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Farmers within irrigation systems, such as those in Bali, solve complex coordination prob-
lems to allocate water and control pests. Lansing and Kremer’s [Lansing, J.S., Kremer, J.N.,
1993. Emergent properties of Balinese water temples. American Anthropologist 95(1), 97–114]
study of Balinese water temples showed that this coordination problem can be solved by
assuming simple local rules for how individual communities make their decisions. Using the
original Lansing–Kremer model, the robustness of their insights was analyzed and the ability
of agents to self-organize was found to be sensitive to pest dynamics and assumptions of agent
decision making.
� 2006 Published by Elsevier Ltd.
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The question of whether irrigation systems require centralized authority to solve
complex coordination problems has held the interest of scholars for a long time, but
empirical analysis has not provided a clear answer (Hunt, 1988). Wittfogel (1957)
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argued that a central control was inevitable for larger irrigation systems and hypoth-
esized that some states have emerged because of the use of irrigation. On the other
hand, there are various examples of complex irrigation systems and drainage systems
that have evolved without central coordination. The drainage systems and the water
boards in the Netherlands are an interesting example of this (Kaijser, 2002). Irriga-
tion on the Indonesian island of Bali has been a source of debate on the origin of
state between those who favour an important role of the state, and those who argue
that the state was not essential for the coordination of irrigation systems (Geertz,
1980; Lansing, 1991). This paper will not delve into debate on the role of the origin
of state in Bali (see Hauser-Schäublin, 2003 for a discussion) but the consequences of
different interpretations of the role of the state in recent history will be discussed
here.

The Bali irrigation system consists of villages of organized farmers, subaks, who
are linked via irrigation canals. This subak system of coordination existed for more
than a thousand years and was almost destroyed within a decade of national inter-
vention to maximize rice production (Lansing, 1991). Due to insights of anthropol-
ogists and ecologists in the functioning of the system, a collapse was prevented and
the system largely recovered, although it is still under threat of external disturbances.

The irrigators have to solve a complex coordination problem. On one hand, con-
trol of pests is most effective when all rice fields have the same schedule for planting
rice. On the other hand, the terraces are hydrologically interdependent, and to bal-
ance the need for coordinated fallow periods and use of water, a complex calendar
system that states what actions should be done on each specific date for each subak

has developed.
These actions are related to offerings to temples, starting with the little temples

at the rice terrace level, to the temple at the village level, to the regional level, and
then up to the temple of the high priest Jero Gde, the human representative of the
Goddess of the Temple of the Crater Lake. Crater Lake feeds the groundwater sys-
tem which is the main source of water for irrigation in the entire watershed. These
offerings are collected as a counter gift for the use of water that belonged to the
gods.

The function and power of the water temples were invisible to the planners
involved in promoting the Green Revolution during the 1960s. They regarded agri-
culture as a purely technical process. Farmers were forced to switch to the miracle
rice varieties, which were predicted to lead to three harvests a year, instead of the
two of the traditional varieties. Farmers were stimulated by government programs
that subsidized the use of fertilizers and pesticides. After the government incentive
program was started, the farmers continued performing their rituals, but they no
longer coincided with the timing of rice-farming activities. Soon after the introduc-
tion of the miracle rice, a plague of plant-hoppers devastated the rice production. A
new variety was introduced, but then a new pest plague hit the farmers. Further-
more, there were problems of water shortage.

During the 1980s, an increasing number of farmers wanted to switch back to the
old system, but the engineers interpreted this as religious conservatism and resis-
tance to change. It was Lansing (1991) who unravelled the function of the water
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temples and was able to convince the financers of the Green Revolution project on
Bali that the irrigation was best coordinated at the level of the subaks with their
water temples.

Anthropologist Steve Lansing and ecologist Jim Kremer built a computer model
of an artificial ecosystem and showed that for different levels of coordination, from
farmer level up to the level of the watershed, the temple level was the level of scale
where decisions could be made to maximize the production of rice (Lansing and Kre-
mer, 1993).

In this paper Lansing and Kremer’s original model is analyzed in depth in order
to understand why the temple level would be the best level for coordination. In their
original analysis, they provided some illustrative simulations (Lansing and Kremer,
1993, p. 106), but they performed no rigorous analysis to provide sufficient insight
into understanding the tradeoffs. The motivation for the analysis of the Lansing–
Kremer model is threefold. First, we like to derive more understanding why the tem-
ple level of coordination is the most appropriate one. Second, we like to understand
how general the insights are of the Lansing–Kremer model, in case we want to apply
insights to self-governance of other irrigation systems (Ostrom, 1992). We will show
that the insights are contextual to assumptions of ecological and social processes.
Such insights may help us to continue to develop simulation models of irrigation sys-
tems at various scales and landscapes (Barreteau and Bousquet, 2000; Barreteau
et al., 2004; Le Bars et al., 2005). Third, it is important to verify independently results
of modelling studies, which is done rarely, but found fruitful if done so (Axtell et al.,
1996; Edmonds and Hales, 2003).

One of the problems is that social coordination is not the same as synchronizing
cropping plans. Therefore, different possibilities are explored for governing the irri-
gation network at the subak and watershed levels. Suppose we look at coordination
at the watershed level: if a central planner were to optimize the cropping plans of all
individual subaks, total rice production would at least be at the level of optimizing
cropping plans synchronized at the temple level. The more degrees of freedom to tai-
lor coordination among subaks, the higher the harvest might be. However, a higher
aggregated harvest might be at the cost of the harvest within individual subaks. In
the optimization experiments the tradeoffs are analyzed of more detailed coordina-
tion and inequality of harvest among the self-supporting subaks. Also different deci-
sion rules at the subak level are explored to determine if they might lead to high-level
performance at the watershed level.

It is important to understand under which conditions it is possible for subaks to
make decisions on cropping plans that lead to high-level performance of the irriga-
tion system. This paper aims to contribute to this endeavour. In Section 2 the origi-
nal Lansing–Kremer model is discussed. Section 3 discusses the potential total
harvest when all subaks cooperate with different assumptions on rainfall and pest
dynamics. We will see that there is a trade-off between total harvest and inequality.
In Section 4, a simplistic two-node model is explored in detail to analyze the tradeoffs
between pest dynamics and water supply. Bottom-up solutions for different decision
algorithms are explained and concluded in Section 5.
U
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2. The Lansing–Kremer model

The Lansing–Kremer model of the Bali irrigation system describes the water flows
and rice terrace ecology along two rivers in south-central Bali (Lansing, 1991, 2006b;
Lansing and Kremer, 1993). Low, middle, and high estimates are given for seasonal
rainfall patterns at various elevations. Rainfall and the water from the volcano lake
provide the water for the 172 subaks. Twelve dams allocate the water to the subaks.
The runoff between dams is formulated as the difference between supply (runoff of
dams from higher elevation and rainfall) and demand from the subaks related to each
dam. When subaks ask for more water than there is supply, all subaks receive the
same reduction of water supply, and the fraction of demand that is met is linearly
assumed to be a measure of water stress of the crops in these subaks. The time step
of the model is one month, and 49 cropping plans specify what crop is growing in a
subak each month, e.g., triple cropping a high-yield rice variety or planting two tra-
ditional varieties with six- and four-month maturation times and one-month fallow
periods between them.

Water demand of a subak depends on which crop variety is planted and the area
of the subak. Each rice variety has to grow for a number of months. After this period
the harvest is calculated by multiplying the rice variety’s specific potential yield times
the accumulated water stress. If a rice variety takes three months to grow and had
water shortages of 0%, 10%, and 50% during each month, respectively, the water
stress is (1 + 9/10 + 5/10)/3 which is equal to 0.8, and thus the harvest is 20% lower
than the potential yield.

The harvest can also be lowered by damage from pest outbreaks. Each subak has
a pest density p which changes by migration of pests and local growth. The direction
and magnitude of the migration of pests depends on the gradient in concentrations
between a subak and each of its neighbours. If a subak has four neighbours, the rate
of change in pest level can be described as

pj;tþ1 ¼ gðxjÞ � ðpj;t þ 0:5 � d � ðpn1;j;t þ pn2;j;t þ pn3;j;t þ pn4;j;t � 4 � pj;tÞÞ þ 0:5

� d � ðpn1;j;t þ pn2;j;t þ pn3;j;t þ pn4;j;t � 4 � pj;tÞ ð1Þ

with g( ) as the growth rate of pest pj on subak j, depending on whether rice is grow-
ing in the field or not. pni refers to neighbours i of subak j. When rice is in the field,
g( ) is between 2 and 2.4; when the field is fallow, it is 0.1. The diffusion rate d affects
how fast the pest is spreading. Note that one would expect a diffusion equation like
the differential equation

opj

ot ¼ gðxjÞ � pj þ ðpn1;j þ pn2;j þ pn3;j þ pn4;j � 4 � pjÞ, which re-
quires very small timesteps to be solved, as well as a dynamic growth model of rice,
but due to the limited computational power of PCs in the late 1980s, a shortcut was
used, Eq. (1), to calculate pest dynamics with a monthly time step, and a fixed po-
tential rice production at the end of the growth period was used. Since the results
of the original Bali irrigation model are analyzed here, the original diffusion model
as defined in Eq. (1) is used.

For diffusion of pests, up to four adjacent neighbours are defined for each of the
172 subaks. Furthermore, for each subak the source dam that provides the water is
U
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given, as well as the return dam for water that is not used. The source dam and
return dam can be the same.

Lansing and Kremer distinguish six levels of social coordination, which are ana-
lyzed in separate model experiments. The assumption is that within a group of sub-

aks the planting and harvesting occur at the same times, which means that they
synchronize. The first level that is considered is one group of all 172 subaks. The sec-
ond level of synchronization is two groups, the highlands and the lowlands. The
third level is seven groups as pairs of temples. The fourth level distinguishes the
14 Masceti temples. The fifth level distinguishes the 28 groups at the Ulun Ski tem-
ples, and the sixth level considers each subak as a separate group.
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The original code of the Lansing–Kremer model was reimplemented in Java.
Some small errors in the network of dams and in the network of pest diffusion were
found in the original code and have been corrected. These errors do not change the
results of Lansing and Kremer’s (1993) model experiments in a qualitative way. The
Java version is used to perform a number of optimization experiments to investigate
the potential harvest level of the system. Since transaction costs are ignored, such a
solution is not very realistic, but it provides us with a benchmark of potentials within
the system. Furthermore, the sensitivity of the solutions for different assumptions on
rainfall and the growth and dispersal rate of pests was found to be of interest.

The original model included 49 cropping plans, which is reduced to 21 by not
including plans with vegetables (since the objective function is rice production).
We can make this simplification since vegetables are not sensitive to pests in the Lan-
sing–Kremer model, and the use of water is only 20% of the level of rice. Given 21
cropping plans (which months to plant rice), and 12 starting months of the cropping
plan, the plan that maximizes rice production for each level of coordination is
searched for. A period of 10 years is used with the first five years discarded to avoid
initialization problems. In the original model only one year simulation was used.
This may lead to high pest biomass levels at the end of the year, which has no sig-
nificant consequence for the production level. When we use a longer time horizon,
the longer term consequences for pest dynamics of various cropping plans is taking
into account.

The six levels of coordination were the same as used by Lansing and Kremer: 1, 2,
7, 14, 28, and 172 groups. The optimization was performed by a heuristic local
search routine (hill climbing), which draws a group randomly and optimizes the
cropping plan and starting month, given the existing values of the other groups,
and updates the solution with the best local solution. Due to the character of the
local search routine, the optimization was performed with multiple starting points.
Nevertheless, due to the nonconvexity of the solution space, a global optimum can-
not be guaranteed, except for the first two levels, in which all possible solutions are
investigated. The optimization criterion was the total rice harvest of all 172 subaks
over the last five years of the 10-year simulation period.
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The results show that with an increasing number of smaller groups, there is a
higher amount of total rice harvest (Fig. 1). This is to be expected, since a solution
of a small number of large groups is one of the possible solutions when the flexibility
of smaller levels of synchronization exists. Thus increasing the number of groups
should lead to the same or higher harvest because there is more flexibility to tailor
the cropping plans. Interestingly, there is also an increasing inequality between
annual harvest levels of subaks. Some subaks must give up production in favour
of more productive subaks. Since subaks are self-supporting this inequality signals
a potential source of conflict. One cannot assume that subaks will reduce their har-
vest significantly in favour of the production of nearby subaks. In the analysis below
we will study the case where subaks have decision rules to change their crop plan
given the information they have on production of their neighbours, the available
water, and pests in the neighbourhood. In that case, local interactions reduce
inequality.

The consequences of different deterministic levels of rainfall and stochastic rain-
fall variation was analyzed. For stochastic rainfall the average over 10 simulations
was used. Fig. 2 shows that the harvest and inequality levels are more dependent
on the level of synchronization than on variation of rainfall. All three crops were
allowed, but all solutions from the optimization experiment favour crop number
3, a rice variety that has high yield but is sensitive to pests. The sensitivity of the solu-
tions to adding additional rice variations by varying the potential yield and sensitiv-
ity to pests are not explored. That should not affect the qualitative nature of the
U
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E

Fig. 1. Results of optimizations for six different synchronization levels from watershed (1) to individual
subaks (172). Inequality is measured as harvest per ha. Harvest is the average harvest per ha per year.
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Fig. 2. Harvest (left) and inequality (right) levels for different rainfall scenarios for different coordination
levels. The rainfall variability is the average for 10 runs, where for each year there is a 25% chance on a low
rainfall year, 50% on a medium rainfall year and 25% on a high rainfall year. The synchronization level
varies from the watershed (1) to the individual level.
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harvests per year, skipping a cropping during the dry season. With higher levels of
rainfall an average of three crops per year is dominant.

Variation in the growth rate of pests has an important effect on optimal harvest
levels (Fig. 3). The benefit of synchronization is only derived for the medium growth
rate of pests. When the pest growth rate is low, pests do not matter, and subaks only
care about water coordination. Given a medium rainfall almost all subaks plant three
crops per year. There is some loss due to water shortage, but the subaks do not have
to let the system rest for a long period to reduce the pest population. When pests
have a high growth rate, the optimization let subaks switch to two harvests per year
to allow sufficient time for them to die out.

Different pest growth rates also have an important effect on inequality (Fig. 3),
namely, there is not an increasing level of inequality like in the other experiments
and we will show later that this affects the best level of synchronization. Finally,
the consequences of different dispersal rates are analyzed, given medium rainfall
and medium pest growth rate. When the pest spreads quickly, the harvest is severely
affected (Fig. 4) and the subaks switch to two harvests per year, again to allow time
for the pests to die out. If the pest spreads less quickly, the benefit is marginal.

The results of these optimization experiments provide some interesting findings on
the impacts of pest dynamics in both growth rate and dispersal rate. To understand
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Fig. 3. Harvest (left) and inequality (right) levels for different growth rates of pests.
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C4. A two-node irrigation model

The simplest possible model to study synchronization and coordination in irriga-
tion systems is to distinguish upstream and downstream nodes. Suppose water sup-
ply is first available to the upstream node nu and the leftover water is available for
the downstream node nd. In line with Lansing and Kremer’s work, we consider a sec-
ond problem for coordination: pests. In a two-node irrigation model pest biomass is
defined as

pu ¼ gðxuÞ � ðpu þ 0:5 � ðpd � puÞÞ þ 0:5 � d � ðpd � puÞ; ð2aÞ
pd ¼ gðxdÞ � ðpd þ 0:5 � ðpu � pdÞÞ þ 0:5 � d � ðpu � pdÞ; ð2bÞ

where pu (P0) and pd (P0) are the levels of the pest upstream and downstream,
respectively. The growth rate g is dependent on whether rice is in the fields, gr, or
whether there is no rice in the fields, 0.1. The diffusion rate d affects how fast pests
move between nodes.

Two periods in a year are considered, and a node therefore could have one out of
three strategies for planting a crop: no crop, crop in the first period, and crop in the
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Fig. 4. Harvest (left) and inequality (right) levels for different dispersal rates of pests.
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and when rice is in the field the growth rate of the pests will vary. Only one type of
crop is considered, which had a yield of one. In the first analysis sufficient water was
assumed to be available. Therefore the coordination is solely based on controlling
pest outbreaks. Fig. 5 shows the total harvest of both nodes for different growth
and dispersal rates of pests. This total harvest is the maximum harvest if both nodes
were to cooperate, and all nine options for each combination of growth rate and dis-
persal rate were analyzed. The harvest is calculated for 100 years to ensure conver-
gence of the pest population, and the harvest in the last, converged year is depicted in
Fig. 5.

When the growth rate is less than 10, both nodes can plant a crop. Since the
growth rate of pests during the fallow period is 0.1, and the average growth rate
for a whole year is smaller than one when the pest growth rate during the cropping
season is less than 10(g( ) * 0.1 6 1 if g( ) 6 10). A higher growth rate leads to an
explosion of pests, and the nodes need to coordinate. For high growth-rate levels,
one crop can be planted depending on the dispersal rate. If the dispersal rate is
low, the pest density remains too high in the node such that the pest population
explodes and damages the crop. If the dispersal rate is high, the pest density in
the other node increases to such a high level that pest outbreaks damage crop pro-
duction. Only if dispersal is within boundaries, such that the pest population spreads
evenly among the nodes, and remains below a certain level, can the pest population
be controlled.
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Fig. 5. Total harvest in two nodes for the different growth rates of pests and dispersal rates of pests
between nodes. Black refers to two crops, dark gray to one crop, and light gray to no crops.
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periods (months) within a year, leading to a larger variety of cropping strategies. A
cropping pattern determines when three-month crops are planted. Using one month
of fallow after each harvest allows a maximum of three crops within a year. When
two crops are planted, there are three variations with the maximum number of
months of fallow. Together with a one-crop option there are five different types of
cropping patterns that can be started in one of the 12 months. The cropping plans
from the total of 3600 possible plans, (5 * 12) * (5 * 12), maximize the total harvest
of the two nodes. The harvest H in a node is determined by

H ¼ ð1�minð1; pÞÞ �WS; ð3Þ
where WS is the water scarcity during the three months in which the crop grows and
p the pest biomass. Given the rainfall above the upper node, that node extracts 1 U
of water, and the remaining water is available for the lower node. For example, dur-
ing a three-month period there are 1.5 water units available for the upper node, after
extracting the water there is only 0.5 U of water available for the lower node. In this
case, WS is 1 for the upper node and 0.5 for the lower node.

Figs. 6–8 depict the harvests for rainfall of 2, 1.5, and 1 U of water per month (no
seasonal fluctuations). With 1 U, only one node will have a sufficient amount of
water. With 2 U, there is no water constraint. If nodes synchronize, a fallow month
reduces the pest biomass to 10% of the original value. If the growth of pests in the
three months when the rice is in the field is less than 1000%, the pest biomass does
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Fig. 6. Total harvest for the different growth rates of pests and dispersal rates of pests between nodes when
rainfall is 2.
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ffiffiffiffiffi

103
p

, pests cannot grow exponentially and a maximum number of crops is possible
(Fig. 6). Beyond this growth rate, we see a drop in the maximum harvest. Like the
previous model, a high level of crop harvest is possible if dispersal does not lead
to high pest density. Due to the different temporal structures of cropping, a different
pattern is derived.

Figs. 7 and 8 depict the total harvest when there is a constraint to the availability
of water. Due to the water shortage, it is not possible to grow the maximum amount
of crops. Higher dispersal and growth rates of pests reduce the total harvest level.
The distinct jumps are caused by the discrete nature of the cropping pattern. The
results confirm the huge differences found for growth rates 2, 2.2, and 2.4 in the ori-
ginal Lansing–Kremer model (with a dispersal rate of 0.3 and almost no water short-
ages). The parameter range in the Lansing–Kremer model is 0.18–0.45 for the
dispersal rate, and 2–2.4 for the growth rate.

Lansing and Miller (2005) also analyzed a two-node version of the coordination
problem. They analyzed cooperation between a downstream subak and an upstream
subak and showed that cooperation is a rational strategy when the pest is a key prob-
lem. The downstream subak traded pest control for water allocation by the upstream
subak. This is in line with empirical observations that upstream subaks are relatively
more concerned about pests than water, the opposite of concerns of downstream
subaks (Lansing and Miller, 2005). However, their model is static and does not con-
sider various cropping patterns, in contrast to the analysis in this paper. Including
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Fig. 7. Total harvest for the different growth rates of pests and dispersal rates of pests between nodes when
rainfall is 1.5.
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persal rates affect coordination.

4.1. Imitation and the emergence of temple groups

The two-node model provides a deeper understanding in the coordination for
water and against pests. So far, the nodes are assumed to cooperate to derive the
maximum total harvest or that there was a central control that forced a cooperative
solution. Although this is interesting from an analytical perspective, it does not pro-
vide insights into how subaks make their decisions in a more decentralized way with-
out perfect control and information. Lansing and Kremer (1993) performed exercises
where they allowed subaks to imitate the cropping pattern from the neighbour with
the highest production. A similar approach was used but instead of defining a limited
set of neighbours, subaks were assumed to have access to the cropping patterns of all
other subaks. Subaks are connected due to dependence of water and/or potential
spread of pest between the subaks. Thus a subak A might be connected with subak
B because pests from subak B may migrate to subak A, but they do not share the
same water. Therefore we define two types of networks, one defined for water rela-
tionships, and one defined for pest relationships. The minimum number was calcu-
lated of connections it takes for each node to connect the other nodes in the
network. The network for water includes both dams and subaks as nodes. Subaks
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Fig. 8. Total harvest for the different growth rates of pests and dispersal rates of pests between nodes when
rainfall is 1.
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harvest between distant subaks are less influential on changing cropping patterns
than differences between closely connected subaks. The harvest of a distant subak

has to be significantly higher before that cropping pattern is imitated. This results
in the decision rule shown in Eq. (4) of when to imitate a cropping pattern. Subak

i is considering to imitate the cropping pattern of subak j if

Hi <
Hj

1þminfcp � v2
p; cw � v2

wg
ð4Þ

with parameters cp and cw which weight the importance of distance, and the number
of connections separating two subaks via pest relationships vp and water relations vw.
From all the subaks meeting this condition, the subak with the highest harvest per ha
will be imitated. Thus the further away the subak, the different the context of that
subak, and the higher the harvest of the subak needs to be, before it is considered
to be imitated.

Starting with randomly distributed cropping patterns, subaks update their crop-
ping patterns each year. A subak i compares the derived harvest per ha with each
other subak j, but only updates the cropping pattern when the condition in Eq. (4)
is met. This means that subaks take care of adjusting inequalities with their neigh-
bours but generally do not change their cropping patterns when distant subaks per-
form better. This is a more general, but similar, implementation of imitating
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neighbours as worked out by Lansing and Kremer, who assumed a fixed set of neigh-
bours. We also assume that there is opportunity for innovation. When a subak i per-
forms worse than the average harvest per ha within the watershed, it is assumed that
with a probability q their cropping pattern will be changed to a random configura-
tion. The reason for this is that badly performing subaks may be more motivated to
explore new cropping patterns.

By analyzing the performance of the system for different values of c for water and
pest, we can analyze the different types of bottom-up coordination patterns that per-
form the best for different pest dynamics (Fig. 9). Using a q equal to 0.04, we derive
for the default model high harvest levels when cp and cw are positive, and cp is less
than 0.5. This means that in the default case the best aggregated solution is derived
when not all subaks are copying the best performing subak but focus on their own
local area with a maximum of three connections through which pests in subak i
can disperse. The difference between the effects of cp and cw relates to the fact that
for coordination on pest outbreaks it is useful to synchronize the cropping patterns
of a large enough neighbourhood and include all neighbours j. The inequality is low
when cropping patterns are imitated within a large irrigation network (Fig. 10).

When the growth rate of the pest is equal to 2, the results are very different. The
results are not sensitive to the level of coordination when we use a default water
availability that does not cause water scarcity (Fig. 11). When a high pest growth
rate is used, the best solutions are similar to those used with the default growth rate,
except that when subaks look only at direct pest related subaks, it does not reduce
harvests significantly.
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Fig. 9. Average harvest per subak per ha when subaks imitate neighbours using different parameters. The
irrigation system functions according to the default parameter settings.
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Fig. 10. Inequality of harvests per subak per ha when subaks imitate neighbours using different
parameters. The irrigation system functions according to the default parameter settings.

Fig. 11. Average harvest per subak per ha when subaks imitate neighbours using different parameters. A
low pest growth rate of 2 is used.
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via pest relationships in the empirical dataset of the Lansing–Kremer model. This
is consistent with the analysis in this paper that the pest dynamics in this particular



390
391

392

393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410

16 M.A. Janssen / Agricultural Systems xxx (2006) xxx–xxx

AGSY 1236 No. of Pages 21

22 June 2006; Disk Used SPS, Chennai
ARTICLE IN PRESS
D
P
R

O
O

F

watershed in Bali leads to synchronization of cropping plans among subaks who are
connected via the spreading of pests.

4.2. Adaptive subaks

An alternative, plausible way subaks can make decisions on cropping patterns is
to make decisions during the year whether to leave a field fallow or to plant a crop. A
subak is assumed to make this decision based on the availability of water and dis-
persal of pests. A crop needs 150 m3/day of water per ha. If water is expected to
be above a certain threshold mw, the subak may expect to have sufficient water to
make planting crops worthwhile if the pest biomass per ha among the neighbours
and within the subak is on average below mp.

In Fig. 12, we see that if mp is very low subaks never plant crops, leading to a low
performance of the system. When mp is large, crops are planted too early and pests
are not controlled effectively. We also see that a larger value of mw leads to a lower
performance, since crops are not planted frequently when a high surplus of water is
demanded before a subak starts planting a new crop.

Inequality among the subaks increases with a higher tolerance of pests (Fig. 13).
This leads to destruction of harvest for subaks that are prone to dispersal of pests
from other subaks. A low growth rate of pests does not lead to a different relative
performance of the best adaptive strategy when pest growth rates are at the default
value (Fig. 14). This suggests that adaptive strategies are also not sensitive to pest
dynamics.
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Fig. 12. Total harvest per subak per ha when subaks adapt to methods of other subaks using different
parameters. The irrigation system functions according to the default parameter settings.
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Fig. 13. Inequality among the subaks with adaptive subaks using different parameters. The irrigation
system functions according to the default parameter settings.

Fig. 14. Average harvest per subak per ha when subaks with adaptive subaks using different parameters.
The irrigation system functions according to low growth rate of pests.
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4.3. The effect of changed network structures

For both the imitative subaks and the adaptive subaks, the consequences are
explored if the neighbours with whom they are connected by pest dispersal are dif-
ferent than in the original network structure. The reason for this is to explore the
sensitivity of the results to the particular network structure used. We will analyze
the model for a large set of alternative networks. These alternative networks are gen-
erated by tinkering with the original network. We define probability pe as the prob-
ability that an existing connection is deleted. Furthermore, we define probability pn

as the probability that a new connection is created. New connections are created
between subaks who share a source and/or a return dam, and are assumed to be geo-
graphically in the same neighbourhood.

For the experiments of the imitative subaks a threshold was used of 0.4 for both
pests and water, which led to the maximum harvest per ha in the default case (Fig. 9).
For the adaptive subaks, we used 0.05 as a minimum for water and 0.02 as a max-
imum for pests, a combination that maximized the default case as well (Fig. 12).
In Figs. 15 and 16 we see that the average harvest per ha is sensitive to varying
the probabilities. For the imitative subaks, the harvest decreases when pest-related
links are added. With more pest-related links, larger numbers of subaks will synchro-
nize leading to water shortages. The performance of imitative subaks is not sensitive
to removing links.

The results for the adaptive subaks are very different (Fig. 16). Adaptive subaks
are not sensitive to adding pest-related connections. They are, however, sensitive
to removing existing connections. With fewer links the threshold for the maximum
allowable amount of pest in the neighbourhood will be met more frequently, leading
to higher number of crops, and more water shortages. Thus, although the adaptive
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Fig. 15. Average harvest per subak per ha for different degrees of perturbation of pest relations between
subaks when subaks are conditional imitators.
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Fig. 16. Average harvest per subak per ha for different degrees of perturbation of pest relations between
subaks when subaks are conditional adaptive.
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they may lead to very different performance in a somewhat perturbed network.
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E5. Discussion and conclusions

Irrigation systems throughout the developing world have experienced similar
challenges as the Bali irrigation system. Top-down initiated projects by governments
and international donor agencies have sometimes decreased performance of irriga-
tion systems (Baker, 2005; Shivakoti et al., 2005). It is therefore important to under-
stand (self)-governance of irrigation-systems in order to analyze potential perverse
effects of interventions (Ostrom, 1992; Tang, 1992). The Lansing and Kremer
(1993) model is seminal since it provides a formal representation of self-governance.
It shows that simple bottom-up interactions of subaks can lead to good performance
of a very complex large-scale irrigation system. But how much does it contribute to a
more general understanding of the evolution of complex irrigation systems? Do their
insights only hold for the ecological dynamics of Bali?

Our basic finding is that the key finding of Lansing and Kremer on the temple
level of coordination holds after a rigorous analysis. We also found that the ecolog-
ical dynamics of pest outbreaks are key in deriving the temple level coordination pat-
terns within the Lansing–Kremer framework. Due to the importance of rapidly
growing and spreading pests, it is important to synchronize water use to remove
the biomass where pest feed on at larger scale. If pests grow even faster, synchroni-
zation does not help anymore. If pests grow more slowly, water scarcity becomes the
main issue to coordinate cropping plans. The particular pest dynamics in the default
version of the Lansing–Kremer model makes synchronization to be an important
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solution to improve production. Hence, the simple rule to copy successful neigh-
bours led to synchronization and high production. Thus, although this simple model
works fine for the default condition of the Lansing–Kremer model, it is not sufficient
to provide guidance for a broader class of irrigation systems.

Studies of self-governance of irrigation systems identify various collective action
problems, like the coordination of water use and the contribution to irrigation
canals, comprehensive solutions in terms of physical design of the canals, weirs
and head-gates, and the institutional rules and mechanisms to coordinate water
use and stimulate contributions to canal maintenance. Lansing and Kremer focused
on one aspect of the various collective action situations within an irrigation system,
the coordination. As discussed earlier, they actually focused on synchronization of
water use, which is not the same as coordination. If water availability is the key
problem, it is wise to coordinate with others not to use water at the same moment.
Coordination among subaks will require more comprehensive behavioural rules than
imitating your best neighbour. Therefore, we see various opportunities to expand the
original Lansing–Kremer model by including various other social dilemmas in irri-
gation systems (Lansing, 2006a).

The original Lansing–Kremer model is an important stepping stone toward
understanding social coordination processes in complex dynamic irrigation systems.
However, it might only be useful for specific situations where synchronization of
cropping is the best solution. Towards a more general application of formal models
of irrigation, we will need to include various other collective action situations explic-
itly into our model.
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