific crops—
sugar beet, forage crops, and rice—has remarkably declined by 75%. Additionally, there is an assumption that
water transfer to the designated region and irrigation efficiency will experience a 20% increase. In terms of
water supply, both underground and surface water conditions in this scenario mirror those of the NCSFR_TW
scenario. Although there is a shortage of water in this scenario, approximately 52% of that scarcity has been
compensated for. The population and welfare of the region are currently at their peak, similar to the NCSFR_TW
scenario. Furthermore, other crops in the region have a higher cultivated area in this scenario compared to the
BAU, TW, RGW, RLSFR 50, RLSFR 75, RLSFR 50_ALD, and RLSFR 75_ALD scenarios.
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The NCSFR _TW_RGW scenario constitutes the final scenario executed in the model. Within this particular
scenario, the cultivation of three crops namely sugar beet, forage crops, and alfalfa is omitted. Annually, an
estimated 250 million cubic meters of water is transferred for various purposes. A reduction of 25% in the
extraction of water from underground sources is implemented alongside a 20% enhancement in irrigation
efficiency. Notably, the scenario demonstrates peak levels of both surface and underground water. By the year
2054, the ultimate quantity of underground water reaches a substantial 20,000 million cubic meters. The water
deficit observed in this scenario is closely akin to that of the NCSFR and NCSFR_TW scenarios, with roughly
66% of the deficit being compensated. Furthermore, in terms of implemented scenarios, the cultivation area for
other crops ranks second in this particular scenario.

Comparing percentage changes in variables

Table 2 provides a summarized overview of how different scenarios affect the key variables in the model. The
land area dedicated to wheat is presented as the primary crop, representing other crops except for sugar beet,
forage crops, and rice, which require additional water. Based on the table, the NCSFR_TW_RGW scenario
demonstrates the best performance in terms of surface and groundwater, exhibiting improvements of 29.5%
and 36.5% respectively. This performance surpasses that of other scenarios. The NCSFR_TW, NCSFR, and
NCSFR_TW_RGW scenarios outperform others in addressing water shortage in the region, with reductions
of 69.5%, 68.9%, and 65.1% respectively. However, it is worth noting that the NCSFR scenario ranks second
in surface water restoration and third in underground water restoration, with increases of 23.1% and 7.3%
respectively. Similarly, the NCSFR_TW scenario ranks sixth in both surface and underground water restoration,
with increases of 0.18% and 0.8% respectively. Therefore, the NCSFR_TW_RGW scenario is deemed the most
favorable option. Lastly, the NCSFR_TW, NCSFR_TW_RGW, and NCSEFR scenarios exhibit the highest increase
in the area of wheat cultivation.

Economic impacts of scenarios

The majority of farmers in the Zayandehrud basin rely solely on agriculture for their livelihood. When evaluating
the proposed scenarios, it is crucial to not only consider the reduction of water scarcity and the improvement of
key indicators like groundwater and surface water levels, but also the economic implications of each scenario.
Figure 6 presents an analysis of price fluctuations for agricultural products during 2011, 2017, and 2023, and it
also shows the changes in the cultivated area of these products over the 10-year study period.

Figure 6A-C reveals that dried fruits, specifically pistachios, walnuts, and almonds, commanded the highest
market prices. Rice, legumes, orchard fruits, and oilseeds followed in terms of pricing. Sugar beet exhibited the
lowest price among the examined commodities. Figure 6D shows that wheat is the most widely cultivated crop in
the region, dominating the agricultural landscape. Forage crops, barley, and gardens are the next most common
crops. Dried fruits, on the other hand, account for a relatively small portion of the overall annual cultivated
land. Analysis of the RLSFR 75_ALD and RLSFR 50_ALD scenarios revealed that substituting dried fruits
for sugar beet, forage crops, and rice led to increased economic returns for farmers. These two scenarios were
identified as the most economically favorable options. Moreover, they demonstrated an improvement in water
scarcity conditions relative to the business-as-usual scenario. The NCSFR_TW_RGW scenario, recognized for
its water resource improvements, involves eliminating sugar beet, forage crops, and rice cultivation and reducing
groundwater extraction by 25%. While this may seem to negatively impact farmers’ incomes, the scenario’s water
transfer and 20% efficiency increase mitigate the effects of reduced groundwater use. Moreover, reallocating
water from the eliminated crops to high-value, low-water crops like pistachios and almonds can enhance
farmers’ economic returns.

Scenario TW | RGW | RLSFR 50 | RLSFR 75 | NCSFR | RLSFR 50_ALD | RLSFR 75_ALD | NCSFR_TW | RLSFR 75_TW | NCSFR _TW_RGW
Surfacewater volume | 22.9 |6.5 0.091 0.141 0.18 0.09 0.14 23.1 23 29.5
Rank 4 5 9 7 6 10 8 2 3 1
Groundwater volume | 6.5 |29.2 | 0.4 0.6 0.8 0.37 0.58 7.3 7 36.5
Rank 5 2 9 7 6 10 8 3 4 1
Water Shortage -18 |54 -34.4 -51.6 -68.9 -25.2 -36.1 -69.2 -52 -65.1
Rank 9 10 7 5 2 8 6 1 4 3
Social Welfare 4 -12.5 | -0.073 -0.11 -0.14 -0.072 -0.1 3.94 3.97 -84
Rank 1 10 5 7 8 4 6 3 2 9
Population 0.56 | -1.8 |-0.027 -0.04 -0.05 -0.027 -0.04 0.5 0.51 -13
Rank 1 8 4 5 6 4 5 3 2 7
Wheat Land area 6.9 | -20.8 |345 63.8 115.3 22.1 35.8 189.5 107.2 120.6
Rank 9 10 7 5 3 8 6 1 4 2

Table 2. Comparison of percentage changes in different variables between simulated policy scenarios and

the business-as-usual (BAU) scenario. (Positive values indicate an increase, and negative values represent a
decrease). In this table, the results of the key model variables for each defined scenario are compared pairwise
with the business-as-usual (BAU) scenario, and the results are presented as a percentage increase or decrease in
the variable.
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Fig. 6. Comparison of price fluctuations for agricultural products (A-C) and cultivation area changes for
agricultural products during period (D).

Conclusions
This study presents a dynamic model that effectively represents the water resources and water requirements of

the drinking, agricultural, and industrial sectors in the Zayandehrud basin and Isfahan province. The model
focuses primarily on the agricultural sector and its water supply. The land allocated for agriculture is determined
by considering physical productivity, economic productivity, and the availability of water resources. These
factors are simultaneously taken into account in determining the land area. This aspect of the study serves to
define various scenarios and assess the impact of changing cultivation patterns on the model. To examine the
future state of variables in the region, the existing model was implemented from 2025 to 2054 under the current
conditions and the BAU (Business as Usual) scenario. The findings revealed an alarming situation if there is
no change in the region. The surface water situation is deteriorating, and the underground water resources
are experiencing a severe decline. By the end of 2054, the amount of underground water is projected to have
decreased by approximately 80%. Consequently, a significant and catastrophic water shortage is predicted,
resulting in numerous challenges in the supply of water for agriculture and crop cultivation.

This research aimed to address the issue of water scarcity in the region by assessing ten different scenarios.
These scenarios focused on water transfer, changes in cultivation patterns, reducing groundwater extraction,
and enhancing water consumption efficiency in agriculture. The findings revealed that the scenario involving
water transfer of 250 million cubic meters per year and a 25% reduction in groundwater extraction alone did
not offer a suitable solution for the region. These measures did not significantly alleviate the water shortage
problem. Similarly, reducing sugar beet, forage crops, and rice by 50% and 75% did not have a substantial impact
on improving surface and groundwater conditions. However, when sugar beet, forage crops, and rice were not
cultivated, the water shortage in the region was compensated by an average of 68.9% during the 30-year simulation
period. Nonetheless, the groundwater situation remained critical, rendering this scenario unsuitable. A more
effective approach was found in the combined scenario of not cultivating sugar beet, forage crops, and rice,
while simultaneously transferring 250 million cubic meters of water annually, reducing groundwater extraction
by 25%, and increasing agricultural water consumption efficiency by 20%. This comprehensive scenario, termed
NCSFR_TW_RGW, yielded the best results. Surface and groundwater resources were enhanced by 29.5% and
36.5%, respectively, compared to the base situation. Additionally, the land area dedicated to wheat, the dominant
crop, expanded by approximately 120%.

Ultimately, it is crucial for the authorities responsible for managing water resources, agriculture, and the
political leaders within the Zayandehrud River basin and Isfahan province to acknowledge that solely relying
on water transfer is neither a viable nor an effective solution to address the water-related challenges in the area.
It is earnestly appealed that they instead focus on altering the cultivation practices and driving the growth of
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crops that necessitate lesser water usage. Furthermore, reducing the extraction of groundwater and improving
irrigation efficiency in agriculture should also take center stage in their efforts, parallel to addressing the matter
of water transfer.

To build upon the findings of this study, future research directions and recommendations are proposed to
address key challenges and opportunities. Future research should investigate the detailed impacts of climate
change, including temperature and evapotranspiration effects, on agricultural productivity and water resources.
Additionally, it is crucial to explore the socio-economic implications of water management strategies, focusing
on their effects on employment, household income, and regional food security. Applying the developed model
to other water-scarce regions would also help assess its generalizability and adaptability to diverse climatic,
social, and economic contexts. On the practical side, recommendations include promoting integrated water
management strategies that combine water-efficient agricultural practices, improved irrigation systems, and
policies encouraging crop diversification. Cross-sector collaboration among policymakers, water managers, and
agricultural stakeholders should be encouraged to design and implement sustainable solutions. Furthermore,
raising awareness among local farmers about the benefits of cultivating less water-intensive crops and adopting
advanced irrigation technologies is essential.

By addressing these areas, this research can guide long-term planning and policy development, ensuring
sustainable water management and agricultural productivity in the Zayandehrud basin and similar regions
globally.

Data availability
A portion of the data is included in the attached file. The remaining dataset, generated and/or analyzed during
the current study, is available upon reasonable request to the corresponding author.
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