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Summary

Isolating the influence of environmental stress on migration in developing countries poses
conceptud difficulties, asagreat ded of complexity characterizes the underlying decision
making processes. Therefore, severd authors object to any attempt at drawing alinear
determinigtic relationship between environmenta degradation and population migration.
Disentangling the complex decisionmaking process suggests a disaggregate micro-leve
gpproach. This paper presents a multiple-agent programming gpproach that explicitly captures
the decision-making process of potentid migrants at the micro-level. The modd includes
spatid interactions and environmenta feedbacks, aswell as a mechanism of cumuletive
causation, ariang from inter-household linkages. A modd prototype is empiricaly gpplied to
arurd areain Chile, which is characterized by water scarcity and high potentials for both
innovation and migration. Several smulation results demondrate the type of informetion that
the modd generates for policy analysis. The results underline the importance of
communication networks and favorable conditions for technology adoption. Innovation can
then be an dternative to migration and has the potentia to turn a sending regioninto a
receiving region.
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1. Introduction

Severa authors have questioned a direct relationship between environmental degradation and
migration. In her literature review, KLIOT (2001) arguesthat immediate causation isusudly
taken for granted but not accompanied by documented evidence. What istypicaly interpreted
asforced environmentd migration in developing countries is often an ingtitutionaized
mechanism to cope with resource scarcity. Households locate their membersin different areas
and labor markets so asto diversify risksthat cannot be privately insured (STARK, 1991).
Remittances may furthermore serve to finance investments in new technologies amed at
diminishing the household’ s dependency on fragile natural resources. Againg this

background, combining migration and innovation is a highly suitable household strategy,
especidly when households lack access to capital markets. Facilitating credit as a policy
measure might therefore provide strong incentives for households to invest in innovations

such asimproved land use practices and to subgtitute for migration.

Usudly, migration and innovation are associated with subgtantia structurd changesin the
rural economy and especidly in agriculture. The number of farm households declines
consderably, resulting in modified labor/land retios. Land markets, as well as resource use
efficdency, and findly locd income leves are directly affected. The outcome of this complex
adjustment process is not predictable in a sraightforward way. Cumulative causation (or
positive feedback) play important roles both for migration and innovation and impinge on the
direction of the adjustment path. A conceivable outcome is anew equilibrium in the sending
region, both in terms of environmental status and agricultura incomes. Another possible
equilibrium outcome is unmitigated environmental depletion and total population
displacement.

In the last decade, economists have intensively discussed such dynamic phenomena, usudly
referred to as multiple equilibriaor path-dependency (CowAN and GUNBY, 1996; BRANDESET
AL., 1997). One implication is that policy measures can involuntarily lead to inferior
development paths that are afterward difficult to abandon. Adjustment costs are then too high
and cause alock-in Stuation HAZELL and FAN (2001) aso point to the policy-relevance of
thisissue in the context of environmenta stress, innovation and migration. Though innovation

in agricultureis akey drategy for many environmentally fragile areas with growing

populations, policy-makers should avoid inadvertently locking too many people into these
margina areas when long-term progpects are limited.

Building quantitative modd s to forecast the households' responses to environmenta changes
and to identify policy interventions leading to lock-in gill remains achdlenge. Anided

modd would incorporate biophysica as well as socio-economic processes and capture the
dynamic effects of complementary migration and innovation decisions. It should make
alowance for the potentidly path-dependent feature of adjustment; be capable of exploring
the likely impacts of different technology and policy options, and thus generate useful
information for policy formulation and analysis. Migration and severd crucid environmentd
processes in agriculture — such as soil erosion, nutrient leaching and flows of irrigation water
— are gatia phenomena. Anided modd would aso be capable of considering the related
biophyscd changesin agoaidly explicit manner. Integrated smulation models based on the
mulitiple-agent systems approach are promisng candidates to meet these criteria. The next
section discusses in more detail the basic theoretical concepts of positive feedback in
migration and innovation processes. Section 3 briefly introduces multiple-agent systems and
explains how this modeling technique has been used in agricultural economics. Section 4
describes the implementation of amultiple-agent modd for arura areain Chile characterized
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by water scarcity and high potentials for migration and innovation. Section 5 discusses some
smulation results that show the modd’ s gpplicability to policy-related research questions.
The lagt section concludes with final remarks.

2. Environment, migration, and innovation

Isolating the influence of environmental stress on migration in developing countries poses
conceptud difficulties, asagreat ded of complexity characterizes the underlying decison
making processes. A multitude of factors and economic motives affect the households
choices among different dternatives of action. Typically, decisons have to be madein an
information poor setting under a considerable degree of uncertainty. Since information search
costs are usudly high, households have to rely and build their perceptions on rather vague
judgments and the subjective experiences of others. Some authors, cited in KLIOT (2001),
therefore object to any attempt to draw alinear deterministic relationship between
environmenta degradation and population migration. Rather, a disaggregate micro-leved
approach is caled for to disentangle the complex decison-making process.

FISCHER ET AL. (1997) provide a comprehensive account of micro-economic research on
migration decisons. To understand how households manage the information problem and
how they arrive a their decisions, abehavioral mode based on the theory of investment under
uncertainty has been broadly gpplied (DixIT and PINDYCK, 1994). Aswithlong-term
invesments in capital goods, migration and innovation typicaly imply high initid costs and
uncertain later returns. Households compare the perceived costs and benefits of dl possible
investments according to their own decision rules. Following STARK (2001), three
fundamental motives underlie the household decison rulesin this context: (1) potentia

increase of income; (2) relative deprivation, i.e., the household' s economic status compared to
other households in the reference community; (3) persona desire or preference for migration
or innovation independent of direct economic condderations. Though household decision+
making is evidently a dynamic process, most studies on migration take a comparative-detic
view S0 asto reduce the complexity of analysis. For future research, FISCHER ET AL. (1997)
Suggest putting more emphasi's on the dynamic repercussions that earlier household decisions
have on the determinants influencing the decision-making process of others. The remainder

of this section explains that one possible way of taking into account these dynamic effects
builds on amodd of information exchange, which has been, until now, applied separately to
migration and innovation.

FAIST (1997) describes the sociologica concept of chain migration and illudtrates the
underlying mechanism by means of an S-shagped migration curve. Pioneer migrants, who
maintain the socid tiesto their home community, are crucid for communicating the working
and living conditions abroad. If the information they communicate is positive, this

information contagion can sart off akind of salf-sustained process leading to more and
accelerated out-migration. The pioneers encourage thair rdatives and friends to migrate; these
encourage other relatives and friends to migrate, and so on. The terms* pioneers’ and
“information contagion” are aso well-known to agriculturd economigts, though in adightly

L FISCHER ET AL. (1997) name two related fields of research that are also to agreat extent unexplored: the
behavioral dynamics of the migration decision itself —when, why and how often do individuals ask themsdves
whether to migrate —, and the formation of individual expectations about disadvantages and advantages of
migration — how isinformation gathered and up-dated. This paper focuses only on inter-household linkages
because this approach can be grounded on empirical parameters and implemented in a straightforward way in a
computer simulation model.
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different context. COCHRANE (1979) developed amodd of technica and structura changein
agriculture, where farmers learn from the pioneers’ experiences in new technologies. Since
the “innovators’ enjoy some additiond profits through technology adoption, their competitive
advantages on the land market improve over the “laggard” farmers who will then gradudly be
driven out of business.

Both approaches base themsalves on the uncertainty-reduci n% effect of new information when
afew pioneering households start engaging in anove activity.” The location of particular
households within the chain of information contagion can be estimated empiricdly with the
so-caled network threshold approach (ROGERS, 1995). Making this communication effect
endogenous to a micro-economic model of migration and innovation decisions would then
enable forecasting of the likdly impacts of conceivable environmenta and policy changes.
Accordingly, the idea that will be developed below in more detall isto extend COCHRANE' s
gpproach of agricultural change by explictly induding migration, capturing the decison
meaking processes of al householdsinvolved, and applying this empirically- parameterized
modd to a potentid sending region. As stated in the introduction, migration and severd
crucid environmenta processesin agriculture are spatial phenomena that impinge on the
choice of land and water use options. The biophysica environment in which potentia migrant
households interact should therefore be captured in aspatidly explicit manner. A very
effective way of encoding thisintegrated spatid modd in computationd form is employing a
multi-agent system. The next section briefly introduces this novel modeing technique and
describes how it has been used for the amulaion of land-use/land-cover change.

3. Agent-based modeling of land-use/land-cover change

Multi-Agent Systems (MAYS) is a quite recent concept, originated in the computer sciences,
that has rapidly diffused to other disciplines and is now more broadly gpplied to the andysis
of complex systems. In the socia sciences, MAS gave rise to acompletely new fied of
research, namely, computer smulations of the socid mechanisms that supposedly underlie
human societies (GILBERT and TROITZSCH, 1999). A prominent example is Sugarscape, an
atificd society of ample computationd agents that harvest and consume sugar, trade it with
a second resource, migrate, reproduce and may even engage in triba wars (EPSTEIN and
AXTELL, 1996).

MAS isds0 of great interest for the empirical study of humanenvironment interactions,
because it is highly suitable for representing interlinked socioeconomic and biophysica
processes. PARKER ET AL. (in print) review current gpplications of MAS to the modeling of
human resource use decisions and subsequent land-cover changes. They define agent-based
models of land-use/land-cover change as congsting of two key components. The first
component isa cdlular mode that represents the landscape under study. This cellular mode
may draw on anumber of specific modding techniques such as cellular automata, spatial
diffusion models, and Markov models. The second component is an agent-based modd that
represents human decision making and interactions. It conssts of autonomous decision
miaking units (computationa agents), an environment through which the agents interact, rules
that define the relationship between agents and their environment, and rules that determine the
sequencing of actions. An agent typicaly represents aland manager who combines individud
knowledge and vaues, information on soil quality and topography (the biophysica landscape

2 This uncertai nty-reducing effect figuresimportantly in different strands of literature such astechnology
diffusion (METCALFE, 1988), path-dependence (COWAN and GUNBY, 1996), and social networks (VALENTE,
1995).
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environment), and an assessment of the land- management choices of neighbors (the spatid
socid environment) to caculate land-use decisions. The model agents may aso represent
higher-leve entities or socid organizations such as village assemblies, loca governments, or
aneghboring country. In the place of differentid equations at an aggregate leve, agent-based
modes of land-use/land-cover change represent the decision rules, such asincome
maximization or minimum subsistence levels, of each human actor, ther environmentd
feedbacks, and carryover of spatialy distributed resources.

The particular strength of agent-based modelsis their suitability to account for heterogeneity
and interdependencies among agents and their environment. The cellular model component
provides acommon spatid identifier to link biophysical smulation modes with socio-
economic decision models. Agent-based models are generdly implemented via object-
oriented programming languages, which provide an efficient and transparent way of
organizing large amounts of data to handle complex mode dynamics. Furthermore, their high
degree of flexibility makesit possble to incorporate awide range of agent decison rules.
Espedidly in agricultural and resource economics, mathematical programming has been
widdly used to represent the microeconomic decision rules of red-world land managers
(HAZELL and NORTON, 1986). Mathemetica programming, in anutshell, isa congtrained
optimization technique. It maximizes a function of independent variables (here: hectares of
land put under certain land use types) subject to a priori limitations on the alowed va ues of
independent variables (for example: hectares of land must be a nonnegative number and dl
farming activities together must not exceed the totd area of arable land). The function to be
optimized (the “objective’ function) can reflect different decison rules. If for example profit-
maximization is sought for, it corresponds to the sum of profits of dl available land use
activities. The solution to the programming problem is then the profit-maximizing (“optima”)
choice of land use activities. In principle, dl concelvable decison rules can be formdizedin
mathematical programming o as to reflect other and more complex goals and decision rules
of real-world land managers.

The combination of mathematica programming — to mimic farmer’ s decison making — and
agent-based modeing has been pioneered by BALMANN (1997). He devel oped a hypothetical
farm sector model and showed the theoreticd effects thet the spatid distribution of farms has
on land rents and the speed of dructura change in agriculture. As the next section shows,

such combined agent- based land-use models alow to parameterize an integrated migration
innovation modd with empirical dataand to address the policy research questions outlined
above.

4. Model implementation in Chilean case study

This section briefly sketches a prototype MAS gpplication to arurd areain Chile with high
potentia for both migration and innovation. For aliting of model parameters and equations
consult BERGER (2000). A summary of the modd variablesisgivenin Table 1.

Problem and research questions

As noted in thefirg section, agriculturd intengfication and, in particular, higher levels of
efficdency in water and land use are key dements for improving the liveihood of rura
householdsin potential sending regions. Both generdly require some form of innovation,
such as farm investments in superior land- use practices and irrigation methods, agricultura
extenson, and indtitutiona changes. Severd authors have argued that viewing land and water
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use improvements as exogenous technical change can result in mideading policy
recommendations and certainly to an under emphasis onfarm investment asapolicy issue. In
line with this argument, the modd focuses on the diffusion of water-saving irrigetion methods
in awatershed; the effects of innovation and migration on the farm Structure; and the impacts
of possble government interventions aimed at supporting farm-households to improve their
resource use efficiency.

Methodological pre-considerations

Though currently only a prototype, the model isin principle designed to provide policy-
relevant information, epecidly regarding the impacts of policy on different farm and

resource user groups. By means of computer smulations, it should facilitate the exploration of
suitable policy options and forecasting out- migration and natural resource use changes. This
explorative and predictive purpose has clearly impacted the level of abstraction and
complexity in the representational model. It works at a highly disaggregated level, snce the
phenomena under sudy — diffuson of innovations, change in farm Szes and migration —
require the modeling of heterogeneous farm-househol ds and inter- household linkages. The
spatid context figures prominently — e.g. upstream-downstream water uses, loca water and
land markets — and therefore spatia relationships must also be included.

Accordingly, severa socioeconomic and biophysical processes such as decision making and
interactions of individua agents, land markets, migration as well asirrigation water flows and
agronomic relationships are endogenous to the modd. However, socio-political phenomena
such as rule formation, group decison making, and indtitutional change are treated
exogenoudy.

System under study

To test its gpplicability, the modd was first gpplied to the Meado River Catchment in Chile
with asize of about 670 kn and 5,400 farm holdings. Irrigation water is scarce and only
aufficient for extengve cropping and livestock farming. An overal switch of production
toward higher-vaue irrigation syslems would require firg the introduction of water-saving
irrigation techniques and second the redllocation of water rights among farmers. Currently,
many farmers grow traditiond crops such as cereds with rdatively inefficient irrigetion
techniques and accordingly make only limited use of their water rights. The Stuation might,
however, change rapidly in the next years. In 1996 Chile signed an agreement with the South-
American trade union “Mercosur” that will result in reductions of tariffs by 30%, on average,
over aperiod of 17 years. As a consequence, rdative pricesin agriculture will change and
considerably affect the profitability of different farming practices. The new market
environment implies both strong incentives for shifting production systems toward high-vaue
crops irrigated with modern water-saving technologies and disincentives for growing
traditional crops with rather inefficient irrigation techniques. But it is questionable whether
these incentives will aso induce the traditional farm households to innovate and to modernize
ther farming systems. Instead, empirica studies based on household interviews have
predicted a high potential for out-migration in this household group.

In order to capture the complete process of market integration in agriculture, the tempora
period being modeled is 19 years— starting in 1997.3 To mode the adjustment at the farm-

3 Choosing the starting point in potentially path-dependent systems may predetermine the devel opment path and
thereby affect the model forecasts. Numerical robustness tests with random parameters showed, indeed, the
model’ s sensitivity to starting conditions on the individual household level. On the level of household types,
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level, disaggregated land use typesin agriculture and forestry are being included: 5 soil types,
3 technologicd levds, and 160 cropping, forestry, and livestock systems. Sincethe
cachment’s farmers only employ surface water for irrigation, and other water uses do not
figure importantly, the modd concentrates on surface water flows in agriculture. The model
limitsitsalf only to the farm: househol ds and non-farm landowners who engage in land and
water markets and whose plots belong to different irrigation sections within the Meado water
user association. Each resource user — or household to be more precise — is represented
individudly — i.e. the modd is disaggregated to the farm+household level. Other red world
agents — such as farm workers and minifundistas with farmland of less than 2.5 ha— are not
included since they do not contribute significantly to the resource use decisions and market
dynamics.

Model implementation

The spatia resolution at which the mode operatesis 158 * 158 m—i.e. the Sze of one grid
cdl is 2.5 ha—, and the time step is one month. This rather fine spatio-tempora resolution had
to be chosen because rented farm plots are typically of this Sze, and crop water requirements
are usualy modeled based on a monthly time intervd.

The mode contains three basic functiona types of agents that stand for campesino family
farms, commercid farm holdings and non-agricultura landowners. Empiricd andyssin
Chile revealed that both holding types represent two distinct communication networks. In
each network, five subgroups were identified corresponding to different positions within the
chain of information contagion. The pogtion of a particular household is measured by its
network threshold, defined as the percentage of dl other households within its reference
group that must previoudy engage in anove activity before the household eventuadly adopts
this behavior (VALENTE, 1995). Innovators, for example, adopt a new technology when the
percentage of adoption in their communication network is still low; they have low thresholds.
Laggards with ardatively high demand for interpersond information adopt the same
technology only when the percentage of adoption is close to hundred percent; they have high
thresholds. These empirically estimated thresholds can be used to predict the communication
of information in Smilar decison problems (BERGER, 2001). The same applies, in principle,
to migration decisons*

The agent’ s decision rules, chosen to represent the behavior of red farm-households, are
based on the generd framework of maximization of expected utility. The household agents
alocate thar labor and land resources so as to maximize the expected household income over
time. The decison model abstracts from intra- household bargaining and assumes a household
head that behaves dtruigticaly on behdf of dl household members. In comparison with other
decison modds in the migration literature, this mode is dynamic. The household agent
decides on whether to move or to stay at the end of each year, after the harvesting is done. An
entire agent household sdlls out all its assets and moves out of the region ether because of

however, where policy impacts are usually evaluated, the absol ute forecasted values differ, but the relative trends
are uniform. As a consequence, the model seems robust enough to compare different scenarios under identical
starting conditions. More details on the robustness experiments and supportive statistical tests can be found in
BERGER (2000).

4 To the author’ s knowledge, there is yet no empirical study available supporting the threshold model of adoption
for migration. The Chilean model parametersfor migration are therefore based on ad hoc values and tested with
sensitivity analyses. The simulation results that will be presented below inthe next section, are derived from a
model specification withtwo sub-networks for innovation decisions but only one overall network for migration
decisions.

Berger (in print) wengen_final version.doc Page 6



earning differentias (voluntary migration) or insolvency (forced migration). Here, insolvency
means the inability to atain a minimum subsisence income. Since environmenta changes
directly trandate into production costs, the household agent attempts to anticipate them and
forms expectations. The decison model captures some of the uncertainty of migration and
innovation decisions by relating them to the experiences of network partners.

Household members or entire agent families move to other locations or adopt new

technol ogies when the expected increase in family income is pogitive and a sufficient
proportion of peersin their network has previoudy moved or adopted. The dynamics of the
agent’s decision making is captured through comparisons of adoption levels for migration or
new technologies with the agent’ s network threshold. In the Chilean modd the decison rule
at the agent level isasfollows: (1) monitor the present adoption level and compareit with the
individud threshold; (2) if the network threshold is reached, cdculate the household' s net
benefits from adoption; (3) if the expected net benefits are positive, then adopt. By varying
parameters such as network thresholds, expectation coefficients, and household- specific
opportunity cogts, different motives for migration and innovation can be implemented. If the
mode households, for example, compute the expected incrementa income in relation to the
average income in their reference group, the effect of relative deprivation is captured. Asa
specia case, the modd households may aso behave according to the standard economic
theory, which implies they have complete information and perfect foresight with respect to
farm prices, maximize expected income; and migrate whenever their market opportunity costs
are higher.> Aswill be shown in the next section, comparing the standard economic scenario
with frequency- dependent scenarios reveals multiple equilibria and potentid lock-in and thus
provides ussful policy information.

Besidesinnovation and migration, the decison-making process of real world farmers dso
contains rather ample problems that are frequently repeated and involve much lower degrees
of uncertainty. Such problems are, for example, choice of crops, ditribution of water for
irrigation, and renting of plots. Exchange of peer-to-peer information is usualy not a pre-
requisite for decision making. Hence, representing these decision problems does not require
network thresholds, maximization of expected income as in the stlandard economic approach
will in most cases be a good gpproximation of real farm household behavior.

The representational mode of decision making is encoded in computational form by means of
arecursve whole-farm mathematical programming routine (HAZELL and NORTON, 1986).
Each farm-household agent has its own objective function, resource congtraints and updates
its expectations for prices and water avallability. A mixed-integer linear programming solver
is used for the farm investment and land rental decisions. In this respect, the mode has
characterigtics amilar to the independent representative farm mode s described by HANF
(1989). However, there are two important features that distinguish the present modd from the
conventiona independent farm approach: (1) there is a one-to-one correspondence between
real-world and modeled agents, that is, each single red world farm-household is represented
by asingle modd agent; (2) severd types of interactions among agents are endogenous to the
model, such as contagion of information, exchange of land and water resources, and return-
flows of irrigation water.

This one-to-one MAS representation facilitates the consideration of agriculturd production at
avery fine spatia resolution, as well as the representation of bilateral and direct interactions

® To be precise, they almost behave like rational decision makers with perfect foresight. Since the model contains
non-convexities, the employed decision making routines may not under all circumstances converge toward the
global optimum. ‘Market opportunity costs’' refer here to the household income that could be obtained if the
household closed down its farm and migrated to a new destination.
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between agents. Including these direct interactions among agents broadens the scope of
resource use modding sgnificantly because — gpart from the frequency-dependent effectsin
migration and innovation — other economic phenomena that conventional models cannot
eadlly address are now explicitly modeled.

Firdt, as has been maintained above, migration and innovation affect the locd land markets; in
some aress the level of rent tends to rise, in others, to decrease. Around each plot being
offered on the land market, internd transport costs from the plot to a farmstead shape akind
of “von Thinen ring.” As a consequence, only asmadl number of neighboring farmers
compete for a plot, which may lead to excessive land prices when severd farmers with high
land productivity attempt to Smultaneoudy expand the Size of their farm. Internd trangport
cogs thusimpinge on the leved of rent by limiting competition on the land market. Here, the
model captures the agents' location and internal transport costs through a raster-based
geographica information system. Each grid cell corresponds to one farm plot held by one
single landowner. This direct ownership representation was chosen to implement land and
water marketsin aspatialy explicit way. Dueto internd trangport cogts, only neighboring
model agents compete for each offered plot. Findly the agent with the highest bid receives a
particular plot, providing his bid is higher than the asking price®

Second, feedbacks that stem from the spatia distribution of irrigation water flows are
included in the model. Monthly return flows affect downstream water availability, and may
force modd farmers to temporarily undersupply their crops or even to abandon them
completely. The mode farmers then have an incentive to employ more efficient, water-saving
irrigation technologies. In redlity, water shortages usualy hit downstream farmers harder than
upstream farmers, because upstream farmers often take more water than their irrigation quotas
dlow. The modd reflects ether a perfect water alocation — the farm agents receive their
quotaof irrigation water exactly — or more redigticaly, at least in the Chilean context,
deficiently enforced water rights where parts of the return flows are uncontrolled. The spatia
interactions of the water resources system are represented at a much coarser scale than the
ownership of parcels, because grid cdls are grouped to hydrologic units of an average size of
about 32 knrf.

Figure 1 summarizesthe spatid data representation together with the heterogeneity,
interdependencies and hierarchies of the modd. Thereis spatid heterogeneity (soil qudity,
irrigation water supplies, ownership of land parcels and water user rights), technologica
heterogeneity (farming equipment of different technologicd levels), and socid heterogeneity
(different manageria capacity, severd socid networks). Interdependencies are spatia (return
flows, land and water markets) and socia (communication networks). The land cover/use and
water supply of aparticular grid cell are results of the decison-making process at thefam
level, which reflects technicd, finandd and higher-level socia condraints.

Verification and validation

Having cdlibrated the model to a base year, vaidation experiments were performed to test the
modd’ s vdidity. Asthe modd operates on various scaes smultaneoudy, a previous
aggregation of input data to one common leve of aggregation was not necessary. Thisimplies
the thorough testing of its ability to approximete rea-world observations on the micro-leve
(farm-households), meso-levd (hydrologic units) and regiond-level (river catchment). Since
reliable remote sensing data were not available at that time, only aspatia datistical andyses

® The agents base their bid on economic calculus and compute the parcel’ s “ shadow price” (BERGER, 2000).
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were conducted that revealed a sufficient “goodness of fit”. Since the modd has many degrees
of freedom and contains highly recursive dynamics, extensve robustness experiments and
datistical tests were aso conducted. Finally, comparisons of performance with other models
and expert vaidation helped to create trust in the modd’ s behavior and results.”

The often quoted advantage of the mathematica programming gpproach in merging different
data sources was fully exploited (HAZELL and NORTON, 1986: 3). An extensve farm:
household survey, in-depth interviews, socid network anayses and results from fam trids
were used to derive a condstent farm data set. Based on awater engineering study for the
Chilean Ministry of Public Works, the hydrologic units, equations and model parameter were
defined. Spatid data a the hydrologic unit level had to be disaggregated to plot level using a
random data generator constrained by a priori information. The registry of the local water
user association was consulted to assign water rights to model agents.

Technical aspects

The author developed the multiple-agent programming software for this study, drawing on
BALMANN’s (1997) source code. The new source code is written in the C++ object-oriented
programming language and has MS-Windows 32 bit and UNIX portability. Input and output
filesare in ASCII-text format and can be processed with common spreadsheet and graphics
programs.

Usudly, encoding heterogeneity in the carryover of farm resources, different technica
coefficients, interest rates, objective functions aswell as storing spatia data poses difficulties
in farm programming modes. The object-oriented programming language, in contrast, dlows
amuch more transparent organization of data and modd dynamics. By implementing agents
as objects, the computationa model can be encoded in a clear modular form. Using an object-
oriented programming language typicaly reduces modd development costs and numerica
difficulties. As HARRINGTON (1995) shows with the ingtructive example of asmple program
for caculating debt servicing, the object-oriented implementation considerably increases the
extendibility and portability of previous verified source code. The code of BERGER' s (2000)
multi-agent modd can therefore be extended relatively comfortably by ecologica congraints
or interfaces with GIS-gpplications, for example.

5. Discussion of simulation results

By representing the resource users own decison making in a spatialy explicit way, the
multi-agent model forecasts competing land and water uses over time and investigates in
particular the role of innovation and migration in agriculture. Some Smulation results thet
demondirate the type of information the mode generates regarding the following topicswill
be briefly discussed:

What isthe range of possible water and land use changes? How fast will water-saving
irrigetion methods diffuse?

Will these innovations reach the traditiond farmers? Will they generate additiond
incomes and induce them to stay?

Will the situation on margind lands deteriorate? Will the farm income on these lands
change in comparison to the regiona average?

" More details on verification and validation are given in BERGER (2000).
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Under what conditions will migration increase or decrease? Can innovation be an
dterndive to migration?

Figure 2 showsthe “posshbility space’ of water/land-use changes by comparing the frequency
of severd irrigation methods with different on-fidd efficiencies. The right-hand graph reflects
ahypothetical Stuationwithout technica change, where farmers are reluctant to innovate and
refuse any technology adoption.® The left-hand graph reflects the boundary scenario of idedl
technica change where the modd’ s farmers adjust smoothly as predicted by the sandard
economic models.® dedl technical change leads to a sizesble expansion of modern water-
saving irrigation within ten years. Almogt half of the irrigated areawould then be efficiently
irrigated; the rest are soils of poor quality where only extensive rain-fed land uses, such as
grasdands and forest, are profitable. In contrast, the middle graph shows the expansion of
modern irrigation techniques under “bandwagon” conditions, thet is, when the modd farmers
rely on interpersona communication and learn from their peers’ experiences’° The diffusion
of water-saving innovationsis then sgnificantly dowed down and reaches only a sixth of the
irrigated area over twenty years. Many mode farmers with high network thresholds do not
adopt these irrigation technologies, though they would under ided conditions. One might
therefore conclude that agriculturd water use islocked into low efficiencies and could cdl for
policy interventions to speed up the diffusion of water-saving innovations. In other scenarios,
not shown here, the effects of different policy programs, such as the one demanded by the
Chilean farmers association, were andyzed. The program includes specia credit schemesto
facilitate the adoption of water-saving innovations, public invesmentsin irrigation facilities
aswdl asfertilizer subsidies. A comparison of this program with other programs showed that
temporary path-dependencies can eventually be broken down but may demand considerable
financial resources.

Figure 3 showsthe effects of technica change on the traditiona farm householdsin both
communication networks. Under ided technical conditions, traditiona households adopt
water-saving innovaions and dmost double average family income as compared to the
scenarios without technica change. As the lower left-hand graph indicates, they have no
incentive to move and remain in the farming business. Under market conditions, however, the
picture changes completely. In contrast to other household groups, technica change does not
reach traditiona households and many model households decide to migrate permanently.
Approximately 25% of thetraditiona campesino and 75% of the traditiond commercia
households move out. Although traditiond campesino and commercid households behave
smilar under bandwagon market conditions, they respond differently to policy interventions.
For example, the program of the Chilean farmers association only dightly affects the average
household income and the rate of out-migration of traditional commerciad households. But the
same policy intervention induces a notable response of traditiond campesino households. The
average household income rises to levels as high as under idedl technica conditions and out-
migration increases significantly. The explanaion isthat traditiond campesino households are
relaively deprived through policy intervention because the average farm income of the more
innovative households in their network groups increases more than proportiondly. Asa

8 This scenario isimplemented by setting all network thresholds to hundred percent.

® Here, smoothly means that interpersonal communication isignored by setting all network thresholds to zero.
Hence, this scenario corresponds to the so-called equilibrium diffusion concept that postulatesa priori complete
information sets (METCALFE, 1988). Differences in adoption behavior are explained by indivisibilities and
minimum farm sizes.

19 The bandwagon scenario reflects the disequilibrium diffusion concept (METCALFE, 1988) and employs
network thresholds as estimated in the empirical network study. See BERGER (2001) for more details.
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consequence, thetraditiond campesino households with the lowest farm incomes move out
and thereby raise the average income of the remaining households in this group.

Figure 4 indicates that the relative income of households operating on margina lands will
likely deteriorate over time. In the ided technica scenario, the relaive income of the mean
campesino farm-household declines progressively and findly reaches only 50% percent of the
regiona average in this holding type. In the group of commercid holdings, differencesin
relative income are less pronounced but till amount to 15% percent. The relative
deterioration of household incomesis dso accompanied by significant changes in the number
of farms. For example, among the commercia holdings on margind lands, dmost 4.6% of the
traditiond farms go out of business per annum and migrate to other destinations. In the
bandwagon scenarios, income differences increase even further. These rather discouraging
forecasts suggest policy interventions are needed to prevent an increasing gap between the
incomes of households farming margind and average lands. As dready mentioned in the first
section, policy interventions often imply the risk of locking too many farm+households into
these fragile areas. When long-term prospects are limited, switching to dternative paths might
become more difficult than without previous policy interventions. Again, the modd helpsto
explore the dynamic effects of dternative policies and can thus inform policy formulation. In
the Chilean case, potentia path- dependencies could be found in the diffusion of innovations,
but socia hardships seem not to arise. For more details on the policy analysis and especidly
therole of land/water markets refer to BERGER (2000).

Findly, Figure 5 illustrates the interplay of migration and innovation measured by the labor
employed in agriculture. This regiona indicator reflectsal forms of migration —in and out,
temporary and permanent — and is here compared with the labor capacity of al farm-
households in 1997, the smulations starting period. In the boundary scenario without
technical change, approximately one third of theinitid labor force is used off-farm and
migrates to the nonagricultura sector permanently or temporarily. I1ded technical change, in
contrag, atracts additiond farm labor and convergesto a higher equilibrium leve of labor
dlocation in agriculture. Innovation is therefore an dternative to migration and has the
potentiad of turning a sending region into a receiving region. But if the farm-households
continue to depend on their communication networks in decigonmeking — the market
solution with bandwagon —, then off-farm labor alocation only diminishes dightly over time,
i.e. the effects of innovation and migration dmost compensate. In this respect, the smulaion
results underline the importance of interpersona communication and of cumulative causation
in the process of innovation and migration.** Farm labor as an indicator for migration,
however, does not capture the underlying structura change in the farm sector. Asindicatied in
Figure 3, many traditiond farms move out of the region, especidly those in the group of
commercid holdings. Growing farm holdings, especidly in the middle Sze classes, absorb
these lands, adopt new technologies and employ temporary farm workers. See BERGER (2000)
for amore detailed discussion of these and other indicators of structura change especialy
those related to land and water markets.*?

11 Policy interventions that facilitate favorable conditions for technology adoption, especially investment and
extension programs, and thereby encourage the employment of additional Iabor in agriculture are discussed in
Berger (2000).

12 Since empirical datawere not available on how farm-households in the study region respond to rising
opportunity costs, several model parameters are still based onad hoc assumptions. A follow-up study will aim at
clarifying these simulation results.
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6. Conclusions

This paper presents an integrated Smulation modd that addresses the complex relationship
between environmenta stresses, migration and innovation. In line with the literature of new
economics of migration, the mode focuses on the decision making of rurd householdsin
developing countries who regularly make use of migration and innovation to cope with
environmental hazards. It aso consders the uncertainty- reducing effect of information
becoming available when afew pioneering households sart engaging in nove activities.
Since migration and severd crucid environmenta processesin agriculture— such as
evapotrangpiration and flows of irrigation water — are spatial phenomena, the modd integrates
these biophysica processes in a spatidly explicit way. By representing the farm-households
decison making and their locd environment over time, the modd forecasts land and water
use changes that might emerge under different technologicd, politica and environmenta
scenarios.

The modd is encoded as a multiple-agent system, ardatively new concept of implementing
complex computer models with the help of object- oriented programming languages. Thereis
aone-to-one correspondence between real-world and modeled agents, thet is, each single redl
world farm-household is represented by asingle model agent. Severa types of interactions
among agents are endogenous to the modd such as the contagion of information, exchange of
land and water resources, and return-flowsof irrigation water. A recursve whole-farm
mathematical programming routine is used to mimic the decison making of farm-households.
This one-to-one multi-agent representation facilitates examining the spatia context of
agricultural production a avery fine resolution, aswell asbilateral and direct interactions
between agents. Including these direct interactions among agents broadens the scope of
resource use modding sgnificantly because — gpart from the frequency- dependent effectsin
migration and innovation — other economic phenomena such as the limited competition on

land markets and upstream-downstream trade-offsin irrigation are now explicitly modeed.

To test its gpplicability, amodd prototype is gpplied to the Mdado River Catchment in Chile.
Irrigation water is scarce and only sufficient for extengve cropping and livestock farming. An
overdl switch of production toward higher-vaue irrigation sysems would firg require the
introduction of water-saving irrigation techniques and second the redllocation of water rights
among farmers. Currently, many farm-households grow traditiona cropswith reaively
inefficient irrigation techniques and locate some of their membersin different areas and labor
markets. Empirica studies have dso found a high potentid of outmigration among the
traditional farm households.

By induding networks of communication in the modd, the amulation experiments indicate
that interpersond communication dows down the diffuson of innovations sgnificantly and
thereby accelerates outmigration. Far fewer farm-households remain in the farming business
and adopt water-saving technologies than predicted by the standard modding approach. One
might therefore conclude that agricultura water useis locked into low efficiencies and that
policy interventions to soeed up the diffusion of water-saving innovations are called for. The
paper reports some results of the policy analyses and illustrates the income effects on
margind lands as compared to the regiona average. Under prevailing environmenta
conditions, innovation and migration seem to act as antagonists. Favorable conditions for
technology adoption lead to increased employment in agriculture and might even turn a
potentid sending region into areceiving region.
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The pilot study demongtrates the usefulness of the multi- agent programming gpproach in
incorporating the complexity of humans responses to environmenta changes. The gpproach
integrates biophysical as well as socio-economic processes and captures the dynamic effects
of complementary migration and innovation decisons. It makes alowance for potentialy
path- dependent adjustments;, is cgpable of exploring the likely impacts of different technology
and policy options, and generates useful information for policy analysis. Further testing of

this mode class and coupling with models of regiond environmenta changeis caled for.
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Figure 1: Spatial data representation and interdependencies
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Figure 2: Frequency of water-saving irrigation techniques under different technological
scenarios

"“ideal" tedmical change ket solulion without tedinical change

inner ring =year 1; ring in between =year 10; outer ring =year 19

Frequency of irrigation
methods (% of total
irrigated area)

O Traditional MW Sprinkler O TImproved fitrow O Drip

Berger (in print) wengen_final version.doc Page 16



17

Figure 3: Average income and number of remaining traditional farm households
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Figure 4: Relative income of farm-households depending on land quality (“ideal” technical
change)
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Figure S: Farm Labor employed in the study region
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