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Today, with the decreased available water resources and the intensification
of the conflicts between users of water resources, the cooperation or
non-cooperation of users in water protection programs, especially in the
agricultural sector, is of crucial importance. Therefore, the present study is
aimed to provide a framework to evaluate the participatory behavior of farmers
with optimal patterns of water allocation and to estimate the necessary budget
to compensate for the reduction of water consumption in agricultural areas. To
achieve this aim, the integration of the economic-environmental programming
model with a top-down analytical approach and the agent-based model with
a bottom-up analytical approach has been applied in the present study. Thus,
the irrigation network of Jiroft Plain was chosen as the study area and a
sample of farmers in this irrigation network was extracted for the analysis
of the agent-based model using simple random method. It was found that
different forms of insistence on the individual behavior of farmers make it
difficult to participate in optimal water allocation patterns with simultaneously
providing economic and environmental goals. As the degree of participation
with the optimal model of water allocation with equal weight to economic
and environmental goals, despite the implementation of the policy of giving
facilities with a very low interest rate for the installation of new irrigation
technologies, is estimated about 20%. Finally, the necessary budget for
compensation policy for agricultural water storage was calculated based on
the proposed framework, which can be considered a useful tool for policy
makers in water resources management.

water use conflict, farmers’ behavior, economic-environmental programming model,
agent-based model, agricultural water-saving

Introduction

Today, water resources scarcity has become a major limitation in the socio-economic
development of societies and is considered as a threat to the livelihood of people
in many parts of the world (Liu et al, 2017; Mirzaei et al, 2022b). With the
increase in water consumption due to population growth, urbanization and economic
growth, the awareness of stakeholders in environmental protection is also elevated
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(Sadegh and Kerachian, 2011; Kahil et al., 2015). The activities of
stakeholders and users in considering nature are recognized as
the main cause of the water resource crisis (AghaKouchak et al.,
2015). The accurate assessment of water resources dynamics for
the present and future, namely in semi-arid and arid regions, is
not possible without considering human impacts (Vorosmarty
et al,, 2000; Alcamo et al., 2007). Thus, the evaluation and
understanding the behavior of water beneficiaries and users
has a great importance for recognition, development and
improvement of decision-making processes in water resources
management field (Anebagilu et al., 2021).

However, in past studies and conceptual frameworks, human
systems have been considered mainly as a boundary condition
with a linear thinking system toward integrated water resources
management (IWRM), and their perception of the complex
integrated dynamic relations between hydrological systems and
human activities during long periods has not been adequate
(Liu et al., 2008; Sivapalan et al., 2012; Pouladi et al., 2020).
However, in order to make decisions about issues in which
humans participate, such as water consumption management,
factors such as identifying key stakeholders and behavioral rules
and how stakeholders interact with each other and with the
environment should be taken into account (Bonabeau, 2002).
Therefore, the role of stakeholders and users of water resources
as well as government institutions and water resource managers
as decision makers in water allocation field is very important
(Johansson et al., 2002; Orubu, 2006; Hanak and Lund, 2012;
Farhadi et al.,, 2016; Hu et al.,, 2016). In recent years, several
studies have investigated the dynamic role of stakeholder’s
activities in water resources management. These studies can be
classified based on human water consumption (Lei et al., 2018),
drought interactions with water extraction (Breyer et al., 2018),
the relationship between floods and communities (Viglione
etal., 2014; Ciullo et al., 2017) and water resources management
in different sectors (Akhbari and Grigg, 2013; Farhadi et al,
2016; Hund et al., 2018; Pouladi et al., 2020; Mirzaei and Zibaei,
2021).

In general, mathematical programming models in different
formats and considering technical, economic, hydrological and
environmental aspects cannot alone be sufficient to manage
water resources and evaluate the effects of adopting adaptive
policies and strategies. Because in water resource management
topic the discussion of participatory behavior of users in a
prescriptive model or an optimal model is of great importance
due to conflicting goals among users (Akhbari and Grigg, 2013;
Mirzaei and Zibaei, 2021). Thus, in order to develop policies that
are appropriate for stakeholders in water resources management
field, it is necessary to link human behavior with mathematical
programming models with different goals (Allred and Gary,
2019; Dessart et al., 2019; Granco et al., 2019).

Researchers have presented different types of models to
optimize the water resources allocation, which can be considered
in three main groups (Guo et al., 2022). The first group is based
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on the analysis of the water resources system, which is either as
rational allocation of water resources through dynamic system
models or as optimal allocation of water resources through
the maximization of economic advantages. However, in such
systems, one-dimensional view is dominant and it is difficult
to describe the interaction between internal elements in these
systems (Schulze et al,, 2017; Tong et al., 2018). The second
group is based on systems engineering theory with the goal of
sustainable use of water resources. In these models, optimization
goals are not limited to economic benefits, but environmental,
social and water quality goals have also been included (Noél
and Cai, 2017; Mirzaei et al., 2022a). In general, both groups
of models have a top-down process (Schliiter et al., 2017; Guo
etal., 2022), which one cannot be optimistic about the success of
water resources management without careful adjustment from
a bottom to up process (Guo et al., 2022). Therefore, the third
group of models is based on a bottom-up process and these types
of models evaluate the interrelationship of agents (stakeholders)
and the environment involved in water resources management
(Jepsen et al., 2006; Groeneveld et al., 2017; Mirzaei and Zibaei,
2021; Guo et al., 2022).

Agent-based models that simulate the internal behavior of
agents in a system can be appropriate models for analyzing
and investigating the behavior of stakeholders and the decision-
making process in water resources saving issue. These models
evaluate the interaction effects between agents as well as their
interaction effects with the environment. The first economic
agent-based model was presented by Schelling (1971) in the
field of analyzing agents’ preferences for selecting a living place.
Although the agent-based modeling was first used in computer
simulations (An, 2012), in recent years, the agent-based model
has been used in different studies. The agent-based model is
used in the agricultural sector to analyze farmers behavior
according to economic goals (Guillem et al., 2015; Mirzaei and
Zibaei, 2021), environmental (Heckbert et al., 2010), socio-
hydrological (Pouladi et al., 2019) and political development
(Happe et al., 2006; Brady et al., 2012; Granco et al., 2019). One
of the strengths of agent-based model is to provide scientific
formulas in the form of soft sentences that are understandable
for all beneficiaries.

Various studies have been performed using the agent-based
model in the field of the analysis of the participatory behavior
of farmers with policies and plans for water resources saving
(Akhbari and Grigg, 2013; Farhadi et al,, 2016; Mirzaei and
Zibaei, 2021; Guo et al,, 2022). The main structure of the agent-
based model of the present study is different from the study of
Guo et al. (2022) and is consistent with the studies of Akhbari
and Grigg (2013), Farhadi et al. (2016) and Mirzaei and Zibaei
(2021). In these studies, the optimal model has extracted based
on the top-down process, the participatory behavior of farmers
based on the extractive patterns have investigated through the
proposed agent-based model and in the present study, such
approach was also used for agent-based analysis. However, the
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FIGURE 1
Location of irrigation network of Jiroft Plain.
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different aspect this study is the evaluation of the degree of
compensation to farmers for water saving, which was only
considered in the study of Guo et al. (2022) and this evaluation
can help policy makers in accurate budget planning of water
resources in different regions. Therefore, the current study can
be considered comprehensive research due to the integration of
studies in this field, which can be very useful in operationalizing
water resources management policies.

To investigate the proposed model of this study, the farmers
of Jiroft Plain irrigation network in Kerman province were
considered. The location of this irrigation network is depicted
in Figure 1. The Jiroft plain located in Kerman province is
considered one of the main areas of agricultural production in
Iran, and high amount of water in the Jazmurian wetland located
downstream of this plain can make a considerable contribution
to the reduction of fine dust in the province and even in Iran
(Mirzaei and Zibaei, 2021). The extraction amount of surface
and groundwater resources of this plain for agricultural sector
is 188.4 and 882.6 million cubic meters, respectively, which has
caused a decrease in the level of groundwater resources and
Halil River (Regional Water Company of Kerman province in
Iran, 2018). Therefore, it is of great importance to investigate
the participatory behavior of farmers in this area with water
saving policy.

Methodology

To achieve the aim of the present study, the integration of
the a two-objective linear mathematical programming model
with a top-down analytical approach and the agent-based model
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with a bottom-up analytical approach has been applied in the
present study.

Mathematical programming model with
economic-environmental objectives

The current study model to extract an optimal model is
a two-objective linear mathematical programming model with
the aim of maximizing farmers’ gross margin and minimizing
water consumption, where the main objectives and constraints
are defined as followings:

maxZ, = ZC Zr trer.Xer — ZC Zr teer
Xer (1)
minZ, = ZC Zr (wdc/efy) Xer )
ZC Zr Xer < land 3)
ZC Zr irXcr < capital. (4)

Equations 1, 2 show the goal of maximizing the gross
margin and minimizing the water consumed in the given
irrigation network. Equations 3, 4 also show the constraints
of the model, including the limitation of available land and
capital for installing modern irrigation systems. The parameters
of the model include trcr, the income of each product unit (c)
with irrigation technology (r) per hectare, tccr, the production
cost of each product unit (c) with irrigation technology (r)
per hectare, wd,, the net water demand of the product (c) per
hectare, ef; efficiency of irrigation technology (r), i, the cost of
installing irrigation technology (r) per hectare and the variables
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FIGURE 2
Farmers' utility function.

of the model include X, the decision variable of the area
under cultivation (c) with irrigation technology (r), Z1, the gross
margin variable, and Z,, the water consumption variable.

The two-objective model of the present study was solved
using the augmented e-constraint method and was extracted
the set of optimal and efficient solutions. Among the Pareto
efficient solutions, the best solution can be selected according
to the opinions and views of the decision-makers and
stakeholders, and the TOPSIS method has been used for
this purpose.

Proposed agent-based model

In the present study, the optimal water allocation models
extracted from the economic-environmental programming
model are recognized as the environment of the agent-based
model, and these models are shared with the farmers who
are the agents of the model. Figure3 shows the structure
of the proposed agent-based model of the present study. As
is shown in Figure 3, at first, farmers’ decisions are based
on comparing the amount of current water demand (WD)
and the amount of allocated water through the model (AW).
Thus, farmers with current water demand more than the
allocated water reject the extractive model and farmers with
current water demand less than or equal to the allocated
water participate with the extractive model. Then, the effects
of the social pressures of cooperative and no-cooperative
farmers on each other are investigated and the changes in
farmers’ behavior are concluded. The study of Mirzaei and
Zibaei (2021) was applied to calculate social pressures. In
this way, to calculate the social pressure of no-cooperative
farmers, the ratio of the population of no-cooperative farmers
to the total population is used, and to calculate the social
pressure of cooperative farmers, the ratio of the population of
cooperative farmers to the total population is used (Mirzaei and
Zibaei, 2021). In the third stage, the government’s motivational
policies and solutions are evaluated in order to encourage the
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cooperative farmers to continue their behavior and motivate
no-cooperative farmers to change their behavior. For this
purpose, it is necessary to extract the utility functions of farmers
with and without the government’s motivational solutions
that utility function of farmers was considered as follows:
(Akhbari and Grigg, 2013):

Values A, B, C and D according to incentive policies were
obtained by using farmers-addressed questionnaire (Figure 2):

“A” is the percentage of total agricultural water demands
that is much less than their demands and will not satisfy
them at all if being allocated to them.

“B” is the MINIMUM percentage of total agricultural water
demands that completely meets their demands and satisfies
them if being allocated to them.

“C” is the MAXIMUM percentage of total agricultural
water demands that completely satisfies them if being
allocated to them (it can be less or more than %100).

“D” is the percentage of total agricultural water demands
that is much more than their actual demands and if it is
allocated to them, it may damage their crops and make
them unsatisfied (it should be more than 100%).

Finally, the compensation policy for water saving is
evaluated to accept the optimal patterns by all the farmers in
the study area. The compensation per hectare is calculated by
the product of the economic productivity of each cubic meter
of water consumption with the amount of difference between
the water current demand and the allocated optimum, and
then the total amount of compensation to farmers for water
saving and achieving the goals of optimal extraction model
is estimated.

In order to solve the two-objective economic-environmental
model of Jiroft plain irrigation network, the data of the price,
yield, production cost and water cost per hectare have been
obtained from the Jihad Agricultural Organization in the south
of Kerman province. Also, the data related to the water demand
of crops, the cost of installing modern irrigation systems and the
amount of water supply in different channels of the irrigation
network have been extracted from the regional water company
of Kerman province. In the end, in order to solve the agent-
based model, a sample of 82 farmers was extracted from the
population of farmers of Jiroft irrigation network using a simple
random sampling method and the relevant information was
obtained through a questionnaire to solve the model. It is worth
to mention that to calculate the sample size, information about
the given population is required. In this analysis, the population
consists of all the agricultural users in the Jiroft plain irrigation
network, whose information was extracted from the general
agricultural census of 2013 in terms of the villages of this
region (Program and Budget Organization of Kerman Province,
2015).
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Structure of the proposed agent-based model.
Results and discussion with economic and environmental (saving and conservation
. . of water resources) objectives with different importance
Results of ?Conomlc'en\“ronmental weights through the combination of augmented-¢-constraint
programming model mathematical programming method and TOPSIS multi-criteria
decision-making method were extracted (Table 1).
In the present study, the irrigation network of Jiroft plain is The first optimal pattern (optl) with the equal weight of
considered as the studied area and optimal cultivation patterns economic and environmental objectives (50% of the importance
Frontiersin Water 05 frontiersin.org
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TABLE 1 Results of economic-environmental optimal patterns.

Objectives Current Optl
(GM = 50%,
WC = 50%)
Crop area 17,968 14,130
Irrigation technology drp = 28% drp = 94%
spk = 15% spk= 6%
fld=57%
Cultivation Wheat = 45% Wheat = 6%

Potato = 20%
Cucumber = 15%

Tomato = 20%

Gross margin ($/ha) 1,043 859.76
Water consumption (m?/ha) 12,449.65 5,872.34
Water economic productivity ($/m?) 0.084 0.146

of economic and environmental objectives) showed that by
planting about 14,130 hectares of land and planting two
crops of wheat (sprinkler irrigation) by 6% and cucumber
(drip irrigation) by 94%, the gross margin is equal to 859.76
dollars/hectare is obtained from water consumption of 5,872.34
cubic meters/hectare that these changes can lead to the
improvement of the water economic productivity from 0.084
to 0.146 dollars per cubic meter. Therefore, the farmer’s gross
margin will decrease by about 18% and water consumption by
about 53% compared to the current conditions, which results
into the improvement of the water economic productivity
equal to 74%. The results of Table 1 showed that in the
second optimal pattern (opt2) with a greater weight of the
economic objective than the environmental objective (75% and
25% of the importance of the economic and environmental
objectives, respectively), the farmer’s gross margin will increase
by about 27% and water consumption will decrease by about
22% compared to the current conditions, and these results
improve the water economic productivity by about 63%. In
order to achieve these objectives in the second optimal model,
it is required that the 17,968 hectares of land be dedicated
to the cultivation of two crops, wheat (sprinkler irrigation)
by 5% and tomato (drip irrigation) by 95%. The results of
the third optimal pattern (opt3) with a higher weight of the
environmental objective compared to the economic objective
(75 and 25% of the importance of the environmental and
economic objectives, respectively) indicated that only 3,725
hectares of land, equivalent to 21% of the total land, are
applied for agriculture crops plantation. This means that under
water crisis conditions and when the importance of mitigating
water consumption and its saving is three times more than the
economic importance of farmers, it is required not to plant
a large area of agricultural land. The results indicate that in
order to achieve the objectives of the third optimal model,
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Opt2 Opt3

(GM = 75%, (GM = 25%,
WC =25%) WC =75%)
17,968 3,725

drp =95% drp=76%

spk= 5% spk=24%
Wheat = 5% Wheat = 24%

Tomato = 95% Cucumber = 76%

1,328.92 652.25
9,698.25 4,456.35
0.137 0.146

by cultivating about 3,725 hectares of land and planting two
crops of wheat (sprinkler irrigation) by 24% and cucumber
(drip irrigation) by 76%, the gross margin equal to 652.25
dollars/ hectare of water consumption equivalent to 4,456.35
cubic meters/hectare is achieved, and these changes can lead to
the improvement of the water economic productivity from 0.084
to 0.146 dollars per cubic meter. In this model, gross margin
and water consumption are reduced by 37 and 64%, respectively,
compared to the current conditions. These changes can lead
to a 74% improvement in the water economic productivity
compared to the current conditions.

In general, the results showed that the cultivation pattern
and the degree of use of modern irrigation technologies are
not optimal in the current conditions, and, better conditions
can be provided in the field of water resource management
and improving the water economic productivity. However, in
order to achieve the goals of optimal patterns and implement
these patterns at the farms level, it is necessary to evaluate the
participatory behavior of farmers with each of these patterns.
Therefore, the calculation of improving water economic
productivity and extracting the optimal cultivation pattern alone
cannot result in the efficient management of water resources,
and it is necessary for the government to implement various
policies to encourage farmers to adopt the optimal patterns via
analyzing the behavior and understanding the utility functions
of farmers.

Results of agent-based model

First, by comparing the current water demand with
the allocated water in each optimal extraction pattern, the
cooperation and non-cooperation of 82 sample farmers in the
irrigation network of Jiroft plain was estimated, and then the
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TABLE 2 Participation results with optimal patterns without/with
social pressures.

No-Sp Sp
C NC C NC
Optl 11 71 0 82
Opt2 38 44 34 48
Opt3 3 79 0 82

NC, non-cooperative; C, cooperative; Sp, social pressure; No-Sp, no social pressure.

social impacts of the farmers on each other were investigated,
the results of which are illustrated in Table 2.

Based on the results of Table 2, without considering social
pressures, the cooperation rate with the first, second and third
optimal patterns is about 13, 46, and 4%, respectively. After
calculation of the social pressures, the cooperation rate for
all patterns decreased to 0, 41, and 0%, respectively, which
show the dominance of non-cooperative thinking in the Jiroft
Plain irrigation network. Also, we can be optimistic for the
implementation and operation of the second optimal pattern
with a lower cost. In the second optimal pattern, the entire land
is dedicated to the cultivation of crops and it is only necessary
to encourage the farmers toward the optimal cultivation
pattern and to adopt modern irrigation technologies. However,
encouraging farmers to adopt the third pattern is difficult and
expensive, as no farmer will participate with this pattern after
considering the social pressures. In this pattern, only about 21%
of land will be dedicated to crop cultivation, and as a result,
encouraging some farmers to cultivate the crops, and persuading
the active farmers to change the cultivation pattern and adoption
of modern technologies will impose a much higher cost on
the government. Therefore, in general, the implementation of
optimal economic-environmental patterns will not be actualized
considering current state of water consumption in the Jiroft
plain irrigation network, and it is necessary for the government
to provide solutions and policies to persuade more farmers
to adopt the economic-environmental patterns. In this regard,
in order to encourage farmers to adopt optimal patterns, the
incentive policies of granting facilities with different interest
rates for the installation and operation of modern irrigation
technologies were evaluated (Figure 4).

Granting facilities with an interest rate of 18% (equivalent
to the major interest rate of bank loans in Iran), in order to
install new irrigation technologies, can only encourage 3, 8 and
2 farmers to participate in the first, second and third optimal
patterns, respectively. The reduction of the interest rate of loans
granted to farmers will lead to an increase of cooperative farmers
for all patterns. Thus, the interest rate of 4% (equivalent to the
lowest interest rate of loans in Iran) compared to the interest
rate of 18%, encourages 13, 19 and 12 farmers to accept the
first, second and third optimal patterns, respectively. Therefore,
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FIGURE 4
The amount of participation of farmers with optimal water
allocation patterns by using the policy of granting facilities.

TABLE 3 Budgets needed to compensate for water storage.

Compensation ($/ha) Compensation budget ($)

Optl 552.49 9,927,140.32
Opt2 231.12 4,152,764.16
Opt3 671.44 12,064,433.92

according to the results obtained, it can be said that by granting
facilities to farmers to install new irrigation technologies with
the lowest interest rate of loans in Iran (4 percent rate), the
cooperative rate of the present sample farmers in the first,
second and third optimal patterns will be about 20, 74, and
17%, respectively. This finding means that can only hope for
the implementation of the second optimal pattern and not
completely (more than 70%) via the incentive policy of granting
facilities with low interest rates.

Therefore, for water saving to be successful in the study
area, the government should compensate the farmers for water
saving, which of course will be the prerequisite for the adoption
of this policy, the installation of smart meters in farms. Thus,
the compensation cost per hectare is calculated by using the
product of the water economic productivity in the current
conditions with the difference between the water consumption
and the optimal amount allocated, and then the total amount
of compensation for each pattern was estimated (Table 3). It
was found that the minimum and maximum calculation budget
in the present study for saving water resources and adopting
optimal economic-environmental patterns in the irrigation
network level of Jiroft plain are about 4.15 and 12.06 million
dollars, respectively.

Conclusion and suggestions

The present study presents a new structure to evaluate
the operationalization of optimal patterns of water allocation

frontiersin.org


https://doi.org/10.3389/frwa.2022.1005821
https://www.frontiersin.org/journals/water
https://www.frontiersin.org

Mirzaei and Azarm

at farms level. This study, by considering the top-down and
bottom-up analytical processes simultaneously, can provide a
new solution for saving water resources in different regions.
As shown in the present study, improving the water economic
productivity is not possible without persuading farmers. The
results of the present study showed that even encouraging
farmers to accept modern irrigation systems through granting
facilities with an interest rate of 4% (the lowest interest rate
of facilities in Iran) still cannot guarantee the use of optimal
patterns at the regional level. This means that without spending
money and compensation policy for water storage, we cannot
be optimistic for efficient management of water resources in the
study area. The calculations made in the study showed that the
government should consider a budget of about 231 dollars to
implement the most applicable optimal pattern in the irrigation
network of Jiroft Plain (the model with the importance weight
of 75 and 25% for economic and environmental objectives,
respectively) per hectare to compensate the farmers for water
saving, which is estimated at 4.15 million dollars for 17,968
hectares of the fields of this irrigation network. However,
with this budget, we can hope for a 22% reduction in water
consumption in the region. In this way, in order to save more
water resources by farmers, the amount of compensation will
be increased. Therefore, the main finding of the present study is
that we cannot be optimistic for the success of optimal patterns
of water allocation at the farms level without the analysis of the
farmers’ behavior and the government’s motivational strategies.
Hence, it is suggested that the analytical and computational
structure of the present study be used for water resources
management in different regions. In this study, the behavior
participation of farmers and the amount of budget required
to reduce water consumption have been discussed. But, it is
suggested that in future studies, sustainability concepts related
to the relationship between water, food, and energy should be
pursued in the form of an agent-based model. It is also important
to mention that since the agent-based model is a mental model,
some of the answers did not match the real world and therefore
the researchers had to discard some of the questionnaires.
Thus, the status of farmers’ utility functions should be carefully
examined. In addition, due to different attitudes, subjective
norms, and social pressure, the results of this study cannot
be generalized to other regions. However, this issue does not
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