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Abstract: An Advanced Irrigation-Related Agent-Based Model (AIRABM) of farmers' decision-making
mechanism and feedback among farmers is developed. The model explores the interactions among human
and non-human agents in the irrigation system. In this paper, we discuss harvest patterns as they result from
more equal or unequal water distribution in the system. In a baseline model run, farmers are not restricted
in their water use. For those situations that yields are low on the system or farmer level, we allow gate
settings to be adjusted to improve poor harvest situations. Our model results show that 1) in the baseline
scenario, upstream farmers generally receive more water and gain higher yields compared to downstream
farmers; 2) gate capacity adjustments of upstream and middle stream farmers can push more water to
downstream farmers, but those specific variations are considerable. We observe unexpected emerging
system performance. The AIRABM model offers options for how combinations of individual farmers’
decisions on water use and farming create (un)equal yield patterns in irrigation systems.

Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. INTRODUCTION

Global socio-economic developments, especially a growing
population, could increase pressure on water use in agriculture.
Water managers may increasingly face difficult situations
when allocating water to competing users (Nandalal and
Simonovic, 2003; Tilmant et al., 2009). This applies
particularly to irrigation water management, as the diversity of
claims and increased competition on irrigation water among
farmers is a common phenomenon worldwide (Gurung et al.,
2006; Svubure et al., 2010; D’Exelle et al.,, 2012). The
distribution and use of the limited, shared water resources can
create conflicts between individuals, communities, regions and
countries. Adequate collective actions to arrange water
allocation are required to implement equitable water sharing
strategies (D’Exelle et al., 2012; Meinzen-dick and Raju,
2000; Ray and Williams, 2002).

In this paper, we discuss our research approach as it focuses
on issues of equal or unequal water distribution in irrigation
systems. We build on previous research, when we introduced
the Irrigation-Related Agent-Based Model (IRABM). IRABM
expresses how non-human agents in irrigation (gates, fields,
etcetera) can express human agents’ actions. The model set-up
does include neither communication among the farmers nor
decision-making in the system, but it is clear that the model
can show how upstream and downstream farmers compete for
water due to their location (Lang and Ertsen, submitted).

Our Advanced Irrigation-Related Agent-Based Model
(AIRABM), which we introduce in this contribution, is the
second version of IRABM. We developed it to further explore
the interactions among human and non-human agents in a
supply-driven irrigation system. Compared to IRABM, we
added learning behaviour, decision-making mechanisms, and

farmers’ feedback mechanisms — all of which will be explained
in the Methods section. In this research, we explore yields’
pattern as they result from more equal and unequal irrigation
water distribution setups, that aim to manage water availability
conflicts between upstream and downstream farmers.

We have built the model with a specific overarching research
question in mind. Our larger project aims to study how
irrigation systems in ancient south Mesopotamia may have
coped with water distribution issues under water stress when
farmers share the same water resource. The region of southern
Mesopotamia has been seen by researchers as one of the
ecarliest civilisation (Adams, 1981; Rothman, 2004). The
landscape of this region can be regarded as a hydraulic
landscape: the history of the region is actually the history of
the complex water systems structured by natural and man-
made channels, irrigation canals, levees, marshes, and swamps
(Altaweel, 2019; Wilkinson et al., 2015). Research also shows
how the history of irrigation management in southern
Mesopotamia has to be explained as evolving from simple,
small-scale to large-scale, from short-term to longer-term,
from locally to centralised management (Adams, 1965;
Jacobsen and Adams, 1958; Rost, 2017; Wilkinson et al.,
2015; Wilkinson and Jotheri, 2017). Overall, the development
of the irrigation systems would result from both natural water
system evolution and human activities — flood feedbacks,
population growth, and food demand etc.

Irrigation water management plays a crucial role in the
development of irrigation systems in this region. As such, we
have used empirical archaeological data for Mesopotamia in
this model. The issues we study, however, are general and
relate to how decision making on irrigated farmland in
different locations in an irrigation system affects decision
making elsewhere in the same system.

2405-8963 Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license.
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2. METHODS
2.1 Model Outline

The AIRABM outline is based on the ODD + D (Overview,
Design concepts, Details + Decision Making) protocol for
multi-agent systems (Grimm et al., 2020; Miiller et al., 2013).
Table 1 shows the brief explanation of each element of the
ODD for AIRABM (please note that many basic elements and
details are in Lang and Ertsen (Submitted).

Table 1 AIRABM ODD protocol

Elements

Explanation

1. Purpose

2. Entites, state
variables, and scales

3. Process overview
and scheduling
4. Design concepts

To explore farmland dynamics in
response to farmer decision-making in
an irrigation system

Entities are 10 farmers; each farmer can
farm on 5 farmlands; one river; irrigation
water flows from the river, through the
head gate, to the canal, through the
farmer's gate, to end on the farmlands
(WU/tick, where WU means Water
Unit).

Yields and growth status of farmlands
are described every year.

In yearl, all farmers cultivate farmlandl;

in year2 and further, farmers decide to
keep, expand one, or abandon one or two
farmlands based on yields and water
availability in all seasons. Farmers’
interaction is expressed in adjusting
gates of upstream and/or middle stream
farmers to increase lower harvests.

Each farmer has a certain amount of
barley seed at the start to ensure he/she
can sow on farmlandl.

There is no additional external input data
Irrigation schedule; irrigation sequence;
response of barley yields to water supply;
and farmland expansion sequence.

5. Initialization

6. Input data
7. Submodels

2.2 The response of barley yields to water supply

Levels of supplied water relate to the level of barley yields: in
IRABM, with supplied water going down (eg one level), the
potential yields will be reduced (eg by 50%). Figure 1 shows
the simplified relations between water supplies to barley at
each of three growing stages, divided into four levels: Ideal,
Medium, Poor, and None. These levels represent four levels of
barley yields response to the four levels of water availability.

2.2 Farmers’ decision-making mechanism

The layout of the virtual irrigation system is shown in Figure
2 and a flow chart of the decision-making mechanism of
farmland management is shown in Figure 3. In the model, this
decision-making is a general routine each year. Comparing
average harvests of barley (AHB) and average available water
(AAW) of earlier years suggests to farmers whether they
should keep their last season’s planting choice (Keep), or
change it — with as options to expand one farmland, decrease
one farmland, or decrease two farmlands. The expansion

sequence is fixed — farmland 2 is first to expand, followed by
farmland 3, 4, and 5, while the decrease sequence is the other
way around.

Stage T Stage 11 Stage T11

Figure. 1 Simplified barley yield responses to supplied water
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Figure. 3 Decision-making mechanism for farmlands dynamics
2.3 Farmers’ feedback mechanism

As is known in irrigation systems, water availability plays an
important role in the interactions between upstream, middle
stream, and downstream farmers, since whatever the relative
upstream farmers do, will have an effect on the more
downstream farmers. In the current version of the model, the
farmers do not yet communicate, cooperate or compete
directly with each other. For example, the farmers disregard
how many farmlands other farmers are growing. They cannot
communicate either about how much water they would like to
use and the water consumption of other farmers. In the current
model concept, farmers’ interactions are indirectly modelled.
At the end of each growing season, the yields per farmer per
year and the number of harvested farmlands per farmer per
year are evaluated. If there is evidence for unequal water
availability between upstream, middle stream, and
downstream farmers, the gate capacity (GC) of upstream
(UGC, Farmerl-3) and middle stream (MGC, Farmer4-7)
farmers will decrease, while the gate capacity of downstream
(DGC, Farmer8-10) farmers will be kept at the initial gate
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capacity (IGC). As such, the modelled water flows represent
cooperation, competition, and communication among the
farmers indirectly.

3. RESULTS

This setup creates two sets of results, in which different
scenarios combining different river flows and gate capacities
are created. Both sets of results are based on model runs of 20
years per scenario. In a first set, gate control is not possible: all
farmers have the same gate capacity per run. Per run, each farm
uses that gate capacity to water their farm with the potential
five fields, with each farmer starting with a single field. In the
second set, gate capacities are adapted when yields are lower,
either on system level or for farmers, at the end of simulation.

3.1 System without gate capacity control

3.1.1 Barley yields pattern from varied river discharge and gate
capacity

The total yields for the whole system in the 20 model years of
the system are shown in Figure 4 for all combinations of river
discharge (RD) and GC. Generally, total yields increase with
increasing RD. Looking at the GC column, the changes in total
yields with increasing RD show a clear RD threshold value per
GC. When the RD threshold is reached, total system yields
stay the same up to the highest RD scenario. The RD threshold
for GC =10 — 160 WU/tick are 90, 110, 150, 160, \, 170, 180,
170, 170, 160, 160, 160, 170, 170, 160, and 170 WU tick,
respectively. The only exception is GC = 50 WU tick, which
does not show any threshold in yields: with this GC per farm,
combinations of water availability in the canal and on the farm
easily shift — which is a direct result of the water needs per
field as defined in the model. While higher RD increases yields
in general, there are only a few actual GC settings that show
this pattern without (minor) changes for increasing RD — GC
=10, 20, and 110 WU/tick. Most GCs show some fluctuations

per step of increased RD. For several GCs, we observe
fluctuations in the range when RD = 100-130 WU/tick — with
higher total yields reached for a lower RD followed by an
immediate decreasing yield for the next higher RD. Total
yields increase again for higher RD. For GC = 50 and 80
WU/tick, we observe two of those fluctuations. This is again a
result of the model settings for water transport between cells.

When studying the total yields pattern for increasing GC and
constant RD, GC tipping points were found: when the tipping
point is reached, no matter how the GC changes, total system
yields decrease to a certain value and then keep the same up to
the highest GC. For RD < 160 WU/tick, GC tipping points
increased with increasing RD. GC tipping points decreased
with increasing RD for RD > 160 WU tick.
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Figure. 4 Total system yields with the varied RD and GC

3.1.2 Harvest situation for each farmer

There are two main types of patterns for farmers’ and
farmlands’ yields when taking each combination of RD and
GC at the end of simulation season into account. The first type
includes those results when all farmers and all farmlands have
the same yield pattern. The second type includes those results
when upstream, middle stream, and downstream farmers have
different yield pattern under each combination of RD and GC.

Type 1 shows all farmers and farmlands showing the same
farmland expansion and yields under certain combinations of
RD and GC: 1) with finally all farmers having four active
farms - farms1-3 expand in the same year while farm4 expands
in a different year; 2) all farmers have five harvested
farmlands, but not necessarily with the same expansion rhythm
- for F1-10, farmlands1-4 expanded in the same year, but
farmland5 expanded in different years.

Patterns of the second type are more complex, although they
typically occur when RD is lower. Different combinations of
RD and GC create different ways how harvests or water
availability are less on system level and/or unequal between
F1-10 at the end of the simulation period. We observed the
following generalized results:

e For RD = 10 WU/tick, only upstream farmers have
harvests.

e For RD = 20 WUftick, upstream and some middle
stream farmers have harvests.

e For RD=30to 80 WU/tick, all farmers have harvests,
but with varying numbers of farmlands and yields per
farmland.

e For RD =90 to 160 WU/tick, the equivalent water
availability situation appears, with yields only
depending on GC.

Apart from the last subset, F1-10 have different yields and
expansion patterns for all subsets. Theoretically, in terms of
the number of harvested farmlands and the yields of each
farmland, one would expect an order of upstream farmers >
middle stream farmers > downstream farmers, because of the
location priority rule. The model reality is that upstream
farmers can perform worse compared to middle stream farmers
(sometimes even worse than downstream farmers), whereas
middle stream farmers can have worse performance than
downstream farmers. This is a result of the way the model
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settings transport water between cells. As such, it can be
representative of localized hydraulic conditions on real-life
irrigation settings.

3.2 Farmers adaptation with gate capacity control

There are many possible combinations of adjusted upstream
and middle stream GCs for each subset from the second type.
Therefore. we will focus on a few representative results of
adjustment for lower harvests, using a selection of options
from the different categories: when RDs are 30, 90, and 160
WU tick respectively.

3.2.1 RD =30 WU/tick, IGC = 10, 20, 30 WU/tick

The total system yields after GC adjustment for RD = 30
WU tick are shown in Figure 5. The initial total yields are
shown with a red line in this figure. The results show that with
this RD, GC changes cannot satisfy all farmer simultaneously.
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Figure. 5 Total system yields with varied UGC and MGC (RD30)

The model results suggest that for IGC = 10 and 20 WU/tick,
the adjustments create even lower yields than the initial total
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yields (Fig. 5a and 5b). The adjustment actually helps middle
stream and downstream farmers to improve their yields, but
the price of the improvements are lower yields per farmland
and a lower number of farmlands for upstream farmers.

For IGC = 20 WU/tick, harvests of upstream farmers
decreased dramatically when UGC = 5 WU/tick, as the
expansions to farmland3 and farmland4 are delayed.
Typically, total yields increased with an increasing UGC and
keeping MGC, or with an increasing MGC and keeping UGC.
For MGC = 15 WU/tick, highest yields occurred when the IGC
= 20WU tick was kept upstream.

For IGC = 30 WU/tick, total yields increased only after
changing the MGC to 30 WU/tick (Fig. 5¢). The adjustment
delayed the expansion time of farmland3 and farmland4 for
F1-3. The number of farmlands for F1-2 also reduced. The
yields F4 became less, but the situation of F5-8 improved. F3,
F9, and F10 saw hardly any change.

3.2.2 RD =90 WU/tick, with IGC = 20 - 90 WU tick

Figure 6 shows the total system yields after adjustments when
RD = 90 WU'tick. The figure shows the total system yields
relative to the highest UGCs as initial total yields in each sub-
figure in the black reference frame on the right. It is easy to see
that higher total yields always occur when UGC and MGC are
relatively low, especially for relatively low MGCs.
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Figure. 6 Total system yields with varied UGC and MGC (RD90)
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In contrast, higher UGCs and MGCs show lower total yields.
Moreover, adjustments increased total yields for all
combinations with IGC = 80 WU/tick, but decreased total
yields for some combinations with all other IGCs.
Furthermore, there is no clear pattern of total yields with
increasing UGC or MGC. When comparing harvests of
individual farmers, it can be observed that only when IGC =
90 WU tick, we can find situations when all farmers are equal
or better off with the adjustment: poor harvests improved and
no sacrifices were needed.

However, for IGC < 90 WU/tick, farmers cannot be satisfied
equally with the change, even when total yields increased.
Relatively upstream farmers saw delayed expansion of fields,
or even abandoned farmland and decreased yields per
farmland. Relatively downstream farmers do not benefit all
together or their situation might be even worse. These
situations may happen separately or together. Again, when
there is an improvement of farmers’ harvests relatively
downstream, the upstream farmers have lower yields.

3.2.3 RD =160 WU/tick, with IGC = 80, 130, 160 WU/tick

a. IGC = 80 Wl/iick

b. 1GC = 130 WU/uick
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Total yields after adjustment when RD = 160 WU/tick and
IGC =160, 130, and 80 WUr/tick, are shown in Figure 7 (with
initial total system yields shown in the black reference frame
on the right). The figure shows that after changing GCs, lower
total yields were realized with UGC = 10 WU/tick or MGC
=10 WU/tick. Lower total yields were also found with higher
UGC and MGC for IGC = 160 WU/tick. When both UGC and
MGC are 10 WU/tick, the lowest total yields occur.

For IGC = 160 WU/tick, total yields increased under each
combination, except for UGC = 10 WU/tick and MGC = 10
WU/tick (which is lower than the initial value). For IGC = 130
WUltick, total yields decreased when UGC = 10 WU/ tick or
MGC = 10 WU/tick, while 34% of the situations kept the total
yields and 48% even increased. For IGC = 80 WU/tick, total
yields increased, except for MGC = 10 WU tick.

When comparing the satisfaction of individual farmers, we
observed that 78%, 47%, and 66% of all combinations show
that all farmers can be satisfied with the changes when IGC =
160, 130, and 80 WU/tick, respectively. Similarly, situations
that do not result in higher total yields represent sacrifices of
upstream farmers in exchange for downstream improvement,
although not all farmers have higher harvests.

¢ IGC = 160 Wl/tick

SARTAIE RS

Figure. 7 Total system yields with varied UGC and MGC (RD160)

4. DISCUSSION
4.1 Temporal and spatial variation of this model

In this study, we used the AIRABM model to simulate
interactions among human and non-human agents in irrigation
systems to analyse resulting (distribution of) yields. Varied
river discharges and gate settings were applied in the
simulation, and we considered farmers’ decision-making
process and feedback mechanisms too. The results indicate
how barley yields response to supplied water and how farmers
can react to their own yields and those of others. We confirmed
that farmers’ location and gate interventions can have
significant effects on the (distribution and amount of) farm
yields. Our analyses illustrate a synergic process between
inequity and equity in water distribution and yields.

Physical locations in the irrigation system when facing
common pool resources play a vital role. Upstream farmers are
typically able to capture a substantial share of the benefits from
the system, because of their location-oriented water extraction
priority. If there is no water extraction limitation, they can take
as much water as they want to earn high yields or to expand
farmlands earlier. Olson (2000) and Janssen et al. (2012) tested

the ‘stationary bandits’ theory, with the bandits capturing more
benefit when a group of members share the resources. That is
exactly what we observed in our first round — relatively
upstream farmers have better harvests when gate controls are
absent in the system. The harvest situation in this system also
shows the “irrigation dilemma” (Ostrom and Gardner, 1993),
which captures those situations where farmers at the head or
end of a system reflect different levels of influence on the
collective actions related to the allocation of irrigation water.
These situations are also closely related to the complexity of
real-world irrigation situations, including system dynamics
and feedbacks.

We can also observe that with adjustment strategies applied,
the results differ quite substantially — which is similar to the
“stationary bandit” theory, which showed to be less prevalent
when distribution rules are enforced (Janssen et al., 2012). We
observed many possible combinations after adapting GCs.
Upstream farmers kept initial harvests, or reduced harvested
farmlands, delayed farmland expansion time, or dropped
production per farmland. We observed as well how middle
stream and downstream farmers increased production per
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farmland, or could at least keep the initial harvests, but also
how they could end up with even lower yields per farmland.

4.2 Harvests of individuals versus harvests in the system

We estimated the different resulting harvests according to
water availability. We found that the adjustment of gate
capacities can create quite different impacts for farmers, with
the consistency of total system yields and individual yields
being very different before and after adjustments. Before
adjustment, the harvest patterns we observe are quite simple -
good harvest situations mean that all farmers have good yields;
most of the poor harvest situations show that upstream farmers
have better harvests than lower farmers — especially the
downstream ones. We tested to what extent adjustments in
water availability could improve the poor harvest situations
without any individual sacrifices. We did observe that such
improvement is possible, but the results after adjustment are
quite complex. This is exactly in line with Berglund's (2015)
theory, that interactions among water users may lead to
unexpected system performances characteristic of the
complexity of water systems. Tilmant et al. (2009) indicate
that if water is equally shared between water users who have
to solve the common pool recourse sharing dilemma, upstream
users will have to abandon some potential benefits. Our
research confirmed this: situations with lower system harvests
improved when upstream sacrifices were made — changing
their good harvests to lower ones. We also observed that such
sacrifices can result in more equal water and yield distribution
over the system, but with a lower total system yield.

5. CONCLUSION

The irrigation-related agent-based AIRABM model simulates
farmers’ crop-growing decision and gate adjustment decision.
Its main findings are:

e Yield patterns are not linear: gate capacity tipping
points and river discharge thresholds were found.

e  Gate capacity adjustments address issues associated
with equitable water allocation to some extent.

e Facing extremely water scarce situations, the
adjustments might further reduce actual yields.

e Adjustment creates emerging system performance,
illustrating the complexity of irrigation systems.

These findings provide further methodological and case-
related suggestions for understanding the importance of
(conditional) cooperation when sharing common resources
like water. Our focus will expand to (1) extending farmers
decision-making processes, (2) quantifying the associated
decision uncertainty caused by water availability and harvest
memory, and (3) examining options for adaptive water
management in response to gate capacity variability. We are
still working on these expansions, including how they may
reflect development processes in ancient Mesopotamia. With
the current version of AIRABM, we can already show how
different land and water use strategies can affect yields of
farmers and the overall system — resulting in different yield
patterns, creating specific conditions for sharing water.
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