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Modelling farmland dynamics in response to farmer decisions using an 
advanced irrigation-related agent-based model 

Dengxiao Lang *, Maurits W. Ertsen 
Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN, Delft, the Netherlands   
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A B S T R A C T   

Often, individual, communal, regional, or even national conflicts arise when water resources are shared and 
used. For equitable water-sharing strategies to be implemented, adequate collective action is required to allocate 
water – not limited to, but specifically in irrigation systems. In this research, we develop an Advanced Irrigation- 
Related Agent-Based Model (AIRABM) to explore issues of unequal access to water in relation to water use on 
farm and system levels. By simulating farmer activities and system management decisions within an irrigation 
system, our research aims to explore farmland dynamics in response to different levels of decision-making ac
cording to water availability. We incorporate both individual and collective decision-making processes to explore 
patterns in farmers’ yields and the dynamics of farmlands. Our results show that (1) within a prevailing trend of 
increasing yields for higher river discharge and gate capacity, (2) the influence of water availability is charac
terized by nonlinear changes in yields in response to variations in river discharge and gate capacity, revealing 
thresholds and tipping points, with (3) strategies for water redistribution partially alleviate inequitable water 
allocation between upstream and downstream farmers, although considerable variation persists in individual 
farmers’ and system-wide harvest outcomes. The AIRABM emphasizes individual and collective decision-making 
processes, encapsulating the uncertainty stemming from water availability and harvests of individual farmers. 
The modeling framework serves as a valuable tool to explore cooperative approaches in shared (water) resource 
management. Our findings provide meaningful suggestions to study and promote communication and (condi
tional) cooperation measures between farmers and management, thereby enhancing the effectiveness of irriga
tion water distribution.   

1. Introduction 

With a developing global economy and growing population, water 
use competition may increase, as allocating water between competing 
users may become increasingly difficult (Nandalal and Simonovic, 2003; 
Tilmant et al., 2009). As water is a common source shared by many 
users, decisions about water management or allocation can typically 
affect a large group of water users (Berglund, 2015). Water management 
is crucial for reaching equitable water distribution, given conflicts of 
interest with multiple decision-makers (Daniell et al., 2016; Pluchinotta 
et al., 2018). Actual irrigation water management resulting in water 
availability for users is created by complex interactions between stake
holders, with distribution and use of water resources possibly creating 
conflicts at different levels. For instance, the Lingmuteychu Watershed 
in Bhutan saw strong water conflicts between upstream and downstream 
communities, with upstream holding water longer than downstream, 

resulting in planting practice upstream having significant impacts on 
downstream’s water supply and crop production (Gurung et al., 2006). 
In Zimbabwe, different irrigators along the Manjirenji-Mkwasine irri
gation canal suffered from irrigation water conflicts (Svubure et al., 
2010). Tanzanian farmers in Mufindi district also faced the situation that 
upstream farmers could use water excessively (D’Exelle et al., 2012). To 
implement equitable water-sharing strategies, researchers indicate the 
need for adequate collective actions on water allocation (D’Exelle et al., 
2012; Meinzen-dick et al., 2002; Ray and Williams, 2002). It is chal
lenging to allocate water between upstream and downstream users, as 
the latter rely on the former through the canal infrastructure. 

In modeling coupled human-water systems, like irrigation systems, 
there is a growing recognition for sustainable irrigation management 
that not only considers farmers’ benefits, but also incorporates re
lationships among farmers and with hydraulic infrastructures. Tradi
tional hydrological modeling approaches have difficulties in effectively 
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capturing system user heterogeneity, which can limit the model’s ability 
to represent the interactions among the agents (Khan et al., 2017; Yang 
et al., 2019). Involving stakeholders (e.g. hydrologists, policy makers, 
water managers, farmers) in the modeling process could improve model 
system performance and allow stakeholders to understand how their 
actions (can) affect other agents. As such, collective modeling can open a 
discussion how systematic patterns emerge from collective actions. 
However, these hydrological models could be unfriendly to non-tech 
stakeholders. For instance, the process-based model Soil and Water 
Assessment Tool (SWAT) has been used broadly to explore agents’ in
terventions in water resource management (Daloǧlu et al., 2014; Khan 
et al., 2017). The input data of SWAT is divided into static data (soil, 
elevation, land-use data, etc.) and dynamic elements (water flow, 
meteorological data, water quality, etc.). However, availability and 
complexity of these data is usually less accessible to non-tech stake
holders, making their involvement more challenging (Muste et al., 
2013). The Sobek hydrodynamic model is broadly utilized for irrigation 
network simulations, like water conveyance and water distribution 
(Afrasiabikia et al., 2017; Ibrahim, 2022; Seyed Hoshiyar et al., 2021). 
However, in addition to similar challenges for not-tech stakeholders 
identified above, it cannot easily include farmers’ irrigation actions on 
farmland or crop yield simulations. 

In irrigation (and other ecological settings) humans and their envi
ronment together form an intricate system, where humans are not only 
capable of interacting with each other, but can also exert an impact on 
the local environment while simultaneously responding to the outcomes 
of those actions. These interconnected systems hold significance in 
grasping the repercussions of human activities and the system’s poten
tial to avert instances of vulnerability (Ghani and Mahmood, 2023; Pal 
and Ghosh, 2023). An agent-based model (ABM) offers an integrated 
approach for complex system simulation (Aghaie et al., 2020; An et al., 
2021; Chen et al., 2023). It can model the heterogeneity of individuals 
and mimic the actions of these individuals. ABMs can be developed in a 
user-friendly platform with an interface that provides realistic repre
sentations of human and non-human actions. We can use simplified, but 
realistic hydrological processes and empirical data to build an ABM. 
Therefore, ABMs are especially interesting for non-tech stakeholders to 
play a role in the modeling work. Although we have not included 
real-life stakeholders yet in our modeling procedures and development, 
we can show how the (un)equal distribution of water in an irrigation 
system using an ABM-approach based on farmers’ decision-making ac
cording to water availability and harvest memory can be studied in a 
meaningful and yet accessible way to stakeholders. 

In this paper, we propose the Advanced Irrigation-Related Agent- 
Based Model (AIRABM), which explores interactions between human 
and non-human agents in an irrigation system driven by water supply. 
Our previous research developed the Irrigation-Related Agent-Based 
Model (IRABM) to study how barley yields patterns emerged from 
human and non-human agents interacting in an irrigation system (Lang 
and Ertsen, 2022). IRABM showed potential water conflicts between 
upstream and downstream farmers due to location priority – upstream 
farmers have higher yields, especially when there is water scarcity in the 
irrigation system – but did not include communication or 
decision-making among farmers, we modelled non-human agents to 
express human agents’ actions. We improved IRABM by adding (1) 
options to learning and make decisions for individual water users and 
(2) collective actions responding to specific situations on system level. 
The basic design logic is the same for the two versions, like the water 
movement through the model system and the yield response mechanism 
to water that becomes available. In the current research, we explore 
yield patterns resulting from (un)equal irrigation water distribution and 
management options, as a proxy for potential water conflicts among 
upstream and downstream farmers when there is unequal water distri
bution in the system. To do this, model farmers have memories about 
their harvest situation and water availability: they can learn from their 
own experience. Based-on farmers’ memory, they can make decisions on 

sowing choices, which can generate dynamics in terms of the use of 
fields on model farms. As individual farmers focus on their own business 
first and do not necessarily care about what other farmers’ decisions are, 
water conflicts will easily come to the system with an increasing water 
demand. Then, the modelled systematic management of farm gates at
tempts to act to help solve these water conflicts – by reducing the ca
pacity of upper gates and letting more water flows to the lower area, 
which hopefully solves distribution problems without hampering up
stream farmers. As such, we developed the model to mimic activities by 
individual farmers and actions on system level in an irrigation system to 
explore how system agents learn by themselves and interact with each 
other under equal and unequal water distribution situations. 

2. Methods 

2.1. Model outline 

The AIRABM design is structured according to the ODD + D protocol, 
which stand for Overview, Design concepts, Details + Decision Making 
(Grimm et al., 2020, 2010, 2006; Müller et al., 2013). The elements of 
the ODD + D for AIRABM are briefly explained in Table 1. As AIRABM 
shares much with its predecessor IRABM, many basic elements and de
tails described in Lang and Ertsen (2022)) are relevant as well. The first 
main difference between AIRABM and IRABM can be found in the 
number of canals and farmers, and the number of fields per farmer. 
IRABM includes more canals (16) and farmers (8 per canal), with each 
farmer having one field (farmland). With this setup, we tested the 
model’s capability to mimic an irrigation system. Our successful first 
step allowed us to explore decision-making processes in irrigation with 
AIRABM, with one canal with 10 farmers having more farmlands (up to 
five per farm). As such, farmers can make decisions on farmland dy
namics. With different individual farmers’ decision possibly leading to a 
variation of yields among farmers, AIRABM includes system level 
(management) decision-making mechanisms to potentially limit this 
variation – especially when it results in unequal yields. This is the second 
difference between the versions, as IRABM did not include such decision 
dynamics yet. In this section and the subsequent one, a multitude of 
scientific terminology is employed. To facilitate comprehension, we 
have compiled an overview of frequently utilized terms and their cor
responding abbreviations in Appendix A. 

Table 1 
The brief ODD protocol of the AIRABM.  

Elements Explanation 

1. Purpose Analysing farmland dynamics in response to farmer 
decisions, with system level decisions creating more 
equal conditions. 

2. Entities, state variables, 
and scales 

There are ten farmers (each having a maximum of 5 
farmlands to be cultivated); one river; and one canal. 
Water Units are used to present water volume (WU/ 
tick). 

3. Process overview and 
scheduling 

Barley yields and farmlands status are reported 
annually. 

4. Design concepts In the 1st year, farmland 1 is cultivated by all farmers; 
subsequently, farmers decide to keep, expand, or 
abandon farmlands according to yields and water 
availability. Interaction between farmers’ are expressed 
in adjusting gate capacities to increase lower yields. 

5. Initialization All farmers can cultivate farmland 1 in the 1st year. 
6. Input data No input data. 
7. Submodels Irrigation schedule; irrigation sequence; the response of 

barley yields to supplied-water; and farmland 
dynamics. 

Note: One farmer has one farm, with five farmlands that potentially could be 
cultivated on this farm. 

D. Lang and M.W. Ertsen                                                                                                                                                                                                                     



Ecological Modelling 486 (2023) 110535

3

2.2. Process overview and scheduling 

AIRABM explores farmland dynamics resulting from individual 
farmers’ decision-making. This model considered two processes: one is 
the evaluation of annual yields and received water, for next year’s 
planting choice; the other one is the evaluation of the yield situation 
which is used to determine if GC adjustment is needed or not (Fig. 1). 

2.3. Model design concepts 

The simplified irrigation system layout and the model design concept 
are shown in Figs. 2 and 3: one river feeds 10 farmers along one canal, 
each farmer has 5 fields that can be potentially planted with the model 
crop barley. A daily time step is applied, with barley growing status and 
water dynamics being updated daily as well. The total simulation time is 
20 years. In the current model, we use the so-called Irrigation Memory 
(IM) in farmlands, which refers to the interval between two irrigation 
actions – if there is irrigation water on the field, the IM procedure will 
start. The IM is set at 36 days in the current version and is calculated 
according to a relatively simple calculation method (Brouwer et al., 
1989). The IM decreases with 1 day when the model goes 1 tick further. 
As soon as the IM is lower than 1 day, the irrigation procedure will start, 
which will depend on the availability of water resources. However, if the 
IM is reaching − 24 days (thus when water is not available to irrigate for 
many days), the barley will die. If two or more farmlands are cultivated, 
the irrigation sequence within the farm starts with farmland1, followed 
by farmlands 2, 3, 4, and 5 respectively. According to farmers’ location 
in a gravity-based system, we defined farmers 1, 2, and 3 as upstream 
farmers (F1, F2, and F3); whereas middle stream farmers are farmers 4, 
5, 6, and 7 (F4, F5, F6, and F7); and downstream farmers are farmers 8, 
9, and 10 (F8, F9, and F10). 

2.4. The response of barley yields to water supply 

According to empirical irrigation data for Mesopotamia (see Lang 
and Ertsen (2022) for explanation of that regional choice) and a rela
tively simple calculation method for irrigation scheduling, our modelled 
irrigation demand and the barley yields response to the water supplied 
are presented in Table 2 and Fig. 4 (Brouwer et al., 1989; Charles, 1988). 

The stage-wise ratio of barley yields to supplied water was determined 
with the logic discussed in Burton (1989). Stage I consists of land 
preparation and the first irrigation, stage II consists of the second and 
the third irrigation, while stage III only includes the last irrigation. The 
highest barley yields shown in Fig. 4 were calculated based on the 
literature (Wilkinson et al., 2007). 

2.5. Learning and memory 

Every year, for each farm, the model calculates the average available 
water (AAW) and average harvest of barley (AHB). These two variables 
are based on water availability and barley yields in all past growing 
season. These variables are used in the model to track water and yields 
and use the historical record (memory) to allow our model farmers to 
make decisions based on their own agriculture experience. AHB and 
AAW are calculated as: 

AHB =
HBY1 ∗ 1 + HBY2 ∗ 2 + HBY3 ∗ 3 + ⋯ + HBYn ∗ n

1 + 2 + 3 + ⋯ + n
(1)  

AAW =
AW1 ∗ 1 + AW2 ∗ 2 + AW3 ∗ 3 + ⋯ + AWn ∗ n

1 + 2 + 3 + ⋯ + n
(2) 

Where HBYn is harvest barley in the nth year, Kg; AWn is available 
water in the nthyear, WU (water units). 

In calculating AHB and AAW, we consider both the weight of harvest 
barley and water availability. Specifically, years closer to the upcoming 
planting year carry a higher weight in the calculations. 

2.6. Individual farmers’ decision-making mechanism 

Fig. 5 describes the decision-making mechanism of farmland man
agement. This decision-making flow is the general routine in each model 
year. The AHB and AAW provide farmers with the opportunity to keep 
the last season’s cultivation choice (Keep), or make change to expand 
one farmland, or to abandon one or two farmlands. The expansion 
sequence is expanding farmland 2 first, then expanding farmlands 3, 4, 
and 5, while the abandonment sequence is the opposite. In their de
cisions to expand or not on their farmlands, our model farmers disregard 
other farmers’ cultivation choices. 

Fig. 1. Process overview of the AIRABM.  
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2.7. Irrigation system level management decision-making 

As is known in gravity-based irrigation systems, whatever the rela
tively upstream farmers do will affect the more downstream farmers. 
This means that individual decisions of these farmers can influence other 
farmers. To study such interactions and what can be done at system 
level, the current model version has explored collective decision-making 
mechanisms. At the end of each growing season, farmers’ harvest situ
ations are evaluated by comparing the barley yields and the harvested 
farmlands of each farmer. Here, yields refer to the amount of barley that 
farmers or the irrigation system could obtain at the end of the barley 
growing season. We define the overall results of the evaluation as 
“harvest situation”. In scenarios with unequal yields among farmers, 
both the upstream gate capacity (UGC) and middle stream gate capacity 
(MGC) of farmers will decrease (with different decreasing levels) while 
the downstream gate capacity (DGC) will remain constant at the initial 

gate capacity (IGC). This gate capacity (GC) adjustment pushes more 
water to the downstream farmers. The actual values we applied to 
decrease GCs are shown in Table 3. It is possible that after one GC 
adjustment in a year, the harvest situation still creates another GC 
adjustment in the next year(s). With this procedure, the modelled water 
distribution can represent farmers’ communication and/or represent 
irrigation management decisions that were taken at the (collective) 
system level. 

3. Some representative results 

Our modeling efforts have resulted in many results, which cannot be 
represented entirely in this paper. We have selected two representative 
sets of results of our model setup, distinguished by whether the GC re
mains unaltered or is adjusted. With the first set (the baseline), there is 
no gate control: regardless of how the harvest situation changes, all 
farmers (continue to) have the same gate capacity. The GC adjustment 
procedure is not applied yet. In the second set, all farmers start with the 
same GC (also known as IGC), but GCs are adjusted as explained above 
when there is a poor harvest situation. 

3.1. Harvest situations without gate capacity control 

3.1.1. Harvest situations for irrigation system’s level 
Fig. 6 shows the total yields on system level for all combinations of 

RD and GC over the 20 model years of the system. Total yields generally 

Fig. 2. The layout of the modelled irrigation system.  

Fig. 3. The overview of the AIRABM design concept.  

Table 2 
Simplified irrigation demand of barley at each stage.  

Irrigation demand (mm) Stage I Stage II Stage III 

Ideal 200 150 60 
Good 100 – 200 75 – 150 30 – 60 
Medium \ 30 – 75 \ 
Poor 0 – 100 0 – 30 0 – 30 
None 0 0 0  
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increase as RD increases – which is not surprising, given that higher 
water availability typically promotes higher crop production (Aliyari 
et al., 2021; Dinar et al., 2019; Rehman et al., 2019). Each GC column 
shows a clear threshold value for RD in terms of total yields with 
increasing RD. When the RD threshold is reached, total system yields 
will remain the same no matter how much RD is increased. For most 
GCs, the RD thresholds are higher than 150 WU/tick. In the case of GC =
50 WU/tick, there is no yield threshold: water availability shifts without 
a clear direction with this GC per field. This result is somewhat artificial, 
as it is a direct consequence of the combination of the numerical values 
of water needs per farmland and the GC settings as defined in the model. 
Furthermore, some GCs show the general increasing trend but not the 
fluctuations per step of increased RD before the general trend is 
resumed. Again, the model settings, particularly those for water trans
port between cells, are responsible for this. These setup issues do not 
affect the overall pattern though. 

Next to thresholds per GC column, GC tipping points have been 
found when measuring total system yields between increasing GC and 
constant RD. Once the GC tipping point is reached, regardless of how the 
GC changes, the total yields decrease to a certain value and remain 
unchanged until the highest simulated GC is reached. There is a trend for 

the value of GC tipping points – they increase with increasing RD when 
RD <160 WU/tick. For RD > 160 WU/tick, GC tipping points decrease 
and then stabilize. That is because the modeling RD is higher than the 
highest modeling GC: there is sufficient water in the system. This means 
that only relatively low GC will affect yields. As farmlands start the IM 
procedure at different times (depending on when they were irrigated), 
the relatively lower GC brings little water to the fields and then leads to 
lower yields due to the time limitation caused by the IM. Therefore, if 
there is sufficient water, increasing GC could gradually offset the IM 
limitation both for upstream and downstream farmers. When GC reaches 
the threshold, yields are always maximum. 

3.1.2. Harvest situations for individual farmers’ level 
We will discuss the yields of individual farmers in this section while 

the details of the farmland expansion years of individual farmers are 
described in Appendix B. At the end of the barley growing season, in
dividual farmers’ harvest situations are arranged into two main cate
gories. We refer to the first category as a “good harvest situation” when 
the yield pattern of all farmers and the expansion pattern of all farm
lands are the same (see Appendix C for further details). As a second 
category, we have farmers with different yield patterns, with in general, 

Fig. 4. Simplified barley yields response to supplied water diagrams.  

Fig. 5. The processes of individual farmers’ decision-making on farmlands dynamics. ID – irrigation demand. This is a decision-making example of when there are 4 
harvested fields in the last year. 
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relatively upstream farmers having higher yields than relatively down
stream farmers – which is why we refer to this as a “poor harvest 
situation”. 

Table 4 lists a summarizing overview of the second category, with 
yields or water availability being less and/or unequal for F1–10. A 
pattern with increasing RD can be observed:  

• For RD = 10 WU/tick, only F1 and F2 have yields. Water does not 
reach the other farmers.  

• For RD = 20 WU/tick, F1–6 can potentially harvest while F7–10 
remain without yields.  

• For RD = 30 – 80 WU/tick, all farmers harvested, but their yields and 
amounts of harvested farmlands varied.  

• For RD > 90 WU/tick, there are scenarios with equivalent water 
distribution resulting in good harvest situations. There are also sce
narios with unequal harvests. 

Considering the given location priority, it makes sense that upstream 
farmers have better harvest situations than middle-stream farmers, and 
downstream farmers have the worst harvest situations. Once more, the 
challenge of how to equitably distribute the “common pool water 
resource” emerges (Ostrom and Gardner, 1993). Within the model re
ality, it is still possible that middle stream farmers have better 

performance compared to upstream farmers, whereas downstream 
farmers can perform better than middle stream farmers. This is at least 
partially because of the model settings, with each farmer having a 
different sowing time in the first year. This means that the procedure of 
their irrigation memory starts at different times, allowing farmers to 
take water from the canal at different times. With different water vol
umes in the canal being available in different time steps (partially 
resulting from upstream decisions), a lower canal discharge can flow to a 
farmer at his/her irrigation time, and cannot meet the irrigation de
mand. As a result, this farmer will have lower yields than other farmers. 
There could also be a higher flow, which explains why occasionally 
yields of downstream farmers are high. 

3.2. Adaptive irrigation system with gate capacity control 

In the second sets of results, when we allow system-level decisions in 
the model sequence, there is a considerable number of combinations of 
adjusted GCs for upstream and middle stream farmers. Considering the 
initial yield patterns shown in Table 4, our focus will be on some 
representative cases of GC adjustment for poor harvest situations, using 
the RD levels of 30, 90, and 160 WU/tick respectively. We will present 
the harvest situations when RD = 90 WU/tick in detail in this sub- 
section, the details of the harvest situations for RD = 30 and 160 WU/ 
tick are provided in Appendix D. 

RD = 90 WU/tick, with IGC = 20 – 90 WU/tick 

Fig. 7 illustrates that relatively low UGCs and MGCs could create 
higher total yields when RD = 90 WU/tick with IGC = 20 – 90 WU/tick, 
especially with relatively low MGCs. In contrast, lower total yields al
ways occur with higher UGCs and MGCs. The highest yields are always 
found with the lowest MGC. Generally, the combination of UGC = 40 
WU/tick and MGC = 10 WU/tick shows the highest yields in each sub- 
figure. Moreover, most of the IGC scenarios resulted in decreased total 
yields after GC adjustment while only the scenario of IGC = 80 WU/tick 
shows an increment of total yields. Nearly half of the combinations show 
decreased yields when IGC = 20 and 50 WU/tick. Furthermore, the 
relationship between changing UGC or MGC and the overall system 
yields pattern remains unclear. 

When studying yields of individual farmers, only for the scenario of 

Table 3 
Gate capacity adjustment strategy.  

Initial Gate 
Capacity (WU/ 
tick) 

Gate capacity adjustment 

Upstream Gate 
Capacity (WU/ 
tick) 

Middle stream 
Gate Capacity 
(WU/tick) 

Downstream Gate 
Capacity (WU/tick) 

10 5 5, 10 10 
20 5, 10 10, 15, 20 20 
30 10 – 20 10 – 30 30 
40 10 – 30 10 – 40 40 
50 10 – 40 10 – 50 50 
60 10 – 50 10 – 60 60 
70 10 – 60 10 – 70 70 
80 10 – 70 10 – 80 80 
90 10 – 80 10 – 90 90 
100 10 – 90 10 – 100 100 
110 10 – 100 10 – 110 110 
120 10 – 110 10 – 120 120 
130 10 – 120 10 – 130 130 
140 10 – 130 10 – 140 140 
150 10 – 140 10 – 150 150 
160 10 –150 10 – 160 160 

Note: if the initial GC is higher than 20 WU/tick, the increments of upstream and 
middle stream GC is 10 WU/tick. 

Fig. 6. Total system yields with the varied RD and GC.  

Table 4 
The summary of poor harvest situations.  

River Discharge 
(WU/tick) 

Gate Capacity 
(WU/tick) 

Description 

10 10 – 160 F1 with 3 harvest fields, F2 with 2 harvest 
fields, F3–10 without harvest fields 

20 10 – 160 Upstream and middle stream farmers with 
different number of harvest fields, 
downstream farmers without harvest fields 

30 – 80 10 – 160 Upstream farmers always have 4 or 5 harvest 
fields while middle stream farmers and 
downstream farmers have a maximum of 5 
and a maximum of 4 harvest fields 
respectively and sometimes lower yields per 
field. 

90 20 – 160 GC = 80, F10 without harvest fields; while 
all farmers have harvest but with different 
number of harvest fields with other 
situations 

100 – 140 30 – 160 All farmers have harvest but with different 
number of harvest fields with other 
situations 

150 40,70 – 90,110 
– 150 

All farmers have harvest but with different 
number of harvest fields with other 
situations 

160 80, 130, 160 All farmers have harvest but with different 
number of harvest fields with other 
situations  
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IGC = 90 WU/tick we can find situations demonstrating that all farmers 
are satisfied with the adjustment: poor harvest situations improved 
without sacrificing anything for other farmers. However, even with 
increased total yields, GC changes for IGC below 90 WU/tick may not be 
equally satisfying for farmers. For relatively upstream farmers, there are 

sacrifices like delayed farmlands expansion, abandoned farmland(s), 
and decreased yields. Farmers located relatively downstream did not 
always benefit, with specific situations even potentially being worse. 
Again, when there is an improvement in relatively downstream farmers’ 
harvest situations, the upstream farmers’ profit will be affected. Based 

Fig. 7. Total system yields with varied UGC and MGC when RD = 90 WU/tick (red line shows the initial total system yields). The y-axis has different scales due to the 
significant differential of the yields; the x-axis has different scales due to different MGCs, which are based on the IGC. 

Fig. 8. Harvest situation of individual farmers after GC adjustment (RD = 90 WU/tick, IGC = 50 WU/tick). After GC adjustment, Increase – the farmer has higher 
yields; Keep – the farmer has the same harvest situation; Decrease – the farmer has lower yields; Slight fluctuation – the farmer has lower yields in the first few years 
of the GC change and then back to the initial situation (the same in Figs. 9 and D3). 
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on the total system yields, two examples of individual farmers’ harvest 
situations after GC adjustment will be indicated in detail below. 

The first example of individual farmers’ yields is based on IGC = 50 
WU/tick and RD = 90 WU/tick. After GC adjustment, nearly half of the 
combinations of UGC and MGC show a decreased trend of total system 
yields. The harvest situations for F1–10 after GC adjustment, when 
compared to the initial harvest situation, are shown in Fig. 8. The initial 
situation is F1–6 having five harvested fields, while F7–8 and F9–10 
have 4 and 2 harvested fields, respectively. The GC controls are aiming 
to improve the yields of F7–10. Fig. 8 illustrates that the improvement of 
F7–10 is always accompanied by yield sacrifices of upstream and middle 
stream farmers. F7–10 cannot improve at the same time either. There are 
farmers with better yields while other farmers end up with worse yields 
under each combination of changed GC. Combining the results of total 
system harvest, it is easily found that the amount of decreased yields is 
higher than the increased yields in some scenarios, which explains those 
scenarios when total yields decreased after GC adjustment. When UGC 
and MGC values are closer to the IGC, it is harder to help F7–10 to 
improve yields as depicted in Fig. 8. For instance, for UGC = 40 WU/tick 
and MGC = 40 and 50 WU/tick, F7–10 are left without increment in 
yields. Both lower UGCs and MGCs (10, 20 WU/tick) show that the 
increased yields of F8–10 are based on the loss of other farmers’ profit – 
F1–6 have lower yields. For UGC >= 30 WU/tick or MGC = 40 WU/tick, 
there are situations showing not only downstream farmers having higher 
yields, but also (part of) the upstream and (part of) middle stream 
farmers having a better harvest. 

In the second example, with IGC = 80 WU/tick and RD = 90 WU/ 
tick, total system yields increased under all scenarios. The initial situa
tion is that F1–6 have the same expansion pattern and finally realize the 
same yields with five harvested fields, while F7–8 and F9–10 have two 
and one harvested fields, respectively. Again, the GC adjustment was 
expected to help F7–10 gain more yields. Figs. 7g and 9 show that even 
when the total system has increased yields no matter how the GC is 
changed, there are worse situations for some individual farmers under 
most combinations of UGC and MGC. The hypothesis was that GC 
adjustment could help poor harvest farmers to have better harvests 
without decreasing others’ profits. There are two combinations that 
meet the hypothesis – UGC = MGC = 10 WU/tick and UGC = MGC = 70 
WU/tick. The first indicates F7–10 having better harvests while the 
second combination can help F7, 8, and 10, without yields changing for 
the remaining farmers. However, the total system harvest of these two 
combinations is not the highest. The upstream farmers are more 
vulnerable when both UGC and MGC are relatively low, yet the total 
system harvest is higher indicating that increased profits of F7–10 are 
higher than decreased profits of F1–6. 

4. Discussion 

In this research, we use AIRABM to simulate the complex in
teractions between farmers, irrigation infrastructure (especially gates), 
and water availability in an irrigation system. With this model, we 

incorporate both river discharges and gate capacities, as well as 
decision-making processes and mechanisms at the level of individual 
farmers and irrigation system. The results indicate how farmers’ harvest 
situations respond to water availability, how farmers adapt and learn 
from their own experiences, and explore the influence of incorporating 
other farmers’ decisions into water distribution activities. Our research 
shows how unequal water distribution may promote actions to get more 
equal distribution later, which indicates a synergy between equitable 
and inequitable water distribution. 

4.1. Temporal and spatial dynamics of this model 

The modeling framework described in this paper evaluates the har
vest situation and water availability on an annual time step. Both the 
farmlands expansion decision of farmers and the (virtual) exchange of 
harvest situations among farmers take place before the new cultivation 
year. With or without GC control, even with fluctuations in annual 
yields, farmlands expanded step by step based on their harvest and water 
availability memory. Eventually, yields and the number of farmlands of 
each farmer are stabilized. We considered harvest memory and available 
water memory as the main factors to determine the expansion dynamics 
of the farmlands. From the 20 years simulation, we could see many 
farmers cannot cultivate 5 farmlands at the end of the simulation period. 
If the simulation time is long enough, there will be more accumulated 
harvest and water memories, which are likely to finally reach the 
benchmark to expand the farmlands. Thus, it is possible to have higher 
yields or more farmlands when the model runs for more years than 20. 
The current model setup suggests that our model farmers use learning 
skills, offering the possibility of getting higher yields or more farmlands, 
at least partially with longer simulation times. This is especially relevant 
for our future study on Mesopotamian irrigation development (see Lang 
and Ertsen(2022)), which is assumed to have taken centuries if not 
millennia (Altaweel, 2019; Rost, 2017; Wilkinson et al., 2015). 

The physical locations of farmers when they share the same water 
sources play a vital role in the irrigation system, as shown in our model 
as well. Given their location-oriented water extraction priority, up
stream farmers have the priority to benefit from the system. Our model 
setting without any gate controls indicates relatively upstream farmers 
having higher yields than relatively downstream farmers. That is exactly 
what Olson (2000) and Janssen et al. (2012) have observed in their 
‘stationary bandit’ theory setting, with the bandit capturing more ben
efits when people share common resources. The “irrigation dilemma” 
(Ostrom and Gardner, 1993) was also found in our model irrigation 
system: the situations of head farmers and tail farmers who share the 
same water resources reflect different levels of influence on the collec
tive irrigation actions when re-allocating water. It is important to note 
that these model results reflect the complexity of real-world irrigation 
systems closely, including system dynamics and interactions among 
related agents. According to Janssen et al. (2012), when distribution 
rules are enforced there is more equal sharing of the common resources – 
as is also observed when GC adjustment strategies are applied in our 

Fig. 9. Harvest situation of individual farmer after GC adjustment (RD = 90 WU/tick, IGC = 80 WU/tick).  
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model. After changing GCs, the model shows that upstream farmers can 
leave some water for the downstream farmers so that the downstream 
farmers can gain more yields and also can contribute to the collective 
profits. 

4.2. Harvest situations from the level of individual farmers and the 
irrigation system 

Farmers can achieve better profits for themselves as well as the 
community through collective actions (Arias et al., 2013; Bean and 
Nolte, 2018; Silvert et al., 2021). It is therefore important to understand 
the performance of irrigation systems with or without collective actions. 
We estimated the harvest situation according to water availability, 
firstly providing all farmers with the same GC. As soon as the model 
manager observed a poor harvest situation, GCs of relatively upstream 
farmers were lowered to allow more water to flow further downstream. 
We could argue that if farmers prefer to work alone, or in cases where 
system management cannot enforce certain actions on water distribu
tion, it is easy to find unequal water distribution in a water-scarce irri
gation system, leading to better harvest upstream and worse harvest 
downstream. This in itself is not a revolutionary insight, but our model 
manages to capture the phenomenon in quite some detail, thus opening 
up the possibility to study both how inequality is created in irrigation 
systems and how it can be dealt with. 

Our expectation was that GC adjustments could save poor harvest 
situations without (huge) yield sacrifices of other farmers. However, we 
have observed rather complex farmers’ harvest situations related to 
adjustments (Table 5) – sometimes upstream farmers have lower yields. 
A complex water system can be characterized by unexpected system 
performance due to the interactions among water users as suggested by 
Berglund (2015). Tilmant et al. (2009) point out that upstream users 
would have to give up some potential benefits if water resources were 
equally shared with all water users who face common pool recourses 
dilemmas. Indeed, this was also confirmed in our research, with farmers 
with good harvest situations sacrificing yields to improve poor harvest 
situations on system level, which was indeed related to water being 
more equally distributed in the system. The sacrifices made by upstream 
farmers can provide a theoretical insight into how important it is for 
priority water users to understand that their decisive role in irrigation 
management can promote cooperation and collective actions to increase 
the possibility of system success (Heinz et al., 2022). 

Our model supports insight into cooperative human agents with the 
potential to communicate and monitor others’ actions. Behavior theory 
experiments are broadly studied by researchers (DeCaro, 2019; DeCaro 
et al., 2021; Janssen et al., 2022; Ostrom, 1998), focusing on collective 
actions and indicating that communication plays an important role to 
facilitate cooperation and trust when facing inequal resource 

distribution. Our model observations cannot be explained without 
including inequality in water distribution and (indirect) communication 
in farmers’ decision-making through adaptations of GCs. Whereas our 
findings cannot provide insights in issues like trust and communication 
efficiency yet, bringing in these issues in the ABM is possible. Further 
research is needed to offer a complete chain of collective actions to see 
how communication and trust could facilitate cooperation – which can 
be done by including additional rules in our ABM setup. 

That being said, sometimes the total system harvest would also 
decrease, creating a situation in which more equality between farmers 
would be accompanied with less overall yields. In practice, decision- 
makers should consider the balance of individual farmers’ benefits 
and the community’s profits. Moreover, yields always fluctuated in the 
first few years after GC changes or among higher farmlands expansion. 
Eventually the harvest situations of the ten farmers (partly) returned to 
the initial situation, (partly) with better harvest, (partly) with even 
worse harvest. This not only shows how farmers’ and managers’ 
decision-making on GC variation could lead to greater differences be
tween farmers no matter the location of the farmer, but also that in
terventions could result in short-term redistribution of benefits before 
more stable (improved) distributions are reached – which would have 
effects on interventions being accepted and evaluated in real-life prac
tices. Those phenomena demonstrate the capability of (our) ABM to 
capture the complexity of decision-making processes and results (Ng 
et al., 2011). 

4.3. Specific properties of the advanced irrigation-related agent-based 
model 

Our proposed model AIRABM is an updated version of our earlier 
modeling framework IRABM, which was based on ODD + D protocols to 
describe decision-making in ABM (Lang and Ertsen, 2022; Müller et al., 
2013). Our new model builds on IRABM by adding details on both in
dividual farmers’ and irrigation system perspectives. Although this is an 
experimental model, the dynamics of the farmlands and reactions 
among farmers when facing water stress allows this model to come close 
to realistic irrigation systems and indeed helps us to better understand 
the operation of irrigation systems and farmers’ decision-making pro
cesses. Moreover, to make this modeling framework more accessible to 
stakeholders, especially for non-tech stakeholders, an user-friendly 
interface has been developed in NetLogo where stakeholders can play 
with and build model simulations with differently specified agent rules. 

This study attempted to quantify the impact of farmers’ decision- 
making on crop yields to inform better irrigation water resources man
agement. However, we acknowledge several limitations that require 
further evaluation in future studies. Here we discuss two limitations of 
the current study: data availability and model structure. The lack of data 
forced (or allowed) us to simplify hydrological and hydraulic processes. 
Coupling more hydrological data, land use data, and other data might 
result in a more detailed model. Hydrologic/hydraulic models like 
SWAT and Sobek are extensively used to simulate the water distribution, 
hydraulic structures, soil characters, and landscape change, etc. (Afra
siabikia et al., 2017; Bishehgahi et al., 2022; Seyed Hoshiyar et al., 2021; 
Xie et al., 2021). Including such models in coupled 
hydrology/hydraulic-agent-based models would open up even more 
options to explore complex irrigation systems with detailed hydrological 
processes and irrigation actions. Including such models would poten
tially sacrifice some of the user-friendliness though. Another limitation 
is how to fully validate the model with historical data. Our current 
validation is based on comparing our model with other research and 
with realistic irrigation management settings. This comparison suggests 
that our model is realistic in its dynamics and as such can be used as a 
possible direction for future work when suitable data is available. 
Regarding model design limitations, the phenomenon of farmer’s in
teractions on model system level is currently using one single parameter 
– gate capacity adjustment. This reflects possible system management, 

Table 5 
The harvest situation of the irrigation system and individual farmers.  

System Individual 

Increase PHS improve, GHS keep 
PHS improve, GHS decreased 
PHS partly improve and partly keep, GHS keep 
PHS partly improve and partly decrease, GHS keep 
PHS partly improve and partly decrease, GHS partly keep and partly 
decrease 
PHS partly improve, partly keep, and partly decrease, GHS partly keep 
and partly decrease 

Decrease PHS improve, GHS decrease 
PHS partly improve, partly keep, and partly decrease, GHS keep 
PHS partly improve and partly decrease, GHS keep 
PHS partly improve and partly decrease, GHS partly keep and partly 
decrease 
PHS partly keep and partly decrease, GHS partly decrease 

Keep No change 

Note: PHS – Poor harvest situation; GHS – Good harvest situation. 
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but does not cover possible direct communication between and among 
farmers yet. Furthermore, the effects of other farmers’ decision, poten
tial water availability, and landscape dynamics are currently not 
considered in the model. 

5. Conclusion 

With our Advanced Irrigation-Related Agent-Based Model that in
cludes farmers’ cultivation decisions and gate adjustment decisions in an 
irrigated setting, our main findings are: 

• River discharge, gate capacity, and farmers’ location can signifi
cantly affect harvest situations. 

• With an increase in river discharge and gate capacity, yields gener
ally increase. 

• The barley yields pattern created by combinations of water avail
abilities is nonlinear, and river discharge thresholds and gate ca
pacity tipping points were identified.  

• To some extent, gate capacity adjustments address inequitable water 
allocation issues.  

• Adjustments to gates may result in unexpected system performance, 
illustrating the complex nature of irrigation systems. 

In this research, further methodological and case-related suggestions 
were provided to understand the importance of (conditional) coopera
tion when facing common pool resources, which enables us to (1) 
describe farmers’ decision-making processes, (2) assess the decision 
uncertainty associated with harvest memory and water availability, and 
(3) explore adaptive water management strategies. As part of our 
ongoing research, we are examining how system expansions may be a 
reflection of ancient Mesopotamian development processes. The current 

AIRABM indicates how farmland dynamics and water distribution 
strategies can affect individual farmers’ yields and overall system yields 
– resulting in varied yield patterns. Moreover, stakeholders could 
experience how their decisions could constrain the actions of others, and 
how the decisions of others are consequences of their situations. These 
experiences and actions create specific conditions for sharing water in 
irrigation systems, which is an issue that will only grow in importance in 
the next few decades of increased stress on irrigated production in a 
changing climate. 
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Appendix 

A. A list of abbreviations 

Agent-Based Model (ABM): an integrated approach for complex system simulation. 
Irrigation-Related Agent-Based Model (IRABM): the first version of agent-based model in irrigation systems 
Advanced Irrigation-Related Agent-Based Model (AIRABM): the further developed agent-based model in irrigation systems 
Irrigation Memory (IM): it refers to the interval between two irrigation actions. 
Average Available Water (AAW): it refers to the average received water for each farmer in the past growing seasons. 
Average Harvest of Barley (AHB): it refers to the average barley for each farmer in the past growing seasons. 
Harvest Barley in the nth year (HBYn): it refers to the barley yields in a specific year. 
Available Water in the nthyear (AWn): it refers to the received water in a specific year. 
Water Units (WU): it refers to the water agents in AIRABM and it is used as units for river discharge, gate capacity, irrigation demand, and available 
water. 
Irrigation Demand (ID): the irrigation demand of barley. 
Gate Capacity (GC): gate structure belongs to individual farmers and is used to transfer water from canals to farmlands. Each gate has its own 
capacity, WU/tick. 
Initial Gate Capacity (IGC): all the GCs start at the same value for the model initialization, even with the newly expanded farmers, WU/tick. The 
IGC of this model is 200 WU/tick. 
Upstream Gate Capacity (UGC): the GC of upstream farmers after the GC adjustment, WU/tick. 
Middle stream Gate Capacity (MGC): the GC of middle stream farmers after the GC adjustment, WU/tick. 
Downstream gate capacity (DGC): the GC of middle stream farmers after the GC adjustment, WU/tick. 
River Discharge (RD): the capacity of the main river, WU/tick. 

B. Expansion pattern of the farmlands 

Table B1 summarizes the results in terms of the expansion year of each farmland for the many scenarios that are created when the river discharge 
(RD) changes from 10 to 200 WU/tick and the GC ranges from 10 to 160 WU/tick. In general, scenarios allowing expansion from one farmland to five 
for all farmlands do exist. However, given irrigation sequence and water availability, the expansion time can be quite different between farmlands 
depending on the actual combination of RD and GC in the respective scenario. As was to be expected, expanding all farms to the fifth field (farmland) 
proves to be the most difficult – but not impossible, as a few examples below illustrate. 
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• The optimal expansion series for all farmers is when the five farmlands expand in the first five modeling years, but this only happens when RD is 
over 160 WU/tick.  

• With extremely low RD (10 WU/tick), expansion options are generally challenging and not equally distributed between F1–10. After 20 years, F1 
has three harvested farmlands, with farmland 1 starting in year 1, farmland 2 becoming in use in the fifth year and farmland 3 in the thirteenth 
year. In contrast, F2 has two farmlands, with these farmlands having the same expansion pattern as F1. F3 ends up with only one farmland, and 
F4–10 stay without any harvested farmlands.  

• When RD = 70 WU/tick and GC = 40 WU/tick, expansion patterns are more complex. F1–5 have five harvested farmlands, F6 has four, F7 could 
expand to four farmlands during the period, but ended with only two in the end. Similarly, F8 had three farmlands along the way but finally ends 
with two. F9 could reach three but kept only one, while F10 expanded to two, but kept one in the end. The expansion years of farmlands for the 
different farmers are too complex to mention, but these changing farmlands in farms reflect the complex interactions between expansion decisions 
upstream and downstream in the model system.   

Table B1 
Possible expansion year of each farmland.  

Expansion year 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Farmland1 ⨯ ✓ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ 
Farmland2 ⨯ \ ✓ ✓ \ ✓ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ 
Farmland3 ⨯ \ \ ✓ ✓ ✓ \ ✓ \ \ \ \ \ \ \ ✓ \ \ \ \ \ 
Farmland4 ⨯ \ \ \ ✓ ✓ ✓ ✓ ✓ ✓ \ \ \ \ \ ✓ \ \ \ \ \ 
Farmland5 ⨯ \ \ \ \ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ \ ✓ ✓ ✓ \ ✓ \ 

Note: ⨯ - the farmland never expands; ✓ - the farmland expands in this year; \ - the farmland does not expand in this year. 

C. Good harvest situations 

Fig. C1 summaries category 1 – good harvest situations under all scenarios at the end of the simulation period of 20 years.  

• Fig. C1a and C1b show the expansion time of each farmland is the same for F1–10, with finally all farmers having four harvested fields – the first 
three fields expand in the same year while the expansion year of field 4 is different.  

• Fig. C1c – j indicate scenarios when all farmers have five active farmlands, but with different expansion years. F1–10 have the same expansion 
years for farmlands 1–4 but different expansion years for farmland 5. The earliest and the latest expansion year of farmland5 are the fifth year and 
the twelfth year, respectively.  

• It is worth noting that each harvested farmland gained 880 kg of barley for all scenarios. Although at the end of the simulation period of 20 years, 
all farmers have the same number of fields with equal yields, some scenarios show that farmers can increase their farmland earlier compared to 
others – which means that their total yields in the simulation period is higher. 

Fig. C1. Expansion year of farmlands when farmers have good harvest situation.  

D. Harvest situations with gate capacity control for RD = 30 and 160 WU/ tick 

D.1. RD = 30 WU/tick, IGC = 10, 20, 30 WU/tick 
Fig. D1 shows the total system yields when RD = 30 WU/tick with IGC at 10, 20, and 30 WU/tick. The initial total yields before GC adjustment are 

202,605, 215,573, and 224,948 Kg for corresponding IGCs of 10, 20, and 30 WU/tick. Even lower total system yields are created by GC adjustments 
compared to the initial total yields when IGC = 10 and 20 WU/tick (Fig. D1a and D1b). For IGC = 20 WU/tick, upstream farmers’ yields decreased 
dramatically when UGC decreased to 5 WU/tick, due to the delayed expansion of farmland 3 and farmland 4. These results suggest that with these low 
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RDs, total system yields increase with increasing UGC or increasing MGC. However, the highest yields occurred when the MGC decreased to 15 WU/ 
tick (Fig. D1b). For IGC = 30 WU/tick, only keeping the MGC at 30 WU/tick created increased total yields while total yields decreased under other 
combinations of UGC and MGC (Fig. D1c). With these low RDs, the GC adjustment did benefit farmers suffering from poor harvest situations, but the 
prices of it are on systems level in the shape of lower yields, delayed farmland expansion, and less harvested upstream farmlands. F9 and (especially) 
F10 saw hardly any change. In summary, GC adjustment is not able to satisfy all the farmers at the same time with RD at 30 WU/tick.

Fig. D1. The comparison of total system yields before and after GC adjustment when RD = 30 WU/tick (red line shows the initial total system yields).  

D.2. RD = 160 WU/tick, with IGC = 80, 130, 160 WU/tick 
Fig. D2 shows a comparison of the total yields after and before GC adjustment when RD = 160 WU/tick with IGC = 80, 130, and 160 WU/tick. 

Changing GCs in these three IGC cases clearly results in lower total yields when UGC is 10 WU/tick or when MGC is 10 WU/tick. However, relatively 
high UGC and MGC resulted in lower total yields for IGC = 160 WU/tick. The lowest total yields occurs when both UGC and MGC are 10 WU/tick. 

For IGC = 80 WU/tick, the GC change generated higher total yields, except for MGC = 10 WU/tick (Fig. D2a). The higher yields are concentrated in 
combinations of higher UGC and MGC. The case of IGC = 130 WU/tick shows a decrease in total yields when UGC or MGC is 10 WU/tick respectively 
(Fig. D2b). The higher yields are mainly located in the area with lower MGC or higher UGC, while in the area with both higher UGC and MGC total 
yields tend to remain at the initial value. For IGC = 160 WU/tick, most of the UGC and MGC combinations show increased total yields (Fig. D2c). 
However, total yields are lower than the initial value when both UGC and MGC are 10 WU/tick. The harvest situations are more discrete, but the 
highest values are always found in the area with higher UGC or lower MGC. Thus, we will take this example to describe the individual farmers’ harvest 
situations in detail. 
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Fig. D2. Total system harvest with varied up and middle stream GC (RD160) (the initial total system yields shown in the black frame on the top for reference). 
Fig. D2a, D2b, and D2c share the same legend but the color scale means different values. We use the heatmap to show the yield trend instead of the exact value. 
Moreover, there is no comparison between the three sub-figures. 

For individual farmers’ yields after GC changing when RD = IGC = 160 WU/tick and before GC changing, F1–8 have the same farmland expansion 
pattern and yields pattern. These eight farmers harvested five fields in the end, whereas F9 finally has three or four fields and F10 has two fields. 
Therefore, the GC is adjusted to boost the yields of F9 and F10. Fig. D3 shows individual farmers’ harvest situations after changing the GC with IGC =
160 WU/tick. According to the figure, F9 and F10 have higher yields in all combinations and the majority of combinations show no loss of yields for 
F1–8. Mostly, the decreased harvests of upstream and middle stream farmers occurred when UGC = 10 WU/tick or MGC = 10 WU/tick – this is 
consistent with the tendency of total system yields. It is difficult for F9 and F10 to gain higher yields when UGC and MGC are close to the initial GC, 
which make F10 having an even worse harvest.

Fig. D3. Harvest situation of individual farmer after GC adjustment (RD = 160 WU/tick, IGC = 160 WU/tick).  
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