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Abstract

For centuries Balinese rice farmers have been engagedin cooperative
agricultural practices. Without centralized control, farmers have created a
carefully coordinated system that allows productiv e farming in an ecosys-
tem that is rife with water scarcity and the threat of diseaseand pests.
We develop a simple game-theoretic model, inspired by a generation of
careful anthrop ological �eld work, to provide a compact explanation for
many of the most salient features observed in the system. We �nd that
while externalities causedby either water scarcity or pests would, in iso-
lation, be expected to causea serious failure in the system, the ecology of
the rice farming system links these two externalities in such a way that
cooperation, rather than chaos, results. We test key features of the model
through both natural and computational experiments and a �eld survey
focused on the strategic motiv ations of the farmers.
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1 In tro duction

For centuries Balineserice farmershavebeenengagedin cooperativeagricultural
practices (Scarborough et al., 1999, 2000). This remarkable achievement in
sustainableagriculture is surprising given the absenceof any centralized control
mechanismsand water supply conditions that would normally result in a rapid
breakdown of cooperation due to severe externalities. Key cultural elements
of this system include an elaborate hierarchy of decentralized water temples
that help to coordinate farming practices (Lansing, 1991). Here, we develop a
simple game-theoreticmodel that links together important featuresof both the
human and ecological systems. The model provides an explanation for some
of the key features that have beenuncovered in this system, in particular, the
emergenceof cooperative farming practicesin a decentralized systemwith severe
externalities and the existenceand legitimacy of the water temple system. We
test the resulting model through both natural and computational experiments
and a �eld survey focusedon the strategic motivations of the farmers.

To foreshadow the results, we �nd that the typical breakdowns in coopera-
tion one would expect to arise as upstream farmers ignore the water needsof
downstream farmers are mitigated by the threat of crop pests. Given the ecol-
ogy of the system, coordinated crop schedules|esp ecially simultaneous fallow
periods|can serve as a very e�ectiv e pest control strategy. Thus, upstream
farmers may have an incentiv e to cooperate by sharing water with downstream
farmerssoasto minimize pestdamage.Dependingon the ecologicallinks among
the various �elds, coordinated planting may ariseand create the needfor an ex-
ternal coordination device|a role easily �lled by the observed system of water
temples. We conjecture that the speci�c patterns and control structure of the
templescorrespond to the coordination needsdictated by the various ecological
links inherent in the ecosystem.One unusual implication of the model is that,
under somecircumstances,increasingthe level of pest damagein the ecosystem
can actually increaseaggregateagricultural output.

2 Background

In Bali, rice is grown in paddy �elds fed by elaborate irrigation systemsdepen-
dent on seasonalrivers and ground water 
o ws. Gravit y-fed irrigation works
route the water to the various �elds. The rugged topography and interconnec-
tions amongthe �elds createsa highly interdependent systemthat can, at times,
be quite fragile and subject to major disruptions.

Water performs a variety of complex biological processesin the rice paddy
ecosystem.Careful control of the 
o w of water into the �elds createspulsesin
several important biochemical cycles necessaryfor growing rice. Water cycles
have a direct in
uence on soil PH, temperature, nutrient circulation, aerobic
conditions, microorganism growth, weedsuppression,etc. In general, irrigation
demandsare highest at the start of a new planting cycle, since the dry �elds
must �rst be saturated with water.
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The 
o oding and draining of blocks of terracesalsohas important e�ects on
pests (including insects, rodents, and viral diseases). If farmers with adjacent
�elds can synchronize their cropping patterns to create a uniform fallow period
over a su�cien tly large area, rice pestsare temporarily deprived of their habitat
and their populations can be sharply reduced. Field data indicate that synchro-
nized harvestsresult in pest lossesof around 1% comparedto lossesupwards of
50% during continual cropping. How large an area must be fallow, and for how
long, dependson speci�c pest characteristics.

Of course, if too many farmers follow an identical cropping pattern in an
e�ort to control pests, then peak water demands will coincide. The existing
watershed often does not have su�cien t water to meet the full needs of all
farmers in such a case.

Paralleling the physical systemof terracesand irrigation works, the Balinese
have constructed intricate networks of shrines and temples dedicated to agri-
cultural deities and the Goddessof the Lake. These temples de facto provide
farmers with a way to coordinate cropping patterns and the phasesof agricul-
tural labor. An example of a water temple system in the upper reachesof the
Petanu river in southern Bali is shown in Figure 1. As the map indicates, the
Bayad weir provides water for a hundred hectaresof rice terracesorganizedas
a single subak or farmer's association. A few kilometers downstream from the
Bayad weir is the Manuaba weir, which provides water for 350 hectaresof ter-
races,organizedinto ten subaks. The water temple hierarchy at Bayad consists
of a weir-shrine (Pura Ulun Empelan) and a \Head of the Rice �elds" temple
(Pura Ulun Swi) situated above the terraces. The larger Manuaba system also
begins with a weir-shrine, but includes two Pura Ulun Swi temples, one for
each major block of terraces. The congregationsof both Pura Ulun Swi temples
also belong to a larger Masceti temple that is symbolically identi�ed with the
entire Manuaba irrigation system. Representativ esof the ten subaksunder the
two Pura Ulun Swi temples meet once a year at the Masceti temple to decide
on a cropping pattern. The degreeof nested control apparent in the above
description is typical of the overall temple system.

3 A Mo del

To gain insight into the above system we proposea very simple game-theoretic
model.1 By design, we assumea trivial ecologicalstructure and rely on some
simple game-theoretic solution concepts; Nevertheless, the resulting model is
surprisingly insightful. At the outset we recognizethat a variety of extensions
are available, though we feel that such additions will not fundamentally alter
our conclusions.

Supposethat there are only two rice farmers, one upstream from the other.
We allow the upstream farmer to have �rst claim on any water in the system.
To simplify matters, suppose that farmers must choose one of two possible

1Ostrom (1996) relies on a model of similar spirit to consider collectiv e issues that arise
from upstream/do wnstream water externalities on Nepalese canals.
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Figure 1: Petanu river water temple system.

Ad Bd

Au 1, 1 � � 1 � � ,1 � �
Bu 1 � � ,1 � � 1, 1 � �

Table 1: Payo�s for the game.

dates on which to plant their crops, A or B . As in the Balinese ecosystem,
we assumethat the water supply is adequate to accommodate the needsof a
single farmer during any given period, but it is insu�cien t if both decide to
plant simultaneously. Let � (0 < � < 1) give the crop lossdue to reducedwater
inputs experiencedby the downstream farmer if he plants at the sametime as
the upstream farmer.

If the farmers do not plant simultaneously, we assumethat both �elds will
su�er damage due to pests being able to migrate back and forth during the
growing cycles. Let � (0 < � < 1) give the crop loss due to pest migration
between the �elds under these conditions (we assumethat there is no such
damageif the crops are planted simultaneously). Given the above, the payo�
matrix (numerated in crop output, with the payo� to harvesting an unencum-
bered �eld normalized to one) of the associated gameis given in Table 1, where
the rows (columns) represent the choicesof the upstream (downstream) farmer
(subscripted by u and d respectively).

The Nash equilibria of this game provide a variety of insights. The game
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always has a single, mixed-strategy Nash equilibrium where both players ran-
domize with equal weight over the two starting times. The expected aggregate
crop yield from the mixed strategy is 2 � � =2 � � . Two pure strategy equilibria
(either both planting at time A or both planting at time B ) arise when � � � .
Thus, when � � � , the game can take the form of a simple coordination game
where the two players would like to plant at the sametime. In either of the
coordinated equilibria, the aggregateproduction is equal to 2 � � . Note that
the coordinated outcome will yield a greater aggregateharvest than the mixed
strategy outcome when � > � =2.2

Figure 2 summarizesthe aboveresults. In this �gure, parametervaluesbelow
the 45� line can only support the mixed-strategy equilibrium, while thoseabove
this line can, in addition, support the two pure-strategy equilibria. In terms
of aggregatecrop output, either of the pure-strategy equilibria result in greater
output than the mixed-strategy equilibrium for all parametersabove the dashed
line (that is, in the shadedarea). In particular, note that for all parametervalues
in the regionbetweenthe dashedand 45� lines, such aspoint a, aggregateoutput
would be greater at either of the pure-strategy equilibria even though only the
mixed strategy is supported. This leadsto a rather counter-intuitiv eimplication:
for any such point we could potentially improve the aggregatecrop output by
increasingthe damagedone by pests(that is, by increasingthe value of � ). By
increasingpest damageunder such circumstances,we can move the systeminto
a regime where coordination becomesa viable strategy, and sincepest damage
is fully mitigated under coordination, aggregatecrop output increases.

Intuitiv ely, the model's underlying logic is simple. There are two important
externalities in the system: water damage(� ) imposedby the upstream farmer
on the downstream farmer and pest damage(� ) imposed by both farmers on
each other by staggeredcropping. The upstream farmer is not impacted by
water scarcity, and thus always hasan incentiv e to minimize pest damageby si-
multaneouscropping. The downstreamfarmer faceseither water scarcity (under
simultaneous cropping) or pest damage(under staggeredcropping), and thus
will choosethe lesserof two evils. If pest lossesare low, the downstream farmer
wants to staggercropping dueto water considerationswhile the upstreamfarmer
wants to plant simultaneously to avoid pest damage,and a mixed-strategy en-
sues.If, however, pest lossesare high, both farmers' incentiv esare to coordinate
on one of the two possiblesimultaneous cropping patterns.

Thus, if pestsare bad enough(that is, if � � � ), then a coordinated solution
emergeswith both farmers receiving higher individual crop yields than they
would expect under the mixed-strategy outcome. Given that the two resulting
pure-strategy equilibria of the coordination gameyield identical outcomes,both
of which are better than the mixed-strategy outcome, there is an important role
for an external coordination device|lik e the water temple system|for deter-
mining which of the two equilibria to play. Note that such an entit y does not
require any formal enforcement power to remain credible, as it is in the indi-

2Since pest damage is borne by both farmers, while water damage only impacts the down-
stream farmer, aggregate yields will increase by coordinating when pest damage is at least
half as bad as water damage.
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Figure 2: Game equilibria.

vidual interest of the farmers to follow whatever edict they collectively choose
to impose upon themselves in the water temple (formally, this is known as a
coordinated equilibria).

As discussedabove, there is also a range of parametersunder which the ag-
gregateyield is likely to improveif more pestdamageoccurred. This paradoxical
results occurs when � > � > � =2. In this range of � , either of the coordinated
outcomeshashigher aggregatecrop yields than the mixed-strategy outcome,but
only the mixed-strategy equilibrium is supported. Under such circumstances,if
we increase� to � 0 (such that � 0 > � ), the two pure-strategy equilibria become
supported and aggregateoutput can be increasedif one of them is adopted by
the farmers.3 When crops are staggeredthe aggregateyield falls due to pest
damageto both �elds asopposedto simultaneouscropping which haswater dam-
ageto only one �eld. Nevertheless,the downstream farmer has no incentiv e to
incorporate the pest damageto the upstream �eld in his decisioncalculus, and
therefore it is possiblefor the downstream farmer to prefer staggeredcropping
even though this lowers aggregateyield. By increasing the pest damage, the
downstream farmer will eventually prefer the water damageof simultaneously
cropping to the pest damageof staggeredcropping, thus eliminating the pest
damageto both �elds. Although the aggregateyield will increase,the down-
stream farmer is worse o� under the higher pest conditions, since the initial

3Note that this result requires that the increased pest damage does not also impact the
crops under simultaneous cropping. Empirically , it does appear that almost all pest damage
is mitigated by simultaneous cropping.
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level of pest damagewas such that this farmer would have preferred to incur
pest damagerather than accept the water damageinherent in the coordinated
outcome.

There is another potential path to improving aggregatecrop output when
the parametersare such that the downstream farmer would prefer not to coordi-
nate. Recall from Figure 2 that parametersbelow the 45� line can only support
the mixed-strategy equilibrium. However, there are circumstancesin which the
upstream farmer may be willing to passon someof the water in order to induce
the downstream farmer to cooperate. For example,supposethat the crop dam-
agedue to water, � , can be shared between the two farmers4 by the upstream
farmer taking lessthan the full amount of water (and, in so doing, losing some
crop) and passing it on so that the downstream farmer can experience lower
crop losses.It can be shown that there is somedamagesharing arrangement in
which both farmers will be willing to coordinate cropping for any parameters
in the range between the 45� and dashed lines in Figure 2. Moreover, as the
parametersmove from the 45� line toward the dashedline, the upstream farmer
will be forced to provide a more equal distribution of the loss, that is, the wa-
ter will need to be more evenly shared between the two farmers, to make the
arrangement work.

Although the model above is intentionally simpli�ed, it appearsto be robust
to a variety of changes. For example, the intro duction of higher yielding crops
can be modeled by multiplying all of the payo�s by a constant|suc h transfor-
mations have little impact on the analysis.5 Instead of simultaneouschoices,we
could allow onefarmer to move �rst in the game. In the casewherethe farmers'
incentiv esdi�er, the outcomeof the gamewould depend on who moved �rst; In
the casewhere they both want to coordinate, then the �rst move could serve
as a coordination mechanism. We could also incorporate more realistic ecologi-
cal considerations,and below we employ a computational model of the system
with such assumptions. Even in thesemore advancedmodels, the basic insights
gleanedfrom the simple model above still hold.

4 Further Evidence for the Mo del

The model developed above appearsto capture the key featuresof the Balinese
rice growing systemuncoveredby Geertz (1980) and Lansing (1991). It suggests
that, even in the presenceof a severewater externality, farmersshould be willing
to coordinate the simultaneous planting of crops to mitigate the potential of
pest damage. Moreover, it points to the need for some type of institutional
arrangement, like the water temples,to facilitate coordination. Such institutions
needno formal enforcement power (such as the threat of force or ostracism), as

4More formally , we assume that the damage can be divided linearly between the two
farmers, with the upstream farmer experiencing �� and the downstream farmer receiving
(1 � � )� damage for � 2 (0; 1).

5 In realit y, such crop varieties tend to be much more susceptible to pest damage, suggesting
that � should also be increased.
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each farmer has an incentiv e to seek,and follow, whatever advice is given.
Below we o�er some additional support for the model. We show how a

natural experiment, the mandatedyear-roundcropping of high-yielding varieties
of rice that destroyed the coordination in the system, resulted in a lowering of
aggregateoutput. Through the use of a computational model, we show how
lowering the damagedue to pests,can causesystem-widecoordination to break
down. Finally, we usea �eld survey to demonstrate that the strategic concerns
of upstream farmers di�er, in predictable ways, from those of the downstream
farmers.

4.1 A Natural Exp erimen t

The history of Bali o�ers an important natural experiment in the early 1970's.
The development of new, high-yielding varieties of rice prompted the Balinese
government, on the advice of consultants from the Asian Development Bank,
to undertake a massive redirection of agricultural policy. By 1977,70% of rice
terraces in south-central Bali were planted with the new varieties of rice. To
accomplishsuch a rapid change, the government legally mandated the double-
and triple-cropping of thesenew varieties of rice. This led to the abandonment
of the temple system of irrigation control, and therefore produced a situation
where the previous coordination mechanism was rendered ine�ectiv e.

Soon after these mandated changes, district agricultural o�ces began to
report \c haos in the water scheduling" and \explosions of pest populations"
(1991). Attempts to mitigate the pest problem by intro ducing new crop vari-
etiesresistant to the existing pestsresulted in the emergenceof new pests|th us
destruction of crops by the brown planthopper was reducedwith the intro duc-
tion of planthopper-resistant IR-36, but this variety was quickly overwhelmed
by tungro virus, which was reduced by the intro duction of PB 50, which un-
fortunately proved susceptibleto Helminthosporium oryzae. The cropped areas
experienceddramatic output declinesbetween1982and 1985. Crop lossesdue
to pests approached 100%, irrigation 
o ws becamechaotic, and so on. Bali-
nesefarmers remember the episode as the time of \p oso" (hunger and harvest
failures).

By the mid-1980's, the importance of the water temple system| previously
noted in o�cial reports only asa Balinese\rice cult"|w asslowly recognizedby
government o�cials. The natural experiment of the break down of coordination
during the Green Revolution provides support for the importance of coordina-
tion mechanisms in this system. The ecosystemis such that without careful
coordination it experiencesmassive crop losses,and ultimately lower aggregate
output, due to exploding pest populations. The government now recognizesand
supports the role of water temples in pest control (Lansing et al., 2001).

4.2 An Arti�cial Exp erimen t

Another test of our theoretical ideasrelieson the computational model of Lans-
ing and Kremer (1993, 1998). This model captures major hydrological and
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biological features of 172 subaks relying on the Oos and Petanu rivers in the
region of Gianyar. The model incorporates various water 
o ws, pest damage
and migration rates, and crop characteristics. Tests of the model suggestthat
the correlation betweenpredicted and actual crop yields is around 0.90.

Using parameter values that approximate the current conditions in Bali,
Lansing and Kremer found that the model resulted in coordination patterns
that closely resembled those that are captured by the water temple system.
To test our theoretical ideas, we can manipulate the various parameters, in
particular, pest damage,and look at the resulting patterns of coordination and
agricultural output.

Figure 3 shows a graphical representation of the resulting crop coordination
implied by the model. Fields markedwith the identical color arecropping on the
sameschedule. For the experiment, we consideredthree levels of pest damage:
low (left panel), current (middle panel), and high (right panel), where current
usesparametersthat best re
ect the current ecologicalconditions. The diagram
shows the ending state of the model after farmers have beenallowed to adjust
their cropping patterns by hill-clim bing for ten years. As can be seenfrom the
�gure, under low pest damagewe seevery little coordination overall, with only
somevery local coordination on adjacent �elds. As pest damageincreasesto
parametersthat re
ect the current situation, we seelarge blocks of coordinated
cropping emerging along the tributaries. Finally, as we increasepest damage
even more, there is a a slight re�nement in coordination, though most of the
available gains have already beenexploited.

The arti�cial experiment also predicts that as cooperation spreads, aver-
age rice harvests will increase throughout the watershed as pests and water
are brought under e�ectiv e control. However, such increasesin harvestsmight
contain the seedsfor con
ict. In particular, behavioral ecologists have sug-
gestedthat envy, stemming from a disparity in bene�ts, may threaten coopera-
tion among individuals|ev en if two individuals bene�t from cooperation, if the
sharesare unequal behavioral factors may break down the arrangement. Thus
if the results of cooperative arrangements are associated with a perceptible vari-
ation in the harvestswe may �nd that feelingsof envy amongthe farmers could
hamper cooperative arrangements.

In the arti�cial experiment we�nd that ascooperation spreads,harveststend
to even out acrossthe subaks. As cooperation emergesin the model, everyone
obtains nearly identical yields, which averageout to be better than any of the
yields obtained prior to cooperation. The predictions of the experiment can be
veri�ed through somedata collectedin the �eld. In a survey of forty farmers,we
found that 97%of them believe that their own harvest is about the sameasthat
of the other farmers in their subak.6 Measurements of actual harvests,suggest
that indeed yields acrosstest plots are typically within 5% of one another.

6These beliefs gain much more variance when farmers are queried about yields in other
subaks|presumably an area in which their information is much less reliable.
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Figure 3: Results from an arti�cial experiment using the model of Lansing and
Kremer (1993). The outcomes re
ect three levels of pest damage: low (left),
current (middle), and high (right), and �elds with the identical color coordinate
their cropping.
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4.3 Strategic Concerns

A �nal test of our model is to seewhether or not the strategic concernsof the
farmers in the system coincide with the model. Recall that given the nature
of the two externalities, upstream farmers should focus their strategic consid-
erations on pest damagewhile downstream farmers should be more concerned
about water scarcity.

A �eld survey conducted in 1998provides someuseful data about the con-
cernsof the farmers. The survey was conducted acrossten separatesubaks. In
each subak, a strati�ed random sample of �fteen farmers was conducted, with
�v e farmerseach drawn from the upstream, middle, and downstream part of the
subak. Each farmer was asked: \Whic h problem is worse, damagefrom pests
or irrigation water shortages?"

The results of the survey, strati�ed by each farmer's relative location in
their subak, are summarized in Figure 4. As can be seenfrom the �gure, the
upstream farmers within any given subak tend to be concernedabout pests
and water damageat roughly equal levels. However, farmers in the middle or
downstream parts of the subaks are almost exclusively concernedabout wa-
ter shortages. Thus, even within a given subak, there appears to be strategic
concerns that align well with the assumptions of the model. Note that we
would typically expect intra-subak coordination and cooperation to be easier
than inter-subak coordination, since within any given subak there are a va-
riety of local mechanisms|including, better information about the actions of
others, familial ties, and repeated interactions acrossother social and economic
activities|that shouldpromote cooperation. Such mechanismsarenot typically
available acrosssubaks.

Given that there are within-subak mechanismsthat should promote coordi-
nation, we would expect to seea stronger separation of concernsif we analyze
the data at the subak level. Of the ten subaks in the sample, six of them can
be paired into direct upstream/downstream neighbors, where in each of these
pairs, one of the subaksobtains most of its water from the other. In Figure 5
we summarizethe results of the survey for the six-subak subsampleaggregated
by subak location. We �nd that, indeed, farmers in upstream subaksconsider
the threat of pests to be much more of a concern than water, while those in
downstream subaks have the opposite focus. The above survey results nicely
re
ect the strategic concernswe would expect given the model.

Some additional support for the model comesfrom videotaped records of
monthly inter-subak meetings. During these meetings, the heads of the ten
subaks(plus four others not included in the sample)got together and discussed
issuesrelevant to the group. We �nd that the perceived threat of pest invasion
appearsto be strongly related to the willingnessof the headsof upstream subaks
to synchronizecropping. Indeed,environmental conditions seemto play a major
role in the negotiations. In years of high pest damage, more synchronization
is observed, while in yearsof light rains, greater fragmentation ensues.Again,
such observations are consistent with the predictions of the model.
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Figure 4: Survey responsesby farmers about major concern,strati�ed by �eld
location (relativ e to water supply) within a given subak. (N = 150.)

Figure 5: Survey responsesby farmers strati�ed by subak location for a sub-
sampleof six, paired subaks. (N = 90.)
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5 Conclusions

The cooperation that sustainsthe Balineserice farming systemis truly remark-
able. Without centralized control, farmers have created a carefully coordinated
system that allows productive farming in an ecosystemthat is rife with wa-
ter scarcity and the threat of diseaseand pests. The game-theoreticmodel we
develop above, inspired by a generation of careful anthrop ological �eld work,
provides a compact explanation for many of the most salient features we ob-
serve in the system.

While externalities causedby either water scarcity or pests would, in iso-
lation, be expected to imply a serious market failure, the ecology of the rice
farming system links these two externalities in such a way that cooperation,
rather than catastrophe, is the result. Depending on the underlying ecological
parameters in the system, there are regimesin which the farmers would like to
carefully coordinate their cropping patterns (in particular have identical fallow
periods) soas to control pest populations. There are other regimesin which co-
ordination is not an equilibrium, even though coordinated farming would result
in greater aggregatecrop output. We identify at least two indirect mechanisms
by which the system can escape from such a trap. The �rst is to have the up-
stream farmerssharetheir water with the downstream farmers,and we �nd that
under many circumstances,both parties are willing to engagein such bargains.
The second,a bit more counterintuitiv e, is that increasesin pest damagecan
drive the system into a coordinated equilibrium enhancingaggregateoutput.

Whenever the system is such that the farmers want to coordinate their ac-
tivities, there is a need for somemechanism to facilitate the coordination. We
suspect that the observed systemof Balineserice temples �lls such a role. Even
without any direct enforcement power, the value of a centralized coordination
devicewould give such an institution legitimacy.

The Balinese rice farming system provides a nice opportunit y to combine
intensive �eld anthrop ology with formal modeling, to the bene�t of both. It is
rare to have such rich ecologicaland social data from which to inform, and test,
game-theoreticideas. Moreover, the modeling suggestsa number of insights that
may help explain someof the \m ysteries" uncovered by the �eld work. While
we do not wish to deny the role of more complex cultural factors in driving the
system,we suspect the challengemay be to place such factors in the context of
the underlying forceshighlighted by the model.
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