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Summary

Achieving sustainability requires major changeséveral areas in which society makes use of
technology to meet human needs and while doingnfloences the environment, such as
agriculture, mobility, power production and wateamagement. The awareness of a need for
radical changes is accompanied by an increasinggnition of the interconnectedness of
technological, socio-cultural and environmentalmedats and processes. This has led to an
increasing amount of research on system innovatipstem innovations refer to changes to a
"structurally different” system involving radicah&nges in the technological and socio-cultural
domains and are often contrasted to incrementahiftdogical) change. System innovations
involve many actors and many factors, and develogpsngt multiple levels interact. Control over
such processes is distributed, they are laden witbertainty and they exhibit sometimes
surprising and unexpected behaviour due to nomdindynamics and emergent properties
involved.

Our current understanding of system innovationdinsted and the need for an enhanced
understanding has clearly been recognized. Compintedation models seem a promising tool to
that end as they already proved to be useful tamsehthe understanding of complex systems in
many fields like complex chemistry, ecosystems phgsics. However, system innovations are
mostly processes in social systems. In the sociahees, the application of formal simulation
models has a far shorter history and the avaitgloli formalized (and widely accepted) theories
and generalizations is low compared to the natscences. It is thus not clear-cut which role
computer simulation models can play with respedystem innovations. This thesis fathoms the
potential of computer simulation models for enhagadur understanding of system innovations

and takes some first steps towards fruitful apgibeeof models.

A theoretical and methodological discussion oulihew models can in principle contribute to an
understanding of social macro-processes througlitééiog a causal reconstruction of processes
that account for the respective observed phenomefite view adopted regarding the
representation of the social world thereby is tifatciprocity of agency and structure. Compared
to the sociological literature the perspectivexierded beyond comprising actors and institutions
but encompasses also other entities, especialintdagical artefacts.

The thesis then relates the current state of eoapiaind conceptual work in the field of transition
research to insights from modelling of complex sys. The intrinsic characteristics of system
innovations and the knowledge base available toystihem are explicated and implicated
challenges and opportunities for model applicatioa discussed. This is complemented by a

review of the few existing models of system innawag.

! The terms "transition" and "system innovation" ased interchangeably.



The thesis further develops a specification ofrdgme concept. A regime refers to a dominant
structure which originates incremental change lesists system innovations. The concept of
"regime" is at the heart of the multi-level perdper; the most widely used framework of
transition research, but it is yet only looselyided. The absence of shared definitions, concept
specifications and operationalizations of key cpits®ef transition research is a major obstacle for
defining (and especially for comparing) models.this thesis, five defining characteristics of
regimes are developed and a method to structuregeaghically represent knowledge about a
regime is introduced.

Furthermore, theoretical and conceptual work has lm®mplemented by hands-on experience to
make methodological and theoretical deliberaticersgibble. An agent-based model has been
developed which addresses the transition from edinb irrigated agriculture in the Upper
Guadiana, Spain. The purpose of the model is tigbra gap in the explanation for the observed
process. Case specific literature provides infoiwnaton driving forces (technological
development, changes in regulations) and conseqadamount of irrigation). The model focuses
on the farmers which "translate" driving forcesipractices of irrigation and water use. It studies
the effect of weights farmers attach to a list bgities. The main findings are that interactiarfs
factors have to be considered and that it is ingmbrto acknowledge heterogeneity of farm types
to understand empirically observed land-use changes

Based on the outlined work, different possibilities model system innovations have been
abstracted and discussed with respect to their ii@gas and limitations: a) functional
subsystems, b) interacting structures (nichespregiand landscape) as suggested by the multi-
level perspective and c) micro-level entities (estdechnological artefacts, institutions, etc.).
None of these representations is superior to therobnes per se but each features certain
advantages and drawbacks. The model purpose isessa&y guideline to choose an appropriate
representation and to distinguish those parts apdas of a system which need to be captured

from negligible ones.

The main findings of this thesis can be summaraztbllows: System innovations feature several
characteristics which put model-based approachéigaopic on the most challenging edge of
the broader endeavour of understanding and modedticial systems. Those are the significance
of emergent decay and re-creation of structurendusystem innovations; the vast scope of
system innovations involving several types of sgb@mys (consumption, production, governance,
and nature); the intertwinement of system innovegtiwvith their governance — a field which is
hardly accessible to modelling; the complexity dife ttopic; and the unpredictability of
innovations.

Still, it is concluded that models can be usefulhdisking tools. In any case, given the complexity

of the topic and the underdeveloped knowledge badigering to transparency is essential. In a
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field as vast and complex as system innovatiorssrdguires either very strong simplifications or
restricting a model's scope to some parts or aspéan overall process. This thesis proposes to
make use of existing building blocks of understagdof an intermediate level of complexity —
e.g. timing and kind of multi-level interactionste define abstractions and model scope. The
challenge to identify, specify, understand andteetzonceptual building blocks, to identify the
contexts and situations in which each of them besorelevant and to explicate their role in the
overall system innovation could be an agenda &orsition modelling for the coming years.
Modelling system innovations will remain a huge I#hage in the near future. However, this
thesis fathoms that models can be valuable toorsriboting to the enhancement of the
knowledge base of the field; little by little addito answers of the "big questions". The specific
role(s) models of system innovations can play ia #émdeavour needs to be further explored and

discussed.
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Chapter 1: Introduction

1.1 A need for system innovations

Achieving sustainability requires major changessa@veral areas in which society makes use of
technology to meet human needs and while doing nfloences the environment, such as
agriculture, mobility, power production and wateamagement (UNEP 2007; IPCC 2007; Stern,
Peters et al. 2006). For example™2@ntury water management was based on the cotisirud
massive infrastructure and an engineering "preflicontrol" paradigm and brought tremendous
benefits. However, important problems remain urkesh for example more than one billion
people worldwide lack access to safe drinking wd€@leick 2003). Other, new challenges for
water-management arise from changing frequencyaanolunt of precipitation rooted in climate
change (Bates, Kundzewicz et al. 2008) and fromadgaphic changes and consumption patterns,
e.g. rapid industrialization and urbanisation ie theveloping world (UNFPA 2003). Those new
developments are characterised by a high levelnokmainty and past approaches relying on
infrastructure with life-times of several decadesm too inflexible to deal with them. It must be
noted that past approaches induced new problemss#iees, especially environmental problems
like a loss of biodiversity (Gleick 2003). Water magement needs to undergo some fundamental
change in order to meet those challenges (Pahl{\2@87a; UNEP 2007; Figuéres, Tortajada et al.
2003). Similar insights are reported regarding otleeas like mobility and power production
(UNEP 2007; IPCC 2007; Stern, Peters et al. 2006).

This awareness of a need for radical changes ngzanied by an increasing recognition of the
interconnectedness of technological, socio-cultarad environmental elements and processes. |
will therefore use the notion of coupled human-tedbgy-environment systems (HTE-systems) to
refer to systems through which society meets hunesus. The interest for radical change in such
highly connected systems has led to an increasimauat of research on system innovations (e.g.
Vellinga and Herb 1999; KSI; Elzen, Geels et al0£20Geels 2005a; Olsthoorn and Wieczorek
2006). System innovations refer to changes toracktrally different” system involving changes
in the technological and socio-cultural domains aa@ often contrasted to incremental
(technological) change — providing enhanced fumetiity by "doing the same thing but better". An
example for a system innovation in water manageisehe "room for the river" programme in the
Netherlands. For a long period of time the domiraradigm in the Netherlands has been that of
controlling water building dikes. Throughout thentgies, space for the rivers has become only
more limited and the rivers have been wedged betvwegh dikes, while the level of the land

behind the dikes has been dropping. At the same, ine land behind the river embankments has
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become more heavily used and populated. Nowadayigod would have disastrous results.
Climate change will likely entail future high rivelischarges; however, precise forecasts of future
discharge levels are frustrated by high levels mfeutainty and therefore incremental change -
further increasing dikes - can no longer provide &spired security. In 2006 the Dutch Cabinet
drew up the Spatial Planning Key Decision "Room tfee River", which aims to break the past
trend of building more and stronger dikes and ex$tenvisages other measures to cope with
greater volumes of water in a safe manner whilthatsame time improving the quality of the
environment of the river basin. This includes measuike creation of retention areas and dike
displacements which involve spaces which are ngwuladed or otherwise used. Giving room back
to water breaks with a deeply entrenched attitumeatds water and requires a new way of
thinking, a paradigm shift from "controlling watetd "living with water". This agenda further
creates new interdependencies between water managetial planners, NGOs and inhabitants
involving a change in water management from a hibieal and technocratic way of working into
a more open, deliberative and decentralised wayooking (van den Brink 2008).

System innovations like the room for the river peogme are envisaged to provide possibilities for
large jumps in environmental efficiency. Becausehes potential, policy makers, NGOs and large
firms are increasingly interested in system inniovest (Elzen, Geels et al. 2004; Olsthoorn and
Wieczorek 2006). The answers to questions suchradet which conditions do system innovations
occur?" and "is it possible to induce and govestay innovations and if so, how?" are of major
interest. However, our current understanding ofesysgnnovations is limited and the need to better
understand system innovations has clearly beergnened (KSI; Elzen, Geels et al. 2004; Elzen
and Wieczorek 2005; Olsthoorn and Wieczorek 20@8).understanding of a system and of
ongoing change processes is required to assessrsgthaviour if influenced by some stimulus
like e.g. a policy. Computer simulation models &els which feature some characteristics that
make them valuable for understanding complex syst¢see chapter 2 and paper 2 in the
appendix). Hence they might as well be useful fohamcing our understanding of system
innovations in HTE-systems. This thesis fathomspgbential of computer simulation models for

doing so and takes some first steps towards flatiplication of models.

1.2 A shared perspective

That system innovations actually constitute an aesearch field and it is thus meaningful to
contemplate on the role of models of system inriomatwithout being more specific — say models
of system innovations in water management or maafetystem innovations in mobility systems -
may not be obvious. HTE-systems in different aseasly exhibit idiosyncratic characteristics that
should be considered in a detailed analysis. Famgke, water related infrastructure like dikes has
a very long life-time or, to give another examplee role of markets is rather weak in water

management and comparably stronger regarding mol#uch specific characteristics eventually
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may lead to differences in overall dynamics of sgstinnovations. However, the envisioned
changes towards sustainability share some comntiesahcross different areas which allow a
shared perspective and motivate a joint researfdrtab enhance our understanding of such
processes (Vellinga and Herb 1999; Rotmans, Keng). 2001a; KSI; Elzen, Geels et al. 2004).
These commonalities comprise the involvement of ynastors and many factors and the
interaction of developments on multiple levels. €oinover system innovations is distributed
among the actors involved, while at the same tinesé actors may not hold similar opinions on
whether a problem exists at all, about the natfirdne problem and about fruitful approaches to
solve the problem. Furthermore, processes are laddn uncertainty and HTE-systems are
complex systems involving non-linear dynamics amdemgent properties. Consequently they
exhibit surprising and unexpected pattern in tdgivamics and their structure. System response to
some intervention is potentially highly sensitieetihe state of the system and to the specificitfes
the external stimulus and may thus differ considlgrérom the intended changes. Finally, HTE-
systems are often perceived to be resistant togehand to be "locked-in" to a non-sustainable
pathway. This resistance to change arises fronmgeraf sources like sunk costs, vested interests
and perceptions of "normality” and furthermore frma interdependency of system elements such
like technological complementarities, routine aalion of certain technologies in certain
situations, emission standards defined based tmaémgical possibilities etc. (see chapter 2.2 and
paper 3). The questions of how to "un-lock” suckteyms and to induce or govern change
processes towards sustainability given complexihgertainty and distributed control are similar
with respect to HTE-systems in different areas.nglthese pillars, the field of transitioresearch
has developed. Transition researchers investigaigterm fundamental change processes arising
from complex (sub-)processes on multiple levelsiangarious domains (economic, technological,
institutional, and socio-cultural). Only recentlyst attempts have been made to utilize in thiklfie

formal methods like computer models and this themsisbe seen as part of this endeavour.

1.3 The contribution of this thesis

Computer models can enhance our understandingroplea systems. This is achieved through
representing (assumptions about) elements andlegendencies of the real systems. The specific
form of model elements and interdependencies inflas the resulting dynamics of the modelled

system and determines its emergent propertieqidnatay computer simulation models mimic the

! The terms "transition" and "system innovation"erefo the same type of process. In the introductory
chapters and in the synthesis of this thesis | lidresen the term "system innovation” since in ngwwihis
conveys better the character of the processes undestigation. Further, "transition” is somewhabrm
strongly attached to a specific view involving thelti-level and multi-phase frameworks (see chaptaj.
However, in the articles outlined in chapter 4 teem "transition" is used since this has become the

somewhat dominant term in the literature.



properties and dynamics of real complex systemsiradding so can help to draw conclusions on
the relation of system structure and correspondimamics and emergent properties. Hence, they
provide a valuable means to generate insights ajpngral patterns in system behaviour and can
be used to investigate and explore alternative sst®s) as well as elucidate ways in which a
system can be intervened or managed. Computer aionimodels proved to be useful tools to
enhance the understanding of complex topics like ecosystem dynamics (Pahl-Wostl 1995;
Gunderson and Holling 2002). It is thus justifiabdeassume that computer models may also be
helpful tools to understand system innovations. e\mv, system innovations are mostly processes
in social systems. In the social sciences, theiejmn of formal simulation models has a far
shorter history than the modelling of physical acedlogical systems and this approach has not yet
arrived in the main stream of the social sciencesqjust about to do so; Gilbert and Troitzsch
1999; Axelrod 2003). This limited application ofmilation models is in line with a low
availability of formalized (and widely acceptedethies and generalizations in the social sciences,
compared to the natural sciences. This is rootedeweral characteristics of social systems
hindering generalizations and the application ol models, most notably the heterogeneity,
flexibility and adaptability of human behaviourethole of institutionsand the contingency of
processes in social systems (Little 1993; Maynt222@009; Flyvbjerg 2001). How to deal with
these difficulties is though debated as well asthdregeneralization and theorizing is a useful
approach in the social sciences at all (cf. LiftB#93; Flyvbjerg 2001; Mayntz 2002; Hedstrom
2008). It is thus not clear-cut which role compuwenulation models can play with respect to an

understanding of system innovations. The firstaegequestion of this thesis is therefore:

RQ 1: What can computer simulation models contribute to an understanding of system

innovationsin coupled human-technol ogy-environment systems?

The answer to this question is dependent on thikabilday of formalized representations of system
innovations (or the possibility to develop such),tbeir transferability into computer models and
on the characteristics of resulting computer sitts models (e.g. the role of stochastic effects).

The second research question is interwoven witlitsisone:
RQ 2: Does the topic of system innovations pose specific challengesto moded devel opment?

These first two research questions focus on metbgbal considerations dealing especially with
the purpose of modelling and simulation, the fdassitope of models and fruitful ways of using
computer simulation models. In order to actuallyedep models, it further needs to be clarified
what are the constituents of a model of a systerovation in a HTE-system. The vast scope of

HTE-systems requires an integrated perspectives¢eanding disciplinary limits and there is no

2 Throughout this thesis institutions are understaedformal and informal rules of the game suchoas f

example, laws, contracts, social norms, role padteoutines.
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obvious or even established way of defining eleseamd interactions of the systems involved.

Research question three is therefore:
RQ 3: How to represent coupled human-technol ogy-environment systems in models?

These questions are approached as follows: ch&pteutlines the conceptual background. It
discusses how macro-level developments like systemvations can in principle be understood
through interactions of a micro- and a macro-lef@bleman 1990) and why especially the
inference of macro-dynamics from underlying micedraviour is problematic in complex social
systems. It is then argued that computer modelsnapeinciple useful tools to analyse this latter
micro-macro-link. Further, an introduction to theld of transition research provides an overview
of the kind of process investigated here and intced main assumptions and some basic concepts
to which is referred in later chapters. Chapteis8ubses the methods applied in this thesis, namely
literature research and (agent-based) modelling. Mhin work done during this thesis has been
organized in four research articles. Chapter 4ge overview of the contents of these papers.
The papers in full length are either published @eciied in chapter 4 or appended to this main
text. Paper 1 "Challenges and Opportunities famdition modelling" (abbreviated as "challenges
and opportunities" from here on) relates the curstate of empirical and conceptual work on
system innovations to insights from modelling ofngbex systems and draws conclusions on
model development and application. Paper 2 "Trmmsimodelling — current state and future
routes" (abbreviated as "current state") discusseghich extent and in which way a model can
simplify the real process. A review of recent madsl complemented by a conceptual discussion
which adds some insights to those gained in papRager 3 "Specifying ‘Regime’ - A Framework
for Defining and Describing Regimes in TransitioasRarch" ("specifying regime" from here on),
investigates the concept of regime. A regime reties dominant coherent configuration of entities
which originates incremental change but resistgegsysnnovations. This concept is at the heart of
the multi-level perspective, the most widely usemirfework of transition research (see chapter
2.2). In order to guide processes of regime idgatibn, the paper develops five defining
characteristics of regimes. Further a method usédulstructure and graphically represent
knowledge about a regime is introduced. Paper 4ngJan agent-based model to analyse the role
of farmers’ characteristics for land-use change aim agricultural system and for related
groundwater over-exploitation” ("Guadiana modelgydgrom here on) reports on a model of the
transition from rainfed to irrigated agriculturetime Upper Guadiana Basin, Spain. This hands-on
experience complemented theoretical and conceptu@k and made methodological and
theoretical deliberations tangible. The resultsvaer in these articles with respect to the research
questions posed are synthesised in chapter 5 atitefonore future research opportunities are

outlined. Finally chapter 6 presents the conclusion



Chapter 2: Conceptual background

2.1 Computer simulation models as tools for understanding
developments in coupled human-technology-environment

systems

RQ 1 refers to understanding system innovationsaély speaking, something is understood,
when we have an explanation that answers the "whgstion. This chapter elaborates somewhat
more on the way an "explanation” is understoodhia thesis and on how computer simulation
models can in principle aid to develop such anaaxgtion.

The natural sciences explain some observed phermntarough formulating natural laws which
are universally applicable and which can be paranzd using case-specific data to obtain
answers on that specific case. For example, Newtbn' mea applies to all kinds of bodies
everywhere in the UniverdeSince there is a high level of consent on theswbn explanation
within the natural sciences and furthermore theresgntation of natural and environmental
systems plays a minor role in this thesis, whatstites an explanation in natural and
environmental systems will not be further treateceh

In the social sciences what actually constitutes"explanation" is not so clear-cut (cf. the
discussion on different kinds of explanation in kedm 2008). The mode of explanation followed
in this thesis explains some phenomenon througkataeconstruction of processes that account
for the observed phenomenon (Coleman 1990; Mayd4,22009; Hedstrom 2008). That typically
involves causal regression to elements on a loeeellof abstraction. Figure 1 shows how
dynamics on a level of interest (the macro-leveh anderstood in the mode of explanation

adopted here through causal reconstruction invglaitower level of abstraction (the micro-level).

An illustrative example: Schelling’s model of segre gation

In order to illustrate the various relations betweeacro- and micro-level in the "Coleman-boat"
(figure 1) I will refer to Schelling’s famous model segregation (Schelling 1969). In this model,
two groups of actors live on a grid. Each actosassfied with his current location, if at leas%o

of his neighbours belong to his own group. If iBisot the case, the actor moves to a random other

grid cell. When running the model, one observesthergence of clusters of similar agents on the

% Within the limits of the Newtonian mechanics, i@t going to very small scales (quantum mechaaies

required in this realm) or very high speeds (ttameof relativity theory).
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Q Observed macro-level change .

The macro level Macro-level change
guides and bounds emerges from

the micro-level /mlcro-level changes
. 0 — @

micro-level K\A’//)

processes

Figure 1: Interactions between micro- and macro-legl in generating observable macro-level change
(based on Coleman 1990).

grid as shown in figure 2. The main message ofrtfesgel is that although individual actors may
be quite tolerant (e.x=30, i.e. up t070% of an actors neighbours may belong to the otheumr
before the actor leaves his current location), gheups are rather segregated in the overall
emerging situation (witlx=30, in average each actor has arouddbs of neighbours belonging to
his own group when the model reaches a stable)stdtnce, the system features emergent

properties which can not directly be derived frdma individual actors’ characteristics.

Figure 2: Schellings’ model of segregation. Two grgs exist (green and red) which form clusters of
similar actors during the course of a simulation run (see text for an explanation of the model). The

figure was created using Netlogo 3.1.4 (http://cclorthwestern.edu/netlogo/).



Schelling’s model is an example that includes thedations between micro- and macro- level: the
macro-level is constituted through a specific mileneel situation, namely the location of actors on
the grid, and analysed in terms of a macro-strecttine corresponding level of segregation.
Processes on the micro-level drive the dynamicsor&cmove around when they are unsatisfied
with their current location. The observed changethen macro-level can be finally explained as
unintended, emergent consequence of the interaatibmany individual actors on the micro-level.
The main mechanism behind the observed segregatibiat clusters form around stable nuclei of
similar actors which finally results in actors imetinner part of these clusters having 100% of
neighbours belonging to their own group.

In this model, the macro level is decisive for theerall dynamics (only) through defining the
location of individual actors and thus specifyiig theighbourhood of each actor. In other cases,
the macro-level may not only have influence throsghcifying the local options, incentives and
constraints actors are facing on the micro-leved,tbe overall macro-level situation itself mayaals
have direct influence. The reason is that actorg beaable to perceive their system and may be
able to reflect and adapt their behaviour. Thicg@gtion of the system then includes the micro-
level, say behaviour of selected other actorschutalso include emergent properties on the macro
level (e.g. coalitions, mass behaviour, environmaleimpacts, market shares, etc.). This perception
of the macro situation then may influence the @tactions. Gilbert (2002) has proposed an
extension of the Schelling model that incorpordtes effect. In extension to the basic model,
actors’ evaluation of a grid cell depends also e hiistory of this cell. A cell can be labelled as
being a good or bad place to live for someonesgexific group, which is in turn dependent on the
history of this grid cell. So the historical devehoents on the macro-level are decisive for
understanding actual micro-level processes. In way, through actors who perceive emergent
properties on the macro-level and adjust their telia correspondingly, the macro-level has a
direct feedback to the micro-level (this is sometincalled second-order emergence; Gilbert 2002;
Squazzoni 2008a). Broadly speaking, this can resuliself-reinforcing processes like the
bandwagon effect but can also stabilize certairtesys states, e.g. if shared norms restrict

individual behaviour (Squazzoni 2008a).

The micro-level

In cases which are more complex than Schelling’dehat is not easily definable what constitutes
an appropriate micro-level for explaining a machepomenon of interest. One benchmark is that
the level of individuals may be considered a loweund for regressions to lower levels being
meaningful for studying social phenomena. Beyorat, t@oleman (1990) pragmatically suggests
that an explanation is sufficiently fundamental whi¢ provides a basis for knowledgeable

intervention which can change system behaviouuggest phrasing that a bit more general: an
explanation should facilitate answering some "wh&atjuestion(s) of interest. This extends

Coleman's criterion to include also thought experita about changes which can not directly be
8



implemented as intervention (e.g. "what if enviremtal awareness increases”). Such thought
experiments can for example be of interest to agbesimpact of deep cultural trends on the future
development of a system of interest.

In any case, a regression to a lower level requiEning the black-box of the system whose
dynamics or properties are to be explained andesxribe it in terms of system elements and
interactions. Regarding the required analyticalcdpson of social systems, different schools in
the social sciences offer different approachesgingnfrom those stressing more the systemic
character (Luhmann 2008) to those focussing orviididial actors (Heath 2005). The view adopted
here is that of reciprocity of agency and struct(®ddens 1984; Little 1993; Mayntz 2002;
Hedstrém 2008). Actors’ activities are influencedotugh the (social) structure since the structure
(e.g. norms, network constellations) provides ajoincentives and constraints. Actors are
thereby seen as being influenced by the structutréhleir actions are not completely determined by
that structure, i.e. there is room for agency. $tnecture in turn is maintained through continuous
activities of actors.

The sociological literature referred to here, inoaé context Coleman presents his "Coleman boat",
mainly focuses on actors and institutions. Whemsferred to HTE- systems, the idea of
explanation through regression to a lower level lbarextended to encompass also other entities,
especially technological artefacts. The micro-letlals may comprise actors, institutions and
various types of other "elements" like technolobaréefacts and infrastructure. | will use the term
"entities” to refer to all those things on the mitevel (cf. Hedstrom 2008; Mayntz 2004, 2009).
HTE-systems feature according macro-structures im@ other entities besides actors and
institutions. Those are for example the routindisation of specific technological artefacts for
specific tasks, complementarities and other typesnterdependencies between technological
artefacts and infrastructure, co-evolution of tembgical performance and consumers’ respective
expectations, regulations and standards basedsbmpizetices, and cognitive routines of engineers
channelling technological development. As sociatmstructures may influence the micro-level,
this is also true for structures involving othetits. For example, when purchasing a new car, the
available infrastructure (fuel stations, repair$jowill influence consumers’ decisions among say
a petrol-car and a hydrogen-car.

It may sometimes be useful to develop some (preliny) explanation involving only structures to
decompose a macro-level phenomenon. As will beoetdbd in chapter 2.2, system innovations
are often described in terms of interacting matnoesures (regimes, niches). This may be a useful
step, but it does not provide an explanation ofesgsinnovations in the sense of providing a basis
for "knowledgeable intervention”, to use Colemagriterion, or to answer "what-if" questions. The
reason is that macro-dynamics and structures dodivettly act and interact but only via
influencing actors and their actions. Actors are thiving force in social systems, generating

dynamics and reproducing structures. An explanatieeds to comprehend how some change in
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the system alters actors’ activities. This requiremrporating some actor model explaining the
link between the change in the system and actdegtation of activities. In this thesis | therefore
understand an explanation of a macro-phenomenoooaglete if it incorporates actors and
explains the phenomenon as (emergent) outcome tofsa@ctions in the respective structural
context guiding and bounding their actions. Actoray thereby be individuals, but can also be
more aggregated actors like firms and organizatiwhese internal coherence allows ascribing
them intentional behaviour. This emphasis of actgrsnot meant to downplay the role of
institutions and other entities on the micro-levedee the adoption of a view of reciprocity of
agency and structure above — but to clarify my vimwwhat constitutes a complete explanation of

system innovations (see also chapter 2.3).

The micro-macro-link #

Using a "Coleman boat"- approach, the major chg#efor understanding observed macro-level
changes resides in understanding how micro-levagsses interact in producing observed macro-
level change as emergent outcome, the micro-maaoio (Coleman 1990; Hedstrém 2008).
Although the social sciences are far from havingettped a unified view on explaining actors
behaviour in specific circumstances (i.e. the mawicro and micro-micro links), at least quite a
range of explanatory approaches are available,tkegmodel of the rational actor, norm-driven
behaviour, routines, bounded rationality (e.g. @geer and Selten 2001), socio-psychological
models (e.g. Ajzen and Fishbein 1980), belief-adespportunity theory (Hedstrom 2008) etc. In
contrast to that, quite few is known on how speadifiicro-level constellations give rise to specific
macro-level properties and dynamics. The reasothds social systems are complex systems
involving non-linear interdependencies and dynamid@n-linear interdependencies do not allow
for simple aggregation of individual behaviour oroperties and consequently macro-level
properties can not easily be deduced from knowlexigthe properties of a system's parts. Instead,
macro-properties emerge from the interactions dities on the micro-level. Schellings’ model
clearly illustrates this. This emergence of madnesppmena constitutes a serious challenge for
research, since directly comprehending emergebmes in non-linear dynamic systems exceeds

the capacities of humans even in comparably sicgdes (Sterman 2000).

Computer simulation models as tools to investigate the micro-macro link

Computer simulation models have proven to be udefubnalysing complex systems. They are
able to infer emergent behaviour of some modelesysstructure and as such they can be

considered useful tools to analyse the micro-ménkg-i.e. the generation of emergent properties

“* Here and in the following | use micro-madiok to denote the emergence of macro-phenomena frem th
micro-level (i.e. one direction in the Coleman-Hpathile micro-macranteractionsis used to refer to the

overall concept (i.e. the whole Coleman boat).
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and dynamics through processes on the micro-lélieé above introduced example of the
Schelling model illustrates the challenge of thecrodmacro-link and also illustrates that
simulations are in principle useful for its anasyshpplying computer simulation models for the
analysis of social systems (and social systemsledup technological and environmental systems)
is a rather young approach. In the last two degatles advent of agent-based models has
stimulated a still increasing interest in usingrsowdels for the analysis of social systémgent-
based modelling is introduced in the next chaptan® papers 1 ("challenges and opportunities")
and 2 ("current state") elaborate more specifically the application of computer simulation
models in the field of transition research whiclaldevith long-term fundamental change in HTE-
systems. The potential benefits and opportunitfeatiizing computer models are outlined, but
also the challenges and limitations involved aseussed. Before going into that discussion, the
following first introduces the main assumptions a&oedhe basic concepts of the field of transition

research which has influenced this thesis to aiderable degree.

2.2 Transition research

The acknowledgement that sustainability of indafiéd societies cannot be achieved without
fundamental changes in different areas such aslityobhhd power production has stimulated
research aiming at understanding the analyticahar@iems behind change in such systems, as well
as of management and policy making issues. Apann freceiving increasing attention in
disciplinary fields, research on "transitions" -eqesses of system innovation — has grown into an
own field. Transition research has investigatediverde set of processes, like for instance the
transition from sailing ship to steam ship (Ged92), a transition towards a sustainable energy
system (Rotmans, Kemp et al. 2001a), a transitioDutch water management (Van der Brugge,
Rotmans et al. 2005), the transformation of utikgctors (Konrad, Truffer et al. 2008), the
transition in Swiss food production from indust@ad agriculture to sustainable agriculture (Belz
2004), the transition from coal to gas as majorgneource in the Netherlands (Correljé and
Verbong 2004) and the breakthrough of rock’'n r@eéls 2007). What those processes have in
common, and what is thus the unifying perspectif/evarious transition studies, is that those
processes can be perceived as coherent long-teaangelprocess arising from a complex interplay
of processes on multiple levels and in various dom&economic, technological, institutional,
socio-cultural) with control over the process beitigtributed among a diverse set of actors.
Proponents of this study area highlight that systemovations have to be studied from a truly
interdisciplinary perspective. The innovative cdnition of these types of studies is incorporating

approaches from different fields like complexitgdiny, innovation studies, governance studies and

®> Agent-based modelling is not the only possibleiahdcf. e.g. Yiicel and Chiong Meza 2008; Weisbuch,
Buskens et al. 2008).
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evolutionary economics. Transition researchers mawstly presented qualitative studies utilizing
high-level frameworks to structure narrative desans (e.g. Elzen, Geels et al. 2004; Geels

2005a; van der Brugge, Rotmans et al. 2005).

The multi-level perspective

It is useful for further discussions in subsequeh@pters to briefly introduce some basic concepts
of transition research. Most prominent is the melel perspective (MLP), a framework
nowadays widely used to describe transitions (Rogn&emp et al. 2001a; Geels 2005a, 2005b;
Genus and Coles 2008). In this framework, threfewint levels are identified (see figure 3): the
landscape, the regime and nich@he regime denotes those structures whose funtdahmehange

or replacement is to be analysed in the respedtivdy. No dominant definition of "regime"
currently exists. Paper 3 ("specifying regime")ide$ a regime as follows (p. 629):

A regime comprises a coherent configuration of technoloigastitutional, economic, social,
cognitive and physical elements and actors withividdal goals, values and beliefs. A regime
relates to one or several particular societal fuoos bearing on basic human needs. The
expression, shaping and meeting of needs is angemifeature of the interaction of many actors
in the regime. The specific form of the regimeyisashically stable and not prescribed by external
constraints but mainly shaped and maintained thiotlge mutual adaptation and co-evolution of
its actors and elements.

In the most prominent empirical example descrilvethé literature, the transition from sailing ship
to steam ship (Geels 2002), the sailing ship reginoend 1780 comprised sailing ships with large
cargo-holding capacities whose design was encodrégeguaranteed prices and government
regulations, two types of ship-owners, namely @rad companies and captain ship owners, a
dependency on wind and currents, mail as cruciansiéor communication and so on.

"Niches" constitute alternatives to the regime. éxding to Geels and Schot (2007), niches and
regimes are similar kinds of structures but differ size and stability. In niches, actor groups
involved are smaller and less stable and also dharkes coordinating actions have not yet
stabilized but are "in the making". Hence, nicheave more room for agency while regimes
feature a comparably stronger role of structurehB often emerge around radical technological

innovations in some application domain which they are not exposed to "normal" marketés.

® Some authors (e.g. Rothmans, Kemp et al. 200Tam€rmans, de Haan et al. 2008) use the distinction
into micro, meso and macro level instead of nickgime and landscape. However, both sets of coseept
not precisely defined and the difference in terrdgg indicate only minor substantial differencelsg(iny)
what leads to a certain exchangeability. To avoidfesion with the micro-macro-level concept introdd in
chapter 2.1 | will use niche-regime-landscape ovttgn referring to the MLP of transition research.

" Some authors (e.g. Hoogma et al. 2002 as citebldrkard and Truffer 2008) refer to "niche" as an

application domainn which some technology is applied amdwhich actors' activities deviate from usual
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Two types of application domains providing spacerfiches can be distinguished (Markard and
Truffer 2008): 1) market "anomalities”, i.e. paui@r application contexts or consumer preferences
deviating significantly from average and 2) spadetberately created by some actors, e.g. in order
to assess the potential of an innovation. In thergte of the transition from sailing ship to steam
ship, niches were the first uses of steam shippéssenger transport on inland waterways and
usage of steam ships for mail transport, which stisulated through mail subsidies.

The "landscape" level represents the encompassiaters(s) guiding and bounding regime
development. It is a different kind of structurartregimes and niches (Geels and Schot 2007). It
comprises static or slow changing factors such eep ctultural trends, climate or the material,
technical and physical backdrop that sustains go¢eg. long-living infrastructure). It further
incorporates dynamic aspects of the regime enviesirohanging on a faster time-scale, like oil-
price changes, a financial crisis or disastersthim shipping example, the landscape refers to
changing context conditions like emigration wavesl @hanging regulations regarding colonial
trade. The integration of both, slow and fast dyiearin the landscape can best be understood from
the application of the MLP: the landscape level poses those dynamics influencing lower levels
which are in turn on short and medium time-scahelependent from what is going on at lower
levels. Figure 3 shows the MLP. It extends thesitas "vertical” view of niche-regime-landscape
by adding some "horizontal" embedding of regimeadoount for the fact that regimes are not only
influenced by a landscape and through niche dewstops, but are also linked to other regimes
(Konrad, Truffer et al. 2008; Geels 2007).

The MLP is a heuristic device that can be appleddses on different empirical levels. Smith,
Sterling et al. (2005) give the example of energgt power generation to illustrate how the term
regime may be used as a short-hand for a seriemmplex, nested real-world phenomena. A
global energy regime can be seen as being orgapisetrily around the extraction, trade and
combustion of fossil fuels. Within this energy megi, the electricity generation regimes of
industrialized countries are embedded. Those amirdded by rules and practices related to
centralized, large-scale (usually thermal) poweregation technology. Within such an electricity
regime, e.g. a nuclear, a coal-based and a regiasedbon renewable energies might be
distinguished. Even within the renewable regimé&gedént regimes may be distinguished around
e.g. wind-energy, solar-cells and biomass. GealsSaot (2007) agree that the MLP may be used
on different empirical levels and clarify the rédat between empirical and analytical levels stating
that "(t)he analyst should first demarcate the empirit@lel of the object of analysis, and then
operationalize the MLP'(p. 402). Still, despite of the flexibility of thkILP, not every change

process should be studied as system innovatioa. l8&er bound for such phenomena Geels and

habits. Hence this usage of the notion equals &fietith the application domain. | will use "nichif' the
sense of Geels and Schot (2007) in which regimésnéches are similar kinds of structures comprising

technologies, institutions etc.
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Figure 3: An extended multi-level perspective: thdandscape guides and bounds regime development.
Niches develop against the backdrop of the incumbémegime and at some point may challenge this
regime. Regimes are linked to other regimes througfunctional relations (e.g. input-output relations,
competition for markets or resources) or through stuctural coupling (joint actors and elements,

represented as small arrows in the overlap of regigs).

Schot (2007) contrast system innovations to teawuichl discontinuities arguing that system
innovations do not only affect one population (isily) but are more encompassing, affecting also
user practices, policies, cultural meaning etc. e\ev, according to Markard and Truffer (2008)
many empirical applications of the regime conceptehnot dealt very carefully with the regime
concept in empirical terms and there is no unanthiguegime definition, i.e. the concept can be
applied flexibly on different levels and from difémt perspectives based on the respective research

question. Consequently, generalizations from MLBliagtions need to be derived carefully.

Transition dynamics

The dynamic pattern of a transition is usually degal as S-formed (see figure 4), associated with
four phases (Rotmans, Kemp et al. 2001b): a preldpment phase in which the status quo does
not visibly change but things are going on "undber gurface”, a take-off phase were the process of

change gets under way, an acceleration phase wsig@levchanges take place through an
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accumulation and mutual reinforcement of processeaultiple domains and finally a stabilization
phase in which the speed of change decreases aed alynamic equilibrium is reached. The
"classical" pattern of multi-level interactions téby is as follows: the process starts with a
relatively stable regime and alternatives forminghas. Problems within the dominant regime
itself or pressure from the landscape level operth@opportunity for niches to challenge the
dominant regime. The regime loosens and after agopbaseveral connected, mutually influencing
changes, a new regime emerges, forming a new,estistem. However, it must be noted that
other patterns of multi-level interactions haverbekentified. Two of the most prominent concepts,
which will also be referred to in later chaptere briefly presented here. Geels and Schot (2007)
identify a typology of four "transition pathways'high are differentiated according to the timing
and nature of the interaction between the landsa@ggme and niches. According to Geels and
Schot transition pathways will differ dependingtbe state of niche-development when the regime
comes under pressure from landscape developmeh&th@r the niche is fully developed or niche
innovations are still in an embryonic state) argbdhe relation between the niche and the regime
(competitive or symbiotic) is argued to make a atiihce. Another typology of transitions is
proposed by Smith, Stirling et al. (2005). Theytiduish four "transition contexts" spanned by
two axes, namely the location of resources necgdearespond to selection pressures (inside or

outside the regime) and the level of coordinatigthivw the regime.

system indicator

time

Figure 4: The metaphor of an S-form of system innaations emphasizes the non-linear nature of these

processes: slow pre-development, acceleration afteke-off and finally saturation.
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2.3 The relation between the "Coleman boat" and the multi-

level perspective

The previous sub-chapters have introduced tworeiffieconcepts which involve two respectively
three levels, namely the "Coleman boat" descrilomgro-macro interactions (chapter 2.1) and the
multi-level perspective of landscape-regime-nichiissed in transition research (chapter 2.2). This
sub-chapter briefly clarifies the relation betweabese concepts. The micro-macro interactions
conceptualized in the Coleman boat refer to thetimdl between individual entities, most notably
actors (micro) and structures arising from entitig&rdependencies (macro). The Coleman boat is
a stylized illustration how macro structures argl ¢bnstituting micro-level entities are entwined.
The multi-level perspective (MLP) describes thesiattions between three different levels of
(macro) structures which differ in size and sta&ilit does hence not explicitly incorporate micro-
level entities. The macro-level structures (priyaitie regime and niches) are of interest because
they stabilize entities’ activities and interdepencies and channel developments on the micro-
level into specific directions. Still, those struiets are constituted through interacting entitied a
an explanation of change in those structures asratabd in this thesis (see chapter 2.1) hence
requires consideration of the underlying micro-leamities.

A full explanation of a system innovation using t@eleman boat approach and following the
structure provided by the MLP would thus compriée ffollowing: a starting point is an
explanation of the regime and of niches as emergfemttures based on micro-level entities and of
their coordination of entities’ dynamics. Then é@eds to be explained how developments on the
three MLP levels and associated changes of theec@sp structures - e.g. the regime gets under
"pressure”, niches "challenge" the regime, themmegi'declines", a niche "increases" and its
structure "stabilizes" and it eventually becomesnbw regime — emerge from and are constituted
through (ongoing) changes of micro-level entitiggeractions. When explicating and explaining
micro-level processes, it needs to be consideratlttie respective entities and interactions are

influenced in turn through the (changing) macrcelestructures.
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Chapter 3: Methodology

3.1 Literature review

In order to assess the potential of using compeiteulation models to study system innovations,
one main methodology applied in this thesis has bigerature review. This comprised studying
the discussion on the role of theory and genettiias in the social sciences (Little 1993; Mayntz
2000, 2002, 2004, 2009; Flyvbjerg 2001; Hedstror@80The position taken in this thesis has
been outlined above in chapter 2.1.

Further, transition literature has been studiedyed an in-depth understanding of the kind of
processes to be investigated through model devenp(e.g. Rotmans, Kemp, et al. 2001a; Elzen,
Geels et al. 2004; Geels 2005a, 2005b; Smith,irgfidt al. 2005; Olsthoorn and Wieczorek 2006;
Geels and Schot 2007; Markard and Truffer 2008; rikdn Truffer et al. 2008). Transition
literature itself integrates several strands ddréitures, e.g. science and technology studies or
sociology of technology. An extensive review isegivby Geels (2005a). Timmermans, de Haan et
al. (2008) provide an overview on how structurahmle in social systems has been studied from
various disciplinary perspectives and Squazzord8) illustrates how sociologists have theorized
on societal transitions. Timmermans, de Haan et(2008) conclude that computational and
mathematical approaches have been almost absestuftying structural change in social systems.
The empirical and conceptual work of transitionesgshers neither provides formalized concepts
directly transferable into computer simulation migdeith the exception of a small set of computer
simulation models labelled as "transition modeldiicln have been published during the time in
which this thesis has been accomplished. Those Is@ite reviewed and discussed in paper 2
("current state"). The review reveals a diversityapproaches in terms of conceptual background
and methodology applied as well as diverse andypawhtradictory results obtained (see paper 2).
The authors are very modest regarding claims athm#e models' contribution to understanding
system innovations. Hence those model exercisesotiprovide clear answers to the research
questions posed in this thesis. Still, the revieawvjgled insights regarding possibilities to model
system innovations and regarding the challengesivied in doing so.

Given the limited amount of formalized approachdgdrassing system innovations in their totality,
formalized approaches to problem areas which dewvamt for system innovations have been
studied. The literature on complex (adaptive) systée.g. Bak and Chen 1991; Kauffman 1993;
Holland 1996; Sterman 2000) provides an understandf the limitations complex systems pose
for understanding them and for analysing and ptedjctheir behaviour. More specifically, the

literature on ecosystem dynamics (e.g. Pahl-W@8b1 Gunderson and Holling 2002) conveys an
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understanding of how systems switch between maltgguilibria as a result of interactions of
external stimuli and internal processes. The natiomultiple equilibria is central to understanding
change in complex systems. The discussion in ecasoam a "lock-in" to inferior technologies
due to increasing returns to adoption (e.g. Artt@®4) as well as formalized sociological models
of mass behaviour (Granovetter 1978) provide somscbinsights on mechanisms generating
multiple equilibria in social systems. Holling, Gierson et al. (2002) point out that equilibria need
not to be static but the attractor landscape dajimiquilibria is itself changing as systems evolve.
When making this point, they primarily refer to sgstems and evolutionary time-scales. However
due to the high adaptability of humans, in systéme®rporating human actors, changes in the
attractor landscape happen on time-scales reldwarslystem innovations (Westley, Carpenter et
al. 2002). Sources of change in the attractor leaqols of HTE-systems are technological
developments, especially radical innovations, atiteroforms of innovations. For example, an
arising environmental awareness attaches additimeaning to usage of technological artefacts
(besides e.g. performance and price) and innovatistitutions like a C@trading scheme or a
CO,tax attach costs to GOemissions. The insight that equilibria co-evolvéthwongoing
processes turns attention towards the generatidrspread of innovations. The literature on the
diffusion of innovations (e.g. Nakicenovic and Geib1991; Rogers 1995) and models thereof
(Bass 1969; Valente 1995; Sarkar 1998) inform aveds and barriers of processes of change that
may occur when some innovation enters a systemotd#npal adopters. In those models, the
direction of change is fixed; what is of interesthe speed and extent of change. Such models thus
do not incorporate the idea of multiple equiliboiat are interesting regarding the formalization of
self-reinforcing change processes and regarding itheghts on effects of system properties like
actors’ heterogeneity and network structure. Samamds of economics provide formalized models
to study the process of innovation developmentamtesponding economic change and industrial
dynamics (e.g. Nelson and Winter 1977; Dosi, Freemtaal. 1988; Freeman 1994; Faber and
Frenken 2009). The developed models highlight tie of variation, selection and retention in
generating technological innovations and in prodg@ggregated changes in an economy. In these
models change emerges from the interaction of iatiorr generation and selection of successful
firms. These models usually focus on the producsectors and do not cover a similar scope as
empirical transition studies including also theruside and governance issues (but see Windrum,
Ciarli et al. 2009 for an example explicitly target the role of consumers; not considering
however co-evolution of production and consumption)

The finding of this literature review concerningethase for models of system innovations can be
summarized as follows: the strand of literaturgéting system innovations directly is comparably
young, uses almost exclusively qualitative concepid still struggles to precisely define its
conceptual basis. It builds on a rich but divensé mostly unconnected set of literatures, largely

from the social sciences. Formal models are aJaildbr some aspects related to system
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innovations, especially models for the economidseand some models for collective behaviour
but are absent for others. Formal models fromidgld bf complexity science which could provide
an overarching model paradigm are very abstract aften built with a natural science
understanding of complex systems, which is notctlyetransferable to study social macro-
phenomena. Consequently, the adoption of such mddelstudying system innovations must be
done carefully. Open issues identified for deveigpmodels of system innovations hence are:
operationalization of concepts of transition reskaintegration of (some of) the existing formal
models addressing certain aspects of relevancejajsg formal representations for those aspects
for which no models exist and making abstract modedm the complexity sciences fertile for

studying system innovations.

3.2 Model development

As John Holland pointed outModel building is the art of selecting those aspafta process that
are relevant to the question being askegeiolland 1996, p. 146). This characterisatiomuddel
building as a kind of art refers to the fact thatfixed rules exist for model building but abstrant
from reality is (inter alia) guided by intuition dpersonal taste. The metaphor can be extended to
the intertwinement of various aspects that demamsideration. In order to develop an appealing
song, harmony, melody, rhythm, dynamics and thdcehof instruments must be matched and
"fine-tuned". Correspondingly, specification of nebadbjectives, definition of a conceptual model,
implementation and validation can not be seen@ated model development steps but decisions
made in one step influence other steps as well dewetlopment of a useful model requires
matching of the different model steps. Model depsient requires some sort of tacit knowledge.
The other methodology applied in this thesis wasefore hands-on model development. Model
development complemented literature researcholtiged valuable insights in the challenges that
arise when actually developing a model in the ream system innovations and made

methodological and theoretical deliberations talegib

Agent-based modelling

Paper 4 ("Guadiana model") presents an agent-bameie| of the transition from rainfed to
irrigated agriculture in the Upper Guadiana, Spéigent-based models comprise self-contained
software parts (the "agents") which interact wisttte other and their (in silicio) environment (see
Weiss 1999 and Ferber 1999 for introductions tonegased modelling and Gilbert and Troitzsch
1999 for an introduction to simulation in the sbseiences). Agent-based modelling is especially
suitable to represent social systems since the s&sicture of such models — consisting of agents
and interactions — mirrors the structure of theadosorld if described in terms of actors and their
interactions. Agent-based modelling allows using thll potential of a computer language to

describe agents’ characteristics, their perceptibtheir environment, cognitive processes and
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agents’ interactions. It is thus a very flexiblethwal and offers a versatile approach to represent i
computer simulations the richness of human behavibis thereby not limited to represent human
actors, but other entities like technological até$ or (parts of) the environment can easily be
implemented as (probably passive) agents with wlagknts representing human actors can
interact (e.g. use a technological artefact). Tleisibility of the method entails that for desiggin
and implementing an agent-based model many desisiave to be taken; such as specifying how
many and which types of agents should be incorpdrathoosing one or several models of agent
behaviour, defining heterogeneity in attributes dahaviour of agents of the same type and
specifying the kind(s) of agent interactions. Due its flexibility agent-based modelling is
applicable to incorporate all kinds of theoriesnfirthe social sciences. This is an advantage of the
method but at the same time burdens the model @ewelvith many often non-trivial decisions.
Given its flexibility it is not surprising that agebased models show a remarkable bandwidth
regarding scales (number of actors representediakp@mporal), levels of abstraction chosen,
field of application, and complexity of represertat Paper 4 ("Guadiana model") elaborates
somewhat more on agent-based modelling, espedallggent-based models of land-use change,

the strand of agent-based modelling being closetstet model developed in this thesis.

3.3 Consideration of empirical evidence in models

Chapter 2 has elaborated that simulation modelgpoavide an explanation through identifying a
mechanism generating a phenomenon of interestadtriot yet been elaborated in which sense
some model output resembles empirical observatidriaterest, i.e. how model output and the

(empirical) phenomenon of interest can be related.

Simulation as a "third way" of doing science

First it should be noted that a model is alwaysabstraction from reality, ideally capturing the
essentials while not including marginal influencearther, real systems are always open systems
prone to many influences which can and should reotcaptured in every detail in a model.
Consequently, a model will not reproduce empirigbservations exactly since it (by purpose)
neglects certain detail of the real entities armtesses in the system and of the context in which
the system develops; but a model will (re)produsg/bized version of the phenomenon of interest.
Hence, in modelling exercises both, the model'scatre and the model output do not exactly
represent reality in all its detail. The purposenstead to identify a somewhat abstracted model
structure which is able to explain a certain alo$&G "pattern” of interest in empirical
observations. This way of doing science (sometin@led "abduction”) is neither inductive nor
deductive. Axelrod notes thgfs)imulation is a third way of doing science. é.iteduction, it starts
with a set of explicit assumptions. But unlike ddid, it does not prove theorems. Instead, a

simulation generates data that can be analyzeddtigely. Unlike typical induction, however, the
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simulated data comes from a rigorously specifigdbfeules rather than direct measurement of the
real world. While induction can be used to findtpats in data, and deduction can be used to find
consequences of assumptions, simulation modelingbeaused as an aid intuition(Axelrod
2003, p. 5).

Empirical observations of interest

The empirical observation to be explained by a rhaleften a "stylized fact". A stylized fact is
some perceived generality in empirical observatioswson 1989). With respect to system
innovations such a stylized fact may be that aesysinnovation happens if a niche is mature
enough to challenge the regime and if the landspap® pressure on the regime in a way that is
helpful for the niche to "take over". This exampleows that stylized facts are generalizations but
do not need to hold in every single account (egel&and Schot 2007 identify other transition
pathways besides the one mentioned).

Other observations to be explained may be drawm fome case only. For example, the model
presented in paper 4 is concerned with explaifiegtansition from rainfed to irrigated agriculture
in the Upper Guadiana, Spain in the time perioanfrt60 to 2005. In such a case some other
criterion than an observed regularity across cdséises the empirical phenomenon of interest. In
the Guadiana example this is the sequence of lagd-(and entailed irrigation); the reasoning
being that explaining the sequence of land-usesvalnswering "what-if* questions of relevance

(see chapter 4).

Concept specification and operationalization

The examples illustrate that some observation texpained may initially not be precise in the
sense of referring to measurable empirical entitGEmsequently, in order to make model outcome
and empirical information comparable, further sfieation may be required. Schnell, Hill et al.
(1999) distinguish two steps. The first step iscamt specification: to define the dimensions of a
concept. For example “irrigation" in the Guadianadel exercise is specified by the two
dimensions ‘"irrigated area" and "amount of watertraeted". The second step then is
operationalization: defining measurable aspectthefphenomenon of interest - indicators - for
each dimension. "Irrigated area" can be measurdteeimres while "amount of water extracted"
can be measured as/year.

The need for specification and operationalizatibnamcepts raises certain problems for modelling
system innovations since for many highly abstragt éoncepts - most notably "system innovation”
itself as well as "regime" and "niche" - no shamefinitions exist and (widely accepted)
operationalizations are absent. Differences in tbleosen concept specification (and
operationalization) used in model exercises mag teamodel structures which are quite distinct,
what raises the problem that conclusions derivechfsuch distinct model structures are hardly

comparable. | will briefly illustrate differences iconcept specification using the example of
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"system innovation": sometimes system innovatiamsspecified as "regime change" (e.g. Geels
and Schot 2007 and Bergman et al. 2008) what ghetgroblem to operationalizing "regime" and

to defining when a regime change has happened viitthithermore significantly strong enough

to qualify as system innovation and not (only) msrémental change. In other cases single
indicators, most often market shares of certaihrielogies are used to indicate transitions (e.g.
Yucel and Chiong Meza 2008). A transition is obsedruf a certain technology rises from a

marginal share to being dominant. A problem with lgitter approach is that it is not appropriately
capturing the multi-dimensional nature of systenmoiwations expressed in the distinction of system
innovations from technological discontinuities mdjeGeels and Schot (2007) (see chapter 2.2).
The absence of (widely accepted) precise defirstiand operationalizations of key concepts of
transition research leads to a weak knowledge basehich models of system innovations can be

based on (see paper 1 "challenges and opporturatielspaper 2 "current state").

Consideration of empirical information in the Guadi ana model

In the Guadiana model presented in paper 4, theeprof a "system innovation" is not explicitly

used but implicitly specified as land-use changerévispecific concepts and operationalizations
are then defined with respect to land-use chande. @&xample of irrigation has been outlined
above. To give some more examples, the conceptaofl-use" has been specified as area (in
hectares) of crop-technology combinations. Thishinggeem rather straightforward but it should be
noted that this concept specification does for gdameglect irrigation schemes (how often and at
which hour of the day etc. a farmer irrigates). Tdiemension crop has been specified and
operationalized through the indicators price (€K)Q yield (100kg/halyear), costs (€/halyear),
water use (rtha/year) and labour required (AWU/halyear). Thigs®l other) indicators facilitate

comparison of model results to empirical data whishavailable using the same units. The
empirical data was taken from various sources sisctine scientific literature, statistical databases
(most notably the Eurostat database) and policyspi@ee paper 4 "Guadiana model" in the

appendix for details of data sources).
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Chapter 4: Research articles

The main work of this thesis has been documentéolinresearch articles (see table 1) on which is
drawn to answer the research questions posedsithtasis. Paper 3 is published as specified below
and the other articles are appended to this main Tdis chapter gives an overview of the four

articles before the next chapter synthesises thdtseobtained.

Table 1: Overview of research articles

Paper 1: challenges and opportunities Holtz, Gedlgpst Vervoort, Emile Chappin and
Sharad Karmacharya, "Challenges and Opportunities i
Transition Modelling”, submitted to thternational
Journal of Innovation and Sustainahle
Development (1JISD) (submission date: October™,5
2009)

Paper 2: current state Holtz, Georg, "Transitiordetiing — current state and
future routes", revised version of an article subedito
Computational and Mathematical Organization Thepry
(date of submission: April, $02009)

Paper 3: specifying regime Holtz, Georg, Marcelaugdiach and Claudia Pahl-
Wostl, "Specifying ‘Regime’ - A Framework fqr
Defining and Describing Regimes in Transitipn
Research", Technological Forecasting & Social
Change 75 (2008) 623—-643.

DOI:10.1016/j.techfore.2007.02.010

Paper 4: Guadiana model Holtz, Georg and Claudi-\WRastl, "Using an agent-
based model to analyse the role of farmers’
characteristics for land-use change in an agrialliu

system and for related groundwater over-exploitéfi

(=}

resubmitted taEnvironmental Modelling and Software
(date of resubmission of revised version: Octot@¥t 1
2009)
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4.1 Paper 1: Challenges and opportunities

Paper 1 presents an appraisal of conceptual arttbd@ogical issues of studying transitions using

computer simulation models. It relates the currsiate of empirical and conceptual work on

transitions to insights from modelling of complesstems. For this, it explicates challenges arising

from the intrinsic characteristics of transitiomsldahe knowledge base available to study them:

An interdisciplinary view comprising institutionatechnical, economic, cognitive and
social elements is required and a wide range afrecind factors as well as multiple
connected levels are involved. These aspects d@reémeoeality, truly separable when it
comes to broad changes. However, the science #matstudied them is traditionally
divided across disciplines all maintaining differamoridviews and basic presumptions.
Transitions are processes of change in complexesgst Complex systems exhibit
surprising and unexpected patterns in their dynsraid their structure which can not be
explained from the properties of single system eleisi nor by a mere aggregation of
properties of system's parts. They are irredudibkngle elements or their properties.
Uncertainty is pervasive in transition modellingndvations, influences from the system
environment and branching points rooted in interdghamics (e.g. a bandwagon is
interrupted or not) induce variability uncertainfgoncrete manifestations are naturally
unpredictable ex-ante.

Different author use slightly varying terminologpdapropose varying lists of factors or
domains incorporated (technology, economics, cedturoutines, infrastructure, rules,
institutions, actor groups, networks, environmeydaradigm, etc.). The concepts agreed
upon up to now by transition researchers (S-Foraitiskevel, many actors and factors) are
very general and provide little guidance for theleation of models. Specification and
operationalization of concepts are needed to rédatesition models to empirical work and
theory.

Transitions differ from fields in which models pex to be useful tools to enhance
understanding and management of complex systemqspleysics, weather forecast) in the
sense that change in socio-technical systemstiedteart of a transition. When modelling
social and socio-technical systems, the fundamentrlying laws are not known (if such
laws exist at all in the social sphere). Furthethwhe exception of economics, existing

concepts are rarely elaborated in a formal wayyetansferable into a model.

Given the vast scope of transitions, models aregestgd as means of communication and

collaboration to bridge the conceptual divide be&mwelisciplines. Further models have been

identified as tools to explore the space of systejectories created by variability uncertainty.

However, the space of simulation results that camxiplored in such an exercise is rooted in the

structure of the model. A high level of confidericanodel structure would be a prerequisite. Due
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to complexity and epistemic uncertainty the autldorsiot have such a high level of confidence in
the structure of transition models. Addressing leimgles arising from complexity and epistemic
uncertainty are proposed to be most urgent forsitian research and to provide most promising
routes for transition modelling.

Still, the vast scope of the topic in combinatioithwits intrinsic complexity and the uncertainty
involved constitute severe challenges to modedingl Multiple model structures can be argued to
be reasonable and a lack of precision of concaptsoé empirical work hinders corroboration of
the superiority of a specific model structure. Givhis, transparency of a model — the ability to
comprehend how model outcome and assumptions nradaked - is seen as prerequisite that a
modelling exercise may contribute to the knowleldgse of the modelled system. It is then argued
that the objectives of a model exercise play a kele in achieving a transparent and
methodologically manageable model and it is coreduthat parsimonious models tailored to

answer specific questions are the most promisindeftiog approach.

4.2 Paper 2: Current state

Although modelling system innovations is still its iinfancy, some first steps have been made
while this thesis was developed. Paper 2 ("curstatke") reviews the developments of the last few
years. Referring to Squazzoni (2008b) it definesraasition model as explaining long-term
fundamental change in a societal subsy$tamemergent outcome of an underlying generative
mechanism. It discusses to which extent and in lwhiay such a generative mechanism can
simplify the real process.

In a first step, a brief review of recent transitimodels reveals substantial differences regarding
assumed essential entities and interactions. Mhjfarences relate to what is an appropriate level
to define model parts: the entity-level of actaeshnologies, institutions, market mechanisms etc.
or the more aggregated level of niches and regiessubsequent conceptual discussion it is then
argued that the interaction of regime/niche-levea¢ro) and the entity level (micro) is central to
understanding transitions. Transitions are regilmenges and this comprises disintegration of an
old regime and creation of a new one — they areqases of decay and (re-)creation of structures.
Since hitherto models focus either on regimes doldess or on entities they do not address how
mutual adaptation of entities leads to integratashfigurations that work" (i.e. niches, regimes)
which then eventually compete on a higher level iafidence the entities in a way that sustains
their existence. Therefore, the reviewed modellsstabrt in capturing arguably essential micro-
macro interactions. They further seem strongly §ifired in light of the richness of entities and

interaction patterns considered in conceptual amgirical work.

8 In the articles on which this thesis is basedd tie notion of a "societal subsystem" which isehjdused

in transition literature instead of "HTE-system".
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It is then argued that increasing the complexitymafdels is nevertheless not a reasonable way
ahead. Building extended, broader models is notsatlle given the limited knowledge on the
micro-foundation of models and the limited meansviidation. This leads to the conclusion that
building a transitions model that aims to provideoanplete generative mechanism explaining this
transition is over-ambitious. Instead, it is recoemuled to more deliberately making use of
building blocks of an intermediate level of complgx— e.g. timing and kind of multi-level
interactions — to advance our understanding ofsiti@ans. Building blocks constitute a middle
ground between the micro-level and overall systenovation dynamics and can help to connect
those other levels. Two specific suggestions fodetlong exercises are made: 1) Replicating (parts
of) empirically analysed historical transitions. i§hcan ultimately lead to improvement of
frameworks used for the empirical work. 2) Modadliof general (partial) mechanisms for testing
and refining links between some entity consteltadiand emergent macro-level phenomena. This
can help to assess suitability of proposed mechmnias (partial) explanations of transition

dynamics.

4.3 Paper 3: Specifying regime

The absence of shared definitions, concept spatiifits and operationalizations of key concepts
of transition research is a major obstacle forrdefj (and especially for comparing) transition
models. Paper 3 focuses on the concept of "regimméch is at the heart of most empirical studies
on system innovations but is yet loosely definedy.oifhe concept "regime" is of central
importance for transition research, since it defittee level of societal systems on which system
innovations are mainly analyzed. What actually tise"regime" to be researched and possibly
managed is however usually not given through cdgatem boundaries but is a matter of framing
and deliberation. In order to guide processes gime identification, the paper develops five
defining characteristics of regimes. They can barsarized as: 1) purpose: regimes relate to a
societal function; 2) coherence: regime elemengsctosely interrelated 3) stability: regimes are
dynamically stable 4) non-guidance: they show eemrdpehaviour and 5) autonomy: they are
autonomous in the sense that system developmenossly driven by internal processes. These
characteristics are considered to be a minimahbtihecessarily exhaustive set of criteria to adefin
regime boundaries. Any system labelled "regime"uhanatch, at least to a certain degree, all
these characteristics. However, the actual degreehich the characteristics are exhibited by
different regimes will vary. To which degree a ragi exhibits the characteristics can partly be
influenced while framing the regime; by widening warrowing the scope of analysis. The
characteristics hence facilitate a discussion atvaits of various regime framings.

Further a method useful to structure and graplyicedbresent knowledge about a regime is
introduced. A regime comprises various actors, igagoals, values and beliefs; diverse structural

elements like cultural norms, institutions, teclogdés, infrastructure or ecosystems; and actions
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executed by the actors influenced by the struceleahents and structural elements reproduced and
changed by the actions of actors. To structurektizevledge about a regime, actors, elements and
actions are grouped in interrelated subsystems.s&hsubsystems are defined according to
"functions” related to the overarching societal diion of the regime. E.g. regarding a water-
management regime, subsystems could be relatedgto'movide water”, "use water", “clean
waste-water" etc. For identifying subsystems ifiist proposed to distinguish between social
subsystems and natural subsystems of regimes. yirfamics in social subsystems are shaped by
human actors, whereas the endogenous dynamicdurahaystems are not. This is an important
difference as the mechanisms bringing about chatige, response to interactions between
subsystems and the important variables are fundathedifferent. Natural subsystems are viewed
as mostly passive resources or sinks. It is funineposed to distinguish "action subsystems" from
"intervention subsystems". Action subsystems rééemany similar actors producing products,
providing services or using/consuming products.atition subsystems processes of collective
behaviour (diffusion of innovations, emergence ofms) are of major interest. Intervention
subsystems operate at another level influencingéwork of action subsystems. They constitute a
regulation level, shaping the institutional and sbgl context of actors in action subsystems.
Power issues and negotiations between actors havamdy contrary interest are of major
relevance.

Subsystems comprise one or several (types of) sct@rcontext influencing these actors
(institutions, infrastructure etc.) and also acti@me considered. Subsystems are linked on the one
hand functionally through actions executed in adesgstem influencing another subsystem and on
the other hand structurally, through actors or exinelements shared between subsystems. This
analytical perspective is considered to provideasehto analyse the basic structure and processes
characterizing a regime. It is suggested thatlfgh® understand how a regime "works", to explain
emergent properties, to assess future developntentientify drivers or barriers for change, and to

find points for interventions.
4.4 Paper 4: Guadiana model

The context

Paper 4 (Guadiana model) reports on the hands-ateliimgy exercise that has been conducted
during the accomplishment of this thesis and witiak complemented conceptual and theoretical
work. The model developed addresses the trandgitmn rainfed to irrigated agriculture in the
Upper Guadiana, Spain. This model is presenteéragth in paper 4 which is oriented towards
presenting the model and the simulation resultg filowing complements this through giving
more information about the context of the modelliexgercise. It provides a somewhat more
detailed introduction to the case and briefly désas why this case is considered interesting from a

system innovations point of view.
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The Upper Guadiana Basin (UGB) is a rural areatémt#n the Autonomous Region Castilla La
Mancha in central Spain (see figure 5). Irrigatasrfarm land accounts for approximately 90% of
total groundwater use. During the last decadesartieunt of irrigated farming has increased in the
Mancha Occidental aquifer (MOA), the areas mainifaguand farming practices have changed
towards water-intensive crops. This developmentléad to an over-exploitation of groundwater
resources and has endangered wetlands of highgscallovalue, Las Tablas de Damiel National
Park (Llamas and Martinez-Santos 2005; MartinezeSarde Stefano et al. 2008). Although
hydrological and climatic factors (e.g. droughts® amportant to understand particular aspects of
the problem, the decreasing groundwater levelrangty related to changes in farming land-use
patterns; that is, changes in crops planted andigation technology used determine the amount
of water that is pumped from the aquifer and "lodtle to evapotranspiration. A sustainable
situation can not be reached without significargraies in agricultural water use for irrigation

(Bromley, Cruces et al. 2001; Lopez Sanz 1999).

Figure 5: The location of the Mancha Occidental Aqifer (in the figure: UH04.04) in the Upper

Guadiana Basin (source: Llamas and Martinez-Santo€005)).

The overall dynamics can be ascribed to a comlinaif factors and developments on multiple
levels. Figure 6 gives a structured view on theetlgyments since the 1970s using the subsystem
typology introduced in paper 3 ("specifying regilhednd assigning the subsystems to
(administrative) levels. In the UGB case one natsudsystem is considered, the MOA. Farmers
constitute the only action subsystem (considerad)farmers are influenced through three mostly

distinct intervention subsystems on the EU levd, iational level and the regional level.
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COP prices Agro-environmental
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Mancha Occidental Aquifer

Figure 6: Influences from various levels shape thdevelopment of irrigated agriculture in the Mancha
Occidental Aquifer. Intervention subsystems are repesented through institutions generated. Numbers

indicate in which process phase the respective sylstems are involved (see text).

Roughly three phases can be distinguished (seeefiu 1) irrigation and pumping technology
became widespread since the 1970s. Irrigated dynieuencompassed the possibility to plant
water-intensive crops like corn, alfalfa and melevisch did not grow in the region before that
time. It further provided the possibility to achéehigher yields of traditional crops like winter
wheat, barley, vineyards and olives. Formal rulagehalso been changing; most notably the EU
Common Agricultural Policy (CAP), which Spain jothén 1985, had considerable influence on
profitability of various kinds of crops, during senperiods favouring water-intensive crops,
especially corn (Varela-Ortega 2007). 2) In 198Beav national water law was introduced and
water passed from being a private good to be pybbevned. This law also introduced the
possibility that river basin authorities restrictcogndwater extractions. To counteract over-
exploitation in the MOA, since the early 1990s pumgpof groundwater was legally restricted,
well-drilling was banned and users were requiredrg@anize themselves in water user associations
(Llamas and Martinez-Santos 2005). However, thetidraieductions in allowable quotas led to
considerable social unrest and many farmers disdgrgh the obligatory pumping restrictions and
took more water than granted (Llamas and Martirezes 2005, WWF 2006; Varela-Ortega
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2007). Actually, in certain groups of especiallyadier farmers a norm has established that a
restriction of previously unlimited water usagent a rightful act. This led to conflict between
"legal" and "illegal" farmers. Confronting farmeis politically sensitive in this rural area and
consequently control of pumping is limited. It istimated that nowadays illegal extractions still
account for the larger share of groundwater extmast(Llamas and Garrido 2007). An agro-
environmental programme (AEP) that compensateddesrfor voluntarily reducing groundwater
extractions was more successful in temporarily cedy the irrigated area and groundwater
extractions. It was set up under the Agro-enviromiamlescheme of CAP regulation 2078/92 in
cooperation between the Regional Government an&theHowever, this programme was highly
funding intensive and not in line with water padisj partly allowing higher levels of extractions
than the pumping quotas since water quotas un@éeAEP were not differentiated according to
farm sizes (Varela-Ortega 2007). 3) The AEP’s camsptory payments were reduced and allowed
water extractions were brought in accordance witmging quotas. Further, under the CAP,
intervention prices were further decreased andexds@e compensatory payments increased. And a
national law banishing the irrigation of vineyantas abolishet! Those developments lead to a
renewed increase of the irrigated area and of wextgactions to a non-sustainable level. Current
endeavours in the region aim at reducing the enmiemtal burden without constraining socio-
economic prosperity too much (Confederacion Hidafiga del Guadiana 2008; Martinez-Santos,
Llamas et al. 2008).

This overview of the process in the UGB shows thattransformation of rainfed agriculture into
irrigated agriculture involved multiple levels (EWational, regional, local), multiple factors
(technologies, crop types, groundwater level, raguhs, subsidies, norms) and several actors
(farmers, environmental groups, governmental aaborvarious levels and in various domains).
During the development of irrigated agricultureniars have acquired knowledge and have built
up a stock of technologies. Irrigated agricultumss tbrought labour and modest wealth to a
previously poor and depressed region (Llamas andiha-Santos 2005). New institutions like
groundwater user associations have been introdddesl.conflict over groundwater also formed
new social groups like "legal" and "illegal" farradkvith respect to pumping quotas) and increased
the importance of environmental groups. Althougle tlegion is struggling with restricting
irrigation to a sustainable level and thus theeayshas not yet stabilized, the fact that irrigated
agriculture has introduced fundamental changes iandow an essential part of the regions

economy and social life is unquestionable.

® Although vineyards are a dominant crop in the UG®, effect of this policy change must be seerigint |
of previous developments. Vine farmers could nainal water rights based on previous usage when
groundwater was declared publicly owned in 198%dlee irrigating vineyards was illegal, so vinarfars
were supposed not to use groundwater), therefene did not have legal water available once thgation

of vineyards was allowed. Still, many vineyards evalready irrigated using "illegal" water anyway.
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The process is path-dependent and has lead to taincestabilization of the system in its

transformed state. It has involved technical ad agkocial/cultural elements and control over the
process has been distributed. Top-down policies ttke pumping quotas could not solve the
problem of groundwater over-exploitation and nowesdaew modes of governance including
stakeholder-involvement are adopted to find waywatds a sustainable future. Given these
characteristics, this process is considered toirfigdl the realm of interest of research on system

innovations.

The model

The model is presented in paper 4 ("Guadiana mpdEfe purpose of the Guadiana model is to
provide an explanation for the observed transifrom rainfed to irrigated agriculture. The idea
behind this aspiration is that an enhanced undelstg of the system provides valuable
information for future policy making. The case gpediterature provides information on driving
forces (technological development, changes in egguis) and consequences (amount of
irrigation) but it leaves a gap in explaining howg.ea change in regulation leads to the
corresponding observed consequences. The modedsaddrthis gap by focussing on the farmers
which "translate" context into changes in irrigateda and water use. The model is developed in a
modular way that allows studying impacts of vadatiof the implementation (especially of the
actor model) in order to account for epistemic utaisty. The article is however restricted to
present the overall model structure and some stinalaesults obtained from the first realised
model implementation.

The model comprises the regulations which are thput of several intervention subsystems (see
figure 6 above) as predefined scenarios changingnpeters of relevance for farmers (e.g. prices,
amount of legal water). The output of the modelegithe impact on the natural subsystem but
consequences (effect on wetlands) are howeverapdtied by the model. The action subsystem of
farmers is the dynamic part of the model. It isimed based on insights gained through literature
review. The model explains farmers' behaviour agedding on the respective farmer's
characteristics, namely weights attached to aofigriorities (having a high gross margin, having
low risk, having low labour loads, staying legdhe size of the farm, the accumulated stock of
irrigation technology and a farmer's knowledge. Séhaharacteristics unfold their significance in
the context in which the farmer acts. This contaxhprises options (crops, irrigation technologies)
and rules and is identical for all farmers. The eiazbnsiders the diffusion of innovations in the
population of farmers as well as path-dependendhiefiecisions of single farmers (due to having
specific skills and prior investments). A modulacision-making algorithm represents farmers'
choice of land-uses. In brief, it comprises thdofeing steps: 1) a set of considered options is
identified; 2) a set of potential future land-usdterns is created; 3) land-use patterns whichoare
different from the current year's land-use pattare discarded; 4) consequences arising from

formal rules are evaluated for each of the remgiiatterns; 5) the utility-maximizing land-use
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pattern is selected. Parameters can be varieddy ste influence of the weights farmers’ attach to
different priorities.

The model runs in steps of one year. Each yeah &mtner chooses a land-use pattern. The
development of aggregated crop patterns, the ushgeigation technology and the amount of
ground-water used are outcomes of model runs wdaohbe compared to empirical developments.
The model uses aggregated empirical informatiomwater extractions and on the irrigated area to
calibrate (and validate) the model. This informati® however not considered sufficiently specific
to mitigate the problem of equifinality. Many difemt land-use patterns (a land-use is a
combination of a crop and a technology) may rasuhe same amount of irrigation. However, if it
comes to "what-if" questions - e.g. what would haegpened if vine irrigation was not banished
before 1997 or if the CAP would not have favouresiza - which nowadays may be posed in a
similar way regarding the future of the Upper Gaadi then it makes of course a tremendous
difference if water is used for vineyards or foreads and horticultural crops. Hence only using
water extractions and irrigated area as aggregafedmation was not considered sufficient to
derive an explanation. Consequently more specifrination on land-uses, especially time-series
of the areas of different types of irrigated cropas used complementary.

The main findings are that no single factor is isight to explain the empirically observed land-
use changes but that interactions of factors haveetconsidered. Distinct "logics of production”,
farms which exhibit similar factor combinationse adentified and it is shown that these different
types of farms can be expected to exhibit distresponses to drivers of land-use change. It is
therefore important to acknowledge heterogeneitiaoh types when aiming at influencing land-
use changes. Although some of the more specifairfgs of the modelling exercise are open to
debate due to methodological reasons, it can belwded that a sound understanding of the social
system making use of a resource is required teegmioblems of resource over-use.

The model was derived with the goal to remain mtgesomplex. Still, it is on the edge of
remaining transparent. It can be argued that theéefis not overly complex compared to the real
system's structure. The reasoning is that modeishawibature more than necessary parameters can
usually be "tweaked" to reproduce some observedeggted dynamics. In contrast to that, in the
modelling exercise reported in paper 4 reproductidnland-use patterns could not capture
significant dynamics. Assuming that the model i simply wrong it follows that the complexity
used in this model seems to be not too high fotucaqy (only) the essentials of this system. Hence
the complexity of this model allows some informedigement of the complexity of an action
subsystem and of the detail required for explaifisglynamics. The conclusions derived from this
observation regarding the research questions posts thesis are embedded in the synthesis in

the next chapter 5.
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Chapter 5: Synthesis

The papers outlined in the previous chapter cornite@mmain work done during the development of
this thesis. Due to the organization in researtbles, the answers to the research questionsf th
thesis are somewhat scattered. This chapter sys¢lsethe contribution of this thesis with regards
to the research questions formulated in the inttbdn. RQ 2 is answered first, then RQ 3 and

finally the most encompassing RQ 1.

5.1 RQ 2: Does the topic of system innovations pose specific

challenges to model development?

Equifinality frustrates insights on mechanisms unde rlying system

innovations

The conceptual and theoretical discussions in gafie('challenges and opportunities”) and 2
("current state™) highlight the vast scope and dexity of system innovations, their inherent
uncertainty and the limitations of our understagdiooted in the underdeveloped knowledge base
of this young research field. This poses a chadéiiog model development since on the one hand
the vast scope and inherent complexity of systemovations allow for a multitude of model
structures, while on the other hand the amountaté é&ind stylized facts to rule out competing
explanations are limited. The resultant coexistasfcgeveral reasonable explanations of the same
empirical phenomenon rooted in a many-to-one alietween system structure and emergent
behaviour is a well-known problem for studying cdexpsystems but paper 1 (“challenges and
opportunities”) points out that it is especiallyppounced regarding transition modelling and that
the bandwidth of possible explanations is espgciatbad in this field. Concepts utilised in
empirical studies of system innovations are definather broadly and qualitatively with no
existing operationalization into measurable quatvié units and the defining characteristics of
system innovations as framed by transition reseascfe.g. S-form) are very broad and can easily
be reproduced by a wide range of models. Using-staskes is essential to increase the amount of
information available for foundation of a modelsusture and for validation. However, even if
qualitative empirical studies are used as basentmtel development, they can be translated into
computer models using different analytical toolsuféng in different model structures (cf.
Bergman, Haxeltine et al. 2008 and Yicel and vaal@&a2008 for two structurally different
models of the transition from sailing ship to steahip). Further, if case studies are utilized to

inform model development, usually the informatioitable is used to structure and calibrate the
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model and can thus no longer be used for validafldrese methodological challenges are also
clearly illustrated in paper 4 ("Guadiana modeEyen regarding farmer behaviour which has been
studied by various strands of the social scientce=se glecades, knowledge usable for the micro-
foundation of this case-specific model is limitexlg( regarding an appropriate actor model and
relevant factors to be considered). Calibration ealtation could not be clearly separated since
the limited knowledge of the micro-level requiresilisation of knowledge of macro-level
developments for model calibration. Further, onty anacro-level data set has been available due
to contingency and historicity of the phenomenoresttigated and hence no independent macro-
level data was available for validation.

Overall, the challenges involved in specifying ades structure and in validation lead to the
acknowledgement of the co-existence of potentialgny reasonable representations of system
innovations what is reflected in the multitude dffedent structures of the models reviewed in
paper 2 ("current state"). A drawback of such @ity of model structures is that different and
sometimes contradictory conclusions are drawn énrtéspective modelling exercises. Increasing
returns to scale turn out to be a central mechaitiseome exercises (Weisbuch, Buskens et al.
2008; Yucel and Chiong Meza 2008), while others aganto generate "transitions" without
explicitly considering this (Schilperoord, Rotmaes al. 2008; Timmermans 2008). Similarly,
while the model of Schilperoord, Rotmans et al.0@0does not generate transitions without a
landscape signal stimulating this, de Haan (2008) Emmermans (2008) admit the absence of a
landscape level in their models, but still genetteamics they consider being transitions (or first
phases of transitions, in case of de Haan). Thegpaoson of those models shows that modelling
exercises starting from different basic assumptioay well lead to different conclusions on how
some overall system dynamics can be explained.i@es} their differences in model structure
and in results obtained, all models present sonderee that lends them some plausibility. It is
difficult to assess the added value of each moddita derive general insights on mechanisms

underlying system innovations.

Micro-macro interactions are essential

Transitions are regime changes and this comprisegepration of an old regime and creation of a
new one — they are processes of decay and (retiforeaf structures. In these processes macro-
level changes emerge from micro-level developmerige macro-level developments influence
the micro-level. It is therefore argued in papgfcirrent state") that micro-macro-interactions are
essential for understanding system innovations. &uthe same our understanding of involved
processes is limited and few formalized represemstexist.

The importance of macro-level structures (i.e. meginiches) influencing a micro-level of entities
and channelling developments into specific direxgicss common ground in transition research (as
reflected in the importance of the MLP). But, aselSestates''Although processes at different

levels can converge and create windows of oppdstuioir regime change, the actual linkages
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always need to be made by actors. Hence, the MeBs® be filled in with more detailed actor-
related patterns.(Geels 2005b, p. 692). Hence, for an explanatioa system innovation— which
requires specification of acting entities — it ® sufficient to take macro structures like regimes
and niches as given but the micro-level entitispeeially actors, have to be considered. Another
argument to underline the importance of actoréias & crucial phase of system innovations starts
when the dominant regime begins to loosen and khoses its coordinative function. Regime
resources are redistributed partly depending ommegctors’ activities. Empirically it can be
observed that actors may stick to the regime agdtdr defend their position e.g. through
technological improvements (the sailing ship effe&ut it can also be observed that actors
diversify into various technologies; or that difat regime actors follow different strategies (Geel
2005b).

Two types of actor interactions which are importdaot micro-macro interactions can be
distinguished. One type is aggregated and selfrizgd behaviour of many myopic actors leading
to emergent outcomes on the macro-level. Consurekaviour and also competition of many
small firms may be represented through such coliedbehaviour. Several models exist, like
diffusion of innovation models or threshold moded£ollective behaviour (Granovetter 1978). But
actors' interactions during policy developmentha interaction of multi-national "big players" can
not be appropriately captured by such models. Tdreybetter represented by the other type of
actor interaction which can be abstracted as idtiera of few, reflexive actors — as "strategic
games". According to Mayntz (2004), the toolboxatmalyse and systematize constellations of
corporate actors and institutional settings isvaoy well filled; considering them in models is shu
challenging. Another challenge associated withlafter type of actor interactions arises from the
fact that reflexive actors are able to perceivagpas on the macro-level and may behave in a
strategic way in order to maintain or change thermaituation. This leads to so-called "second-
order emergence" (Squazzoni, 2008a) which is a ugnifeature of social systems which
differentiates them from natural and biological qbex systems (Mayntz 2000). The
representation of reflexive actors in a model adolwever a further level of complexity on the
micro-level by including intentionality and cognigi properties.

Both types of actor interactions play a role inteys innovations although their respective
importance may vary depending on the field in whisistem innovations are analyzed. Some
sectors like water management feature mostly catpoactors while in others like mobility and
agriculture the role of many, mostly unorganizedoes like consumers and farmers becomes
prominent. Considering both types of actor intécest is in line with a general insight that social
macro phenomena are usually the outcome of anactten of planned and unplanned actions.
Most often several actors act strategically in ordeinfluence the macro-situation in a specific

direction (e.g. a new law is passed, a campaigtaised), but the actual emergent outcome (further
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influenced probably through myopic actions of stither actors) is different from all intended
outcomes (Mayntz 2009).

(Strategic) actor interactions are not the only wawhich the micro-and the macro-level interact.
Complementarities between technologies, standasfiised according to best practices and mutual
dependence of provision of infrastructure and sprdassociated artefacts are other examples.

In general, micro-macro-interactions and procesdash align entities into macro-structures are
manifold, diverse and to my knowledge not (yet)lgsed systematically and availability of formal
models is limited (see chapter 3.1 and paper 2réatirstate”). Micro-macro-interactions are

essential for understanding system innovationsabtite same time pose challenges for modelling.

5.2 RQ 3: How to represent coupled human-technology-
environment systems in models?

Models are composed of interacting elements whiclstrbe considered again (sub-) models of
some part of the overall system. For example, &ach in the Guadiana model presented in paper
4 is a model of a real farm representing this frrough some attributes (e.g. size of farm) and the
implemented process of land-use pattern generaktoarationale behind this representation is that
it is assumed that this model of the farm cons#iwd reasonable simplification with respect to the
purpose of the overall model. No methodology existglentify the "best" or at least a reasonable
representation of a system. As a rule of thumb,nathefining model elements and interactions,
simplification should be as high as possible ineorid reduce overall model complexity while at
the same time a model should not oversimplify matend shroud system aspects which are
essential for the purpose of the model.

So, what is a reasonable subdivision of coupled @mitachnology-environment systems into
model elements and interactions? Paper 1 ("chakagd opportunities") points out that this can
not be answered in general but must be seen ihdigthe model purpose. The vast scope and the
complexity of HTE-systems frustrate any attemptrépresent "the system” in an "in silicio"
replication of the real system. This reflects aegahinsight from complexity studies. The model
purpose is a necessary guideline to distinguisis pard aspects of a system which need to be
captured from negligible ones. For example, in al@haalculating the COemissions of the
German car fleet, the distribution of fuel consuimpf cars will be relevant while the distribution
of colours is not.

However, having made this point, it must also bid faat systems often suggest some "natural”
subdivision. For example, if analysing the dynaniica group of people, a "natural" subsystem is
the individual. If analysing more encompassingays, this is often less clear, for example nation
states may for example be represented throughrirefeio the individuals, but they may also be
represented through various institutions (formal enfiormal rules, e.g. the constitutional law) and

social groups or as network of regions and citikasgarding the representation of HTE-systems
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three different kinds of subdivision are identifiadd some pros and cons are discussed in the
following: a) functional subsystems as describedpaper 3 ("specifying regime"), further b)
niches, regimes and landscape as suggested by uhielevel perspective and c) entities and

interactions.

Functional subsystems

System innovations comprise several domains whisle lbeen abstracted in paper 3 ("specifying
regime") into three different types of subsystentsciv are governed by different types of change
processes: natural subsystems, action subsystairiatarvention subsystems. Natural subsystems
are viewed as mostly passive resources or sinkseVver ecosystem dynamics may lead to non-
linear reactions to external stimuli. Action sulisyss refer to many similar actors producing
products, providing services or using/consumingdpots. In action subsystems processes of
collective behaviour (diffusion of innovations, emence of norms) are of major interest.
Intervention subsystems shape action subsystenmughr creating formal institutions (laws,
regulations etc.). Power issues and negotiatiohsda® actors having partly contrary interest are
of major relevance. Models could abstract macraabighur of these different types of subsystems
and focus on subsystem interdependencies. WeisBuskens et al. (2008) is an example of an
abstract representation of interactions betweendymtion and consumption regarding the
introduction of "green" cars.

Conflating many actors and factors into aggregdiedaviour of subsystems probably allows
representation of the "big picture" of system instions and maintains transparency, but at the
same time considerably (over-) simplifies many psses central to system innovations.
Aggregated descriptions like simple diffusion madel learning curves relate a target variable
(e.g. the number of adopters of an innovation,ghee of a product) to one or very few input
parameters while implicitly keeping several othentext elements static. In contrast to that,
transition researchers have highlighted the inf@eddency and co-evolution of multiple factors.
System innovations like e.g. a transition to a tomszed mobility” system which comprises a
combination of private and public transport, uiil different vehicles for various purposes and
making use of information technology to coordingips (e.g. Kemp and Rotmans 2004) require
several interdependent changes within and betwebsystems. Models based on aggregated
representations of functional subsystems are &tecsind inflexible to capture such radical multi-

dimensional changes.

Multi-level perspective

The multi-level perspective (MLP) has been intraetliin chapter 2.2. It has been widely applied

in a range of empirical studies and found to bdable to describe system innovations. The
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MATISSE" model and de Haan (2008) have used this subdivigitheir models. Adopting such a
representation has the advantage of being closmporical studies what potentially provides some
advantages when defining the model structure amdpadng simulation results to empirical
observations. However, it must also be noted thampirical studies the three levels of the MLP
are usually not precisely defined but used as &esi Often, not much space is devoted to
defining and describing what a regime or nicheSisch configurations are often framed based on
intuition and important assumptions (e.g. boundarkey issues) are not further questioned once
defined. However, what actually is "the regime" f{fog niches) is not given through some kind of
clear system boundaries but is a matter of fraraimdy deliberation and the choices made may well
influence the subsequent analysis. In this conteaper 3 ("specifying regime") proposes five
characteristics to more deliberately specify regimg) purpose: regimes relate to a societal
function; 2) coherence: regime elements are closetgrrelated 3) stability: regimes are
dynamically stable 4) non-guidance: they show emwrdpehaviour and 5) autonomy: they are
autonomous in the sense that system developmembsdly driven by internal processes. The
actual degree to which the characteristics arebéeli by different regimes is expected to vary and
this can partly be influenced while framing the inegy by widening or narrowing the scope of
analysis. The characteristics hence facilitatesaudision about traits of various regime framings.
Still, there clearly is some gap between the comcemnd the empirical studies and the
representation of regimes and niches in computetetsoFor representation in a computer model,
the abstract concepts need to be further specs#ret operationalized. The specifications in de
Haan (2008) and in the MATISSE model involve soroeation of regimes and niches in a
"practice space" (e.g. spanned by two axes likeepand C@emissions), accumulation of "power"
depending on support received based on the locatitre practice space and use of this power in
order to maintain or increase support. A represiemaf some practice space offers the possibility
to relate structurally different configurations geindividual transport based on fuel-cell cars
compared to customized mobility) and provides a maefor an intuitively understandable
representation of ongoing processes. The procesfsg®ower accumulation, of movement of
regimes and niches in the practice space and dfeniggime interactions are however coarse
simplifications of the variety of processes obsdrire empirical transition studies and introduce
many black-boxes (see paper 2 "current state"). ifoelel elements and processes (in the
MATISSE model e.g.: "institutional capacity" of ieges and niches and "transformation of a niche
to an empowered niche") are somewhat artificial mod(explicitly) related to empirical evidence
and the appropriateness of utilised theories isdietussed. Moreover, the models require the

artificial assumptions of ascribing actor-like codrece and the ability to act to regimes and niches.

9 When discussing recently developed models, the tédte MATISSE model" is sometimes used to refer to
a set of publications being based on the same m@idiilperoord, Rotmans et al. (2008); Bergman,
Haxeltine et al. (2008); Kdhler, Whitmarsh et 20Q9).
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This is done in the sense of capturing emergenabetr arising from the activities of many
involved actors. This assumes a coordinative rélenacro structures; otherwise over time the
regimes’ and niches’ practices would disperse\ak dhe practice space. As outlined in the answer
to RQ 2, such a strong coordinative function okgime is at least questionable once the regime
starts to loosen. Paper 2 ("current state") thusdrgued that models directly using niches and
regimes as model elements fall short in capturdregdomplex micro-macro interactions involved
in the decay and (re-)creation of structures inesysinnovation processes. Further, a model based
on regimes and niches which can not be (in priegiplisaggregated to a level which involves
entities to which intentional behaviour can be adited does not meet the criteria for a complete

explanation as defined in chapter 2.1.

Entities

On a lower analytical level, system innovations pase many entities (actors, technologies,
institutions etc.). Representing explicitly act@eparate from a physical world (technology,
infrastructure, nature) and institutions avoids tpeoblem of oversimplification through
aggregation. Main features influencing change msee such as innovativeness of adopters,
information channels in diffusion processes, heeneity of (changing) preferences, multiple
attributes of options’ (e.g. price, G@missions), increasing returns to adoption, selaeciistics in
technological development, competition between dirrmvestment decision of firms, specific
institutions like regulations or norms etc. all daa represented explicitly and full credit can be
given to the potential of peculiarities to influenaverall dynamics in a complex system. Further,
in principle, choosing a representation on thetgtdivel allows to incorporate alignment of enstie
into structures and to consider the micro-macreratdtions discussed when answering RQ 2.
However, the downside is that still complexity need be reduced to achieve methodologically
manageable models. One possibility for doing g0 {®&gain) aggregate actors and elements. Yucel
and Chiong Meza (2008) have used system dynamiBPy {& study transitions. SD models
represent average values of variables (e.g. aveaatmr behaviour) what implies a loss of
heterogeneity and any related complex dynamics. édew Yicel and van Daalen (2008),
modelling the transition from sailing ship to steahip, introduce in a SD model different groups
of actors, e.g. seven different user groups. Th@as that this approach can be stretched and
aggregation can be balanced with model compleRitpother possibility to reduce complexity is
focussing on one subsystem. The model of the tiansn the Upper Guadiana presented in paper
4 is such an exercise focussing on a single dynaaoion subsystem — the farms — while
externalizing dynamics in other subsystems intacti@nging but predefined context of farms.
Paper 1 ("challenges and opportunities") and 2rfecu state") recommend to follow a strategy of
complexity reduction through abandoning the goahimdel an overall system innovation. The
answer to RQ 1 below elaborates more on that aadfglly on the usage of models as thinking

tools and on the utilization of building blockswifderstanding for designing model exercises.
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5.3 RQ 1: What can models contribute to an understanding of
system innovations in  coupled human-technology-

environment systems?

Models are useful as thinking tools

The lesson learned from the review of recent mo¢kde answer to RQ 2 and paper 2 "current
state") is that given the diversity of model stues, obviously some convergence, combination
and refinement is needed to reach common ground.cbhceptual and theoretical discussion of
equifinality (see answer to RQ3) has shown thastsuttial challenges exist on this way which can
not easily be resolved. It has further been ardgbatthe reviewed models seem strongly simplified
in light of the richness of entities and interastipatterns considered in conceptual and empirical
work and that those models neglect essential nm@oro interactions. Insisting on the sufficiency
of one of the proposed model structures to cagheessentials of a generative mechanism and to
explain a system innovation would mean to questien relevance of most of the entities and
interactions identified in conceptual and empiriealrk. If there is a point in emphasizing the role
of micro-macro interactions and in identifying suehdiversity of micro-level entities and
interactions contributing to the formation of stures, then it must be concluded that hitherto
models representing overall system innovations atcappropriately capture the constellations of
entities and interactions which generate the rasmeprocess. More likely they generate similar
macro-dynamics as observed in system innovatiohshieumodel structure does not appropriately
resemble the underlying system structure. Suchmiglseice of system structure and model
structure would however be required for an expianaaind further is inevitable for model
exercises venturing beyond the context used toifgpand calibrate the model (e.g. prospective
studies, abstract studies comparing influence tefrative policies). Only if the model structure
resembles the system's structure it can be expdutédhe model's response to some previously
untested stimulus is (to a certain degree) in alzoare with the real system's response. It has been
concluded in paper 2 ("current state") that the lyetiveen the multitude of micro-level entities and
processes and the overall emergent system innogasieems to be too big to be captured by one
big "jump"”, i.e. by one model aiming to explainystem innovation in its totality.

Still models can be useful. Paper 1 ("challenge$ @oportunities”) has argued that models of
system innovations must be considered being masuluas thinking tools. The following two
examples may show how using models as thinkingstaohy contribute to an enhanced
understanding of system innovations. The MATISSElehaises the multi-level perspective (MLP)
and the typology of transition pathways derived@sels and Schot (2007) (briefly introduced in
chapter 2.2). In Bergman, Haxeltine et al. (20083 shown that the proposed typology of timing
and kind of multi-level interactions indeed resuftghe different transition pathways as suggested

by Geels and Schot. This must however be considaregeak confirmation only since the
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translation of the underlying concepts into a comapumodel incorporates several degrees of
freedom which may be used during model design atitration to align simulation results with
intended dynamics. But, there is another intergsaspect of the MATISSE model. While
implementing the multi-level perspective, anotlexel was introduced in addition to niche, regime
and landscape, the "empowered niche". Empowerdtesiare conceptualized as differing from
other niches regarding their strategy. While niches considered defensive, empowered niches
offensively attack the dominant regime. This diéfgiation of niches was considered useful during
model development. It constitutes a conceptuaheefient which may stimulate empirical research
which may corroborate the distinction made and magntually lead to an enhancement of the
multi-level perspective.

The Guadiana model of land-use change in an atuialilsystem presented in paper 4 uses case-
specific knowledge to select model building blofiksn the literature which are considered fruitful
to explain the transition from rainfed to irrigatadriculture. The innovative contribution of this
model is to analyse the role of behavioural asdectthe spreading of irrigated agriculture white a
the same time acknowledging and considering theviitapce of changing rules and of diffusion
processes. The Guadiana Model facilitates to s=straptions and to scrutinize intuitively plausible
explanations for land-use change. For example, rttodel questions that factors such as gross
margin, sunk costs and necessary investmentspigskills or risk in isolation provide a sufficient
explanation for the empirically observed land-usanges. It further underlines the importance of
acknowledging heterogeneity of farmers when aimagnfluencing land-use changes. These
insights suggest that a customised representafi@ctors’ behaviour is essential for modelling

(parts of) system innovations on the micro-levetfities.

Implications for the scope of models

Using models as thinking tools entails some impices for model development. The model
structure and the simulation results must be cohgréed sufficiently well to understand how
certain assumptions lead to some observed ovesalh\bour or system property. This requires
transparency of models (see paper 1 "challenge®ppdrtunities”). "Transparency" refers to the
possibility of relating simulation results to pattiar characteristics of the model structure and
assumptions made; generating insights on how tloasgribute to observed dynamics and
properties. If models are transparent, insights marabstracted from the specific model used to
gain them. In this way, transparent models conteitsignificantly to the knowledge base of the
modelled system(s). However, the broader the soofpe@ model, the more elements and
interactions must potentially be included in a mMadea hence the more degrees of freedom exist
when defining the model structure. Then, in comglerdel) systems small changes may have big
effects and therefore each subjective choice madingl model development may change the
results of the modelling exercise and must be wtded in context of all other choices made.

Consequently, in the realm of complexity, only pamious models are transparent. Given the
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vast scope and complexity of system innovationg,raadel which shall be parsimonious enough
to reduce degrees of freedom strongly enough totaiai transparency necessarily must neglect or
considerably simplify some aspects. The experiemth the Guadiana model underlines this
argument. This model represents (only) one actisystem as dynamic model part and represents
this action subsystem with a level of detail asst@red necessary to provide an explanation of
observed land-use changes (see chapter 4). Theienge with working with the model makes
clear that its complexity is on the edge of remmajntransparent. Model behaviour had to be
explored in a stepwise manner to achieve an uradetisty of the model's dynamics. Further, the
parameter space of this model is already too wals¢ tfully explored but empirical evidence had to
be used to define meaningful parameter sets arahich some local sensitivity analysis could be
performed.

Given the necessity to reduce a model's scopedier do achieve transparency, it is recommended
in paper 2 ("current state") to abandon the idemdalel overall system innovations. It is instead
proposed to use models to scrutinize concepts ssuhgtions of transition research and to make
use of building blocks of an intermediate levetomplexity. The reasoning is that on the one hand
HTE-systems in different areas (e.g. agriculturegared to mobility) involve different types of
entities and hence require consideration of thé@erehces in respective explanations but that on
the other hand similarities exist which can be gallsed across (some) cases. Using building
blocks of explanation rendering classes and chematts of (sub-) processes of system
innovations may be a suitable strategy to cope with contingent and idiosyncratic nature of
social processes in general and of system innowatio particular while not "reinventing the
wheel" for each further case-study. Conceptual, iecgh and theoretical work in transition
research has identified a bunch of such buildimechkd for understanding system innovations,
which can partly also be found back in the reviewshsition models. On a high level of
abstraction those are for example the relevandbeokind and timing of multi-level (Geels and
Schot 2007) and multi-domain interactions (Nill,udaand Hirschl 2004; Kingdon 1995; Konrad,
Truffer et al. 2008), the role of visions and exptons (Berkhout 2006; Truffer, Vol et al. 2008),
the role of transition contexts (Smith, Stirlingadt 2005) and potentially still others. On lower
abstraction levels one finds recurrent patterns.gs self-reinforcement of option prevalence
through heterogeneous actors and increasing retornscale, the patterns of interactions of
technologies and actors identified in Geels (20@51g) by Hillman (2008) and also many insights
from disciplines integrated in transition reseafsbe e.g. Geels 2004 for relations between actors,
rules and technologies and respective referencestrtmds of literature dealing with those
relations).

Building blocks constitute a middle ground betw#es micro-level and overall system innovation
dynamics and can help to connect those other lamete/o ways: first, they specify classes of

similar micro-level constellations and provide éeme to study those. For example, when
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studying interactions between regimes and niches,cbnceptual distinction between structural
coupling (via actors involved, elements shared) fmttional coupling (e.g. via competition for
resources and markets) might guide the analysiturm micro-level studies likely will enhance
understanding of building blocks (e.g. identify ethypes of couplings). Second, building blocks
potentially allow for (careful) abstraction of coisting micro-processes when analysing overall
dynamics; e.g. structural coupling and functionaliing might abstract different mechanisms
how niches may pressure a regime. Such buildingkklonay eventually be combined to explain
system innovation cases based on the specifiaitiethat case entailing a particular form and
relevance of the (interaction) of those buildingpdids; while explanations of the processes
underlying each building block are available if egnession to lower levels of abstraction is
required. Through this partitioning of an overatimplete explanation, building blocks facilitate
deriving a complete explanation without entering tiealm of excessive complexity. Paper 2
("current state") suggests that the task for thteréuis to enhance our understanding of such
building blocks, to relate them, to identify thentexts and situations in which each of them
becomes relevant and to explicate their role inotrerall process.

Models can help to relate characteristics and quscased in building blocks to micro-level
entities. For example the transition contexts dgtished by Smith, Stirling et al. (2005) make a
distinction between cases along the axis of "high"low coordination” of regime actors. Models
can be used to study which entities and processednsolved in generating such emergent
properties like coordination. Models might further used to study the relation between building
blocks, for example how the conceptual distinctimiween structural coupling and functional
coupling of niches and regimes (see above) enritiegpicture of kind and timing of multi-level
interactions according to Geels and Schot (200/)s Tatter idea to study the relation between
building blocks without causal regression to theslef entities rests however upon the assumption
that building blocks can be represented and relatech higher level of aggregation without
neglecting essential interactions. Hence, analygiagcombination of building blocks requires first
of all a sound understanding of each building blovkolved. This understanding may serve to
define appropriate abstractions which adequatgbhyuca the respective role of a building block in
various contexts. The challenge to identify, specifnderstand and relate conceptual building
blocks could be an agenda for transition modellarghe coming years

Two more specific approaches are suggested in Rafleurrent state"): simulating historical cases

and scrutinizing proposed general mechanisms. &tingl historical cases refers to replicating

1t should be noted that although some of the mee@ models have implemented some of the building
blocks mentioned above, the agenda suggested $eliffarent from what has been done in most of é¢hos
exercises. The objectives of hitherto models haaenbdiverse (e.g. testing a method, prospectivdiestu
assessing policies) and hence most studies didireattly aim at enhancing our understanding of epiaal
building blocks (exceptions are de Haan 2008 an&heh, Buskens et al. 2008)
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qualitative studies utilizing some conceptual framaek to structure their work. The objective of a
related model exercise could be to put the utilisathework to a test, using the precision required
for model building and the possibility to relateusture and dynamics to identify elements and
processes which may have been neglected in thatiwarrThis may help to identify gaps in the
conceptual frameworks used to structure the nagaifihe "empowered niche" introduced in the
MATISSE model may be such a case, although thidtresems to be rather a by-product of model
development which has not received much furthenstin yet.

The other suggestion is to use models to scrutipioposed general mechanisms. Weisbuch,
Buskens and Vuong (2008) is an example of such delilog exercise which advances our
understanding on the interplay of heterogeneitgatbrs, increasing returns and the occurrence of
multiple attractors in technological substituti®imulation models can be used to study such links
between structure and dynamics. The robustnedseafesults of such modelling exercises should
ideally be corroborated through sensitivity analysissessing the influence of changes in
(uncertain) parameter values but also through tranaf assumptions introduced while translating

the underlying concepts into a computer simulatiadel.

5.4 Further research opportunities

Modelling system innovations is a highly dynamiaugg field and several new questions have
arisen during the development of this thesis witichld not be answered in the given amount of
time. Anyway, since this thesis’ aim is to identthye potential of applying computer simulation
models for studying system innovations such opsueis are helpful to identify opportunities for
further research.

Paper 2 ("current state") has discussed some esbonigs of hitherto modelling exercises.
Emergent self-stabilizing macro-entities are céntranany transition cases in the literature ared ar
central to current transition theorizing. What issmg in hitherto models is an explanation how
mutual adaptation of entities of different domaleads to integrated "configurations that work"
(i.e. niches, regimes) which then eventually compzt a higher level and influence the micro-
level in a way that sustains their existence. Tisano model explicitly explains how micro-
elements form niches and regimes and how thoseeimde in turn the micro-level. This micro-
macro interdependency constitutes a major issua égefuture research. Sawyer (2003) relates
multi-agent systems to the micro-macro link in stagjical theory and concludes that there are
simulations that show how macro-social phenomenerge from individual action and such that
demonstrate that a change of macro-structure (eegwork topology, size of a society,
communication mechanism) changes the bottom-upepsas of micro-to-macro emergence. He
then argues that no simulation has combined bothoatdo-macro and macro-to-micro processes

simultaneously and that hence no (agent-based) Inmageyet fully implemented a micro-macro
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link underlying some sociological phenometorsuch a full implementation of the micro-macro
link would be required to fully capture the emengdecay and re-creation of structure during
system innovations in a model.

Another major challenge for the development andiegipon of models of system innovations
(which has been mostly skipped in this thesis)teslao the fact that politics and transition
dynamics are strongly intertwined (Grin and Miltandp 2009). This thesis has not explicitly dealt
with the politics, or more generally with the gavance of system innovations. It may only briefly
be noted here that traditional ways of governameenat suitable to induce system innovations or
to channel them into a specific direction. A cattica of traditional governance would be 1)
analyze a problem, 2) identify policies potentiallyle to solve the problem, 3) predict outcomes of
policies, 4) implement the most promising policyegarding the type of process discussed here,
none of these steps seems feasible. There is mueaimerspective on "the problem" (i.e. which
developments are desirable); our understandingeflynamics of the systems involved does not
allow for clear identification of policies that widusolve the problem and renders prediction of
policy outcomes impossible; and often there is imgls actor who has all the power to initiate
changes in a certain direction. Alternative appheschave thus been suggested. Those approaches,
like Adaptive Management (e.g. Folke, Hahn et @03 Pahl-Wostl 2007a, 2007b) and Transition
Management (Rothmans, Kemp et al. 2001a; Loorb&€Y;2see also Smith and Sterling 2008;
van der Brugge and van Rak 2007) feature aspeks ificlusion of stakeholders, repeated
reconsideration of ongoing developments and exptoraf several paths before closing in to one
solution. Whether following more a traditional "tdpwn" strategy or an alternative approach such
as Adaptive Management or Transition Managemeniemgance is on the one hand influential for
dynamics of system innovations (e.g. through defjrtexes, subsidies, laws, etc.) but on the other
hand not (easily) accessible to modelling. The ribigmal tool-box to formally represent specific
types of corporate actor constellations is not vemsll filled since concrete macro processes
involve a variety of structural and institutionalatures which is difficult to systematize (Mayntz
2004). That means theories and concepts beingausabbase for an incorporation of governance
of system innovations in models are mostly lacking.

The significance of the micro-macro interactionsl dhe intertwinement of system innovations
with their governance while spanning also othertasc(consumption, production) put the
modelling of system innovations on the most chaglieg edge of the broader endeavour of
understanding and modelling social systems.

In light of the challenges just outlined, in mywi@& seems clear that developing models of system
innovations will remain a huge challenge in thernkdure and the role models of system

innovations can play needs to be further explomdl discussed. System innovations can not be

12 But, regarding newer developments, see the residtee EMIL project (EMIL 2007).
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predicted and also exploratory studies using stendo study system response under certain
conditions needs to be carried out with caution tduge limited confidence that can be credited to
the structures of such models. From my perspedtiemost promising roles of models are on the
one hand to generate insights on partial mechanigteyant for system innovations that can
flexibly and creatively be referred to and combimedhe (qualitative) analysis of specific cases.
This comprises all kinds of models not necessadkplicitly developed with respect to
understanding system innovations. On the other jhasdoutlined above, models can explicitly
address the conceptual base of transition researcheing the precision required for model
building and the possibility to scrutinize relatometween structure and corresponding dynamics to

challenge and refine concepts.
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Chapter 6: Conclusions

To my knowledge this thesis constitutes the fimtnprehensive assessment of the potential of
applying computer simulation models to study systenovations. It adds to previous studies a
consideration of the particular characteristicsystem innovations which constitute challenges for
model development. This provides a base for welhtted conclusions on the potential for fruitful
application of simulation models. It further proggda more encompassing review of existing
transition models than previous studfeand moreover relates the results of this review to
empirical, conceptual and theoretical work in tithms research. Different representations of
coupled human-technology-environment systems (Hf&dems) have been abstracted into three
types which have been discussed with respect toddgantages and limitations. Theoretical and
conceptual work has been complemented by handsqoerience that made methodological and
theoretical deliberations tangible. This thesisvtes an introduction to and an overview of the
field, assesses possibilities of applying simulatimodels, identifies challenges involved and
suggests future routes.

System innovations feature several characterigtfish put model-based approaches to this topic
on the most challenging edge of the broader endeawbunderstanding and modelling social
systems. Those are the significance of emergeraydaied re-creation of structure during system
innovations involving multiple levels (at least i and emergent structures such as regimes and
niches); the vast scope of system innovations uinglseveral types of subsystems (consumption,
production, governance, nature); the intertwinenwngystem innovations with governance — a
field which is hardly accessible to modelling; tbemplexity of the topic involving emergent
behaviour of model systems and associated higlitistggo assumptions and small perturbations;
and the unpredictability of innovations.

In principle system innovations can be represeitrteshodels in different ways. Three different
analytical subdivisions of HTE- systems have beemtified: a) functional subsystems, b) niches,
regimes and landscape as suggested by the mudti-fmrspective and c) micro-level entities
(actors, technological artefacts, institutions, .Npne of these representations is superior to the

other ones per se but all feature some advantagkdrawbacks. The model purpose is a necessary

3 The only other overview of transition models I'mwaae of is provided by Timmermans, de Haan et al.
(2008) which in their introduction to a specialueson transition modelling in CMOT discuss the msde

presented in this special issue.
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guideline to choose an appropriate representationt@ distinguish parts and aspects of a system
which need to be captured from negligible ones.

Modelling system innovations in HTE-systems is t® infancy. Hitherto model exercises have
made some first steps but nowadays models areatatlgborated enough to provide additional
insights into the mechanisms underlying systemvations. Given the difficulties associated with
specifying the micro-foundation of a model and lihdted means for validation, the explanatory
power of models is expected to remain low in tharrfature. Still, as the previous synthesis has
shown, models can be useful as thinking tools,dsadditional means to scrutinize and refine
concepts and to fuel debates.

Using models as thinking tools entails some imfilices for model development. In order to gain
insights, models need to be transparent. Achietriagsparency in a field as vast and complex as
system innovations requires either very strong Efio@tions or restricting a model to some parts
or aspects of an overall system innovation.

It is proposed to make use of building blocks gflaration of an intermediate level of complexity
to define abstract model parts or to delineateagedspects of an overall system innovation which
should be studied using a computer simulation mo8eleral such building blocks have been
identified in conceptual work on system innovatidhss suggested that the task for the futureis t
enhance our understanding of such building blotkgelate them, to identify the contexts and
situations in which each of them becomes relevadtta explicate their role in the overall system
innovation. Indeed, the challenge to identify, sfypaunderstand and relate conceptual building
blocks could be an agenda for transition modellorghe coming years.

Modelling system innovations is a highly dynamicugg field. Developing models of system
innovations will remain a huge challenge in thernkaure and hence models should not be
considered being silver bullets solving all proldeofi transition research. But this thesis has shown
that they can be valuable tools contributing toghbancement of the knowledge base of the field;
little by little adding to answers of the "big qtieas". The specific role(s) models of system

innovations can play in this endeavour needs tuttker explored and discussed.
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Abstract

If industrialized societies are to become truly taimable, several societal
subsystems, such as the transportation and powadugtion systems need to
change radically. This insight has stimulated tlse wf simulation models to
study processes of system innovations - or 'tri@msit This article presents an
appraisal of conceptual and methodological issuésstodying transitions
using computer simulation models. It relates therent state of empirical and
conceptual work on transitions to insights from lbdg of complex systems.
For this, it explicates intrinsic characteristic$ tbansitions and the knowledge
base available to study them and discusses implicathallenges and
opportunities for model application. It is concludehat parsimonious,
transparent models aiming at conceptual advanceraenicurrently the most

promising route forward.
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1. Introduction

It has become more and more apparent that achisustginability of industrialized societies reqaire
fundamental changes in different societal subsystesuch as the agricultural, transportation and
power production systems. This insight has stiregdlakgsearch aiming at understanding dynamics of
systemic innovations in such systems as well adietwn the role of management and governance.
Apart from receiving increasing attention in didicipry fields, such “transitions” —like a transitido

a carbon-neutral energy system or a transitiorustagnable food production - have been investigated
through integrated, interdisciplinary research.sThas led to the emergence of an own field,
“transition” research. Proponents of this studyaatgighlight that the processes investigated
encompass co-evolutionary and mutually reinforcipgpcesses in the economic, technological,
institutionat and socio-cultural domain and thus have to beiatiufom a truly interdisciplinary
perspective (e.g. Elzen and Wieczorek, 2005; Ge&¥l62; Konrad, Truffer and Vof3, 2003; Pahl-
Wostl, 2007; Rotmans et al., 2001; Weaver and Rosm2006). However, taking such a perspective
comes at the ‘cost’ of conceptual and methodoldgiballenges. This becomes especially apparent
when utilising formal methods such as simulationdels. Simulation models have played a minor
role in transition research up to now. However, dation models are potentially useful tools to
inform and guide formulation of concepts and thesyrito bridge theory and practice; and also to
support endeavours aiming at influencing the dyocanaf transitions Recently, researchers have
started to address questions of transition reseasaig computer models (Bergman et al., 2008;
Chappin, 2006; Chappin and Dijkema, 2007; Chadpijkema and de Vries, 2009; Chiong Meza and
Dijkema, 2008; de Haan, 2008; Holtz, 2006; 2008hl€oet al., in Press; Schilperoord, Rotmans and
Bergman, 2008; Timmermans, de Haan and Squazz6aB; Zrimmermans, 2008; Whitmarsh and
Nykvist (2008); Weisbuch, Buskens and Vuong, 2008¢el and Chiong Meza, 2008). This newly
emerging field is characterized by diverse appreadh terms of model objectives, methods used as
well as level of abstraction adopted. This is mmd &astonishing since researchers from various
backgrounds are involved. Their approaches todpie reflect that the social sciences are fragntente
in a diversity of approaches and schools and tieirttegration of the social and the natural s@enc
is still in its infancy.

This article presents an appraisal of conceptudl methodological issues in transition modelling
through relating the current state of empirical aoticeptual work on transitions to insights from
modelling of complex systems. It explicates thet waspe of transitions, the inherent complexity and
uncertainty and the underdeveloped knowledge badés serves to identify challenges and

opportunities for transition modelling and to derivecommendations and methodological

! We understand “institutions” as sets of formal afdrmal rules of the game (Schneberg and Clenm20G6).
2 So-called transition management (cf. Rotmans.e2@01).
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conclusions. Doing so, this paper provides a pdggilor reflection and facilitates discussionsath
may help making transition modelling a fruitful bcdn of transition research. Although this article
takes a modeller's perspective, most of the preseritolds for any (formal) interdisciplinary
conceptualization and representation of system vatan processes such as transitions to
sustainability.

This article is structured as follows: section 2egi an outline on transitions as framed in thiglart
Section 3 explicates challenges and opportunitiegrfodel building arising from the nature of the
process investigated and from the limitations inwdedge that can be drawn upon. Section 4 draws
methodological conclusions on modelling in thedief transition research. Section 5 summarizes the

main findings.

2. An outline on transitions

Research on transitions has developed in partlgpeddent strands, applying a diversity of labéiks i
system innovation, socio-technical transition, etadi transition, industrial transformation and

technological transition. Rotmans, Kemp and Vanekg2001) shortly define a societal transition as

“a gradual, continuous process of structural changéhin a society or culture”.

Geels (2002) is more descriptive stating that

“(t)echnological transitions (TT) are defined as joratechnological transformations in the way
societal functions such as transportation, commation, housing, feeding, are fulfilled. TT do not
only involve technological changes, but also chanigeelements such as user practices, regulation,

industrial networks, infrastructure, and symbolieaning.”

Other definitions have been proposed later on andther authors. Nowadays, a joint definition and
description of transitions is still lacking. We diss this in section 3.4, where we focus on epistem
uncertainty.

The main motivation of the growing transition resacommunity is concerns about future transitions
to sustainability. However, as a means to developoaviedge base on the dynamics of transitions and
to enhance our understanding of such processesspettive studies have been conducted. For the
sake of illustrating the topic of transitions amdintroduce some fundamental concepts, we briefly
present an example of such a retrospective sthdytransition from sailing ship to steam ship ia th
time period from 1780-1900 as described by Geels Geels, 2002 for a detailed description).
Following Geels work, we introduce the multi-leyegrspective which is currently the dominant
framework of transition research (Geels, 2002; 20B®ptmans et al., 2001). Three different levets ar

identified: in the main focus resides the “regima’pattern of actors, practices and rules repriggent
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the dominant way of providing functionality. Foistance, the shipping regime around 1780 included
two types of ship-owners, namely chartered compaae captain ship owners, and sailing ships with
large cargo-holding capacities whose design waswaged, among other factors, by guaranteed
prices and government regulation. It was furthearabterised by a dependency on wind and currents
and mail as crucial means for communication. Inrtheti-level perspective, encompassing system(s)
guiding and bounding regime development are reptedeby the “landscape” level. In the shipping
example, this comprises e.g. emigration waves drahging regulations regarding colonial trade.
“Niches” constitute deviations from the dominanginee pattern, forming alternatives to the regime.
An initial market niches was using steam shipgpfssenger transport on inland waterways.

The overall dynamics of transitions is argued tagidy resemble an “S-form” pattern (slow change —
fast change — slow change): they start from aivelgt stable regime with alternatives forming in
certain niches. Problems within the dominant regit®elf or pressure from the landscape level open
up the opportunity for alternatives to challenge ttominant regime. The regime loosens and after a
phase of several connected, mutually influencingnges, a new regime emerges, forming a new,
stable system.

The development of the steam ship regime out dhit&l niche(s) was characterised by consecutive
conquering of different market segments, which wentd in hand with technological developments.
Steam ships were first utilised on short distaraeswith little freight (e.g. inland passenger sport,
mail), their utilisation and further developmentrgestimulated e.g. by mail subsidies. Technoldgica
advancements like an iron hull and screw propulsioabled usage of steam ships in further existing
and new emerging market segments like long-rangsepger transport (induced by emigration
waves, a landscape development) and finally alsmyh&eight transport, thereby by and by replacing
sailing ships. The transition from the sailingmshegime to the steam ship regime was first ofall
change in technology (steam ships replace sailligsys However, it incorporated many other
changes influencing and being influenced by tedabgiohl change, for example establishment of new
actor groups like professional ship owners or iasoe companies; or changes in institutions likd mai
subsidies and fixed schedules for departure anmgahof ships (which only became possible through

steam ships’ relative independence from winds amcents).

3. Challenges and opportunities for the use of computer
simulation models in transition research

Computer simulation models are potentially usedolg to enhance understanding of the diverse and
complex interactions of so many actors, elements @ocesses that constitute a transition. In this
article we understand a “transition model” as a eh@iming at explaining macro level changes during
a transition as emergent outcome of underlying rmeigdms on lower levels (Timmermans, de Haan
and Squazzoni, 2008). In this section we explicdtallenges and opportunities for building such

models arising from the properties of the processedysed and from the limitations of existing
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knowledge. This appraisal provides a (non-exhaeptioverview on issues relevant for

conceptualizing and investigating transitions.

3.1 The vast scope of transitions

A major challenge regarding the analysis, undedstgnand modelling of transitions arises from the
required interdisciplinary view comprising institutal, technical, economic, cognitive and social
elements. The following explicates the vast scdpiamsitions along the diversity of factors, level

and actors involved (cf. Elzen and Wieczorek, 2005)

A wide range of factors

Transitions are often framed around change of Bntogical artefact used to meet a human need
(e.g. Geels, 2005a). Change in such an artefagtfem sailing ship to steam ship) is accompanied
by changes on the production side; involving cagaiaspects like problem framing and heuristics
applied by engineers searching for innovative smhgt economic aspects like market competition,
investment decisions and strategies of firms a$ agintegration in existing structures of prodoiati
networks. It is also accompanied by changes onuieg side like application in different market
niches and use contexts, changing user preferemtkesoutines or social construction of meaning of
artefacts. Further, institutional aspects are vedllike laws and regulations, existence of inscean

or modes of ownership.

Multiple, connected levels

The arena for transitions in societal subsystemsotsconfined to a single scale, whether of time,
space, power or other classifications. While natsiyatems operate on connected levels stratified on
scales of time and space, humans, because of dhpacity for foresight, and the reach of their
technological innovations, have loosened themseli@®s these stratifications to a certain extent
(Westley et al., 2002). The connectedness of fanatilevels in human-dominated systems, and the
potential for sudden cross-level discontinuitie®xsicerbated by this human characteristic. Because
transition research focuses on just this capaoityrinovation and fundamental change, a multi-level
perspective in terms of space (e.g. local, regijagiabal), time (e.g. ecological cycles, politicgtles,

life-time of infrastructure and products, innovati@ates) and other scales is vital.

A diversity of actors

Within this dynamic multi-level environment thatasnnected to so many economic, socio-cultural
and ecological aspects, a large group of actor®rdgeneous in terms of perspective, influence,
organization and visibility is bound to be connect any transition process, ranging from

governments and multinationals to special integestips and grass-roots NGO’s. Furthermore, the
stakes of these actors in the process might chamgetime, and actors might disappear and appear

during the transition.



Challenges and opportunities arising from the vast scope of transitions

Transitions are driven by and have consequencesnémy factors and actors located on multiple
levels as outlined above. These aspects are nogality, truly separable when it comes to broad
changes. However, the science that has studied thetraditionally divided across disciplines.
Economics, sociology, ecology and their respecswiadisciplines all maintain different worldviews
and basic presumptions. Work on discourses (Williamd Matheny, 1995, Dryzek, 1997) has shown
that these discipline-based presumptions are vemained, and often unacknowledged, like different
accents in a language (Pritchard and Sandersof).20@ormation communicated through a different
discourse will be filtered and fitted to the pergpee of the receiver to some degree. This way,tuha
seen as key information by one discipline coulddgommred by another. Because of the difficulties of
communication between discourses, much so-calldtidisgiplinary work results in misinterpreted
messages. This is also a challenge for scientistis @im at interdisciplinarity in their own work.
Efforts to include some understanding of systermelds covered by different disciplines often still
end up as caricatures compared to the work on aneis field of expertise. Formulated strongly,
modellers simply require something to fill in thenVironment” box in their economic model,
“people” in their ecological model, and so on (ktadl, 2002).

To overcome the challenge of gaining from very edéht types of knowledge, awareness of the
potential for missed information when one ventusegond familiar ground, and recognizing one’s
own discourse, or “set of glasses” is essentialceOthe pitfalls of multidisciplinary work are
recognized and acknowledged, models, which prosid®mmmon “language”, have the potential to
bridge the conceptual divide between disciplined® “languages” like mathematics, system
dynamics diagrams or computer code are more pré@secommon language and leave less room for
misinterpretations. In that way models provide aanse of communication and collaboration

supporting scientific discussions.

3.2 The inherent complexity of transitions

Transitions are processes of change in complexesgst Various definitions, measurements and
explanations of “complexity” exist (cf. e.g. CowaRines and Meltzer, 1994; Gallagher and
Appenzeller, 1999). In the following discussion weean systems constituting “wholes” due to
emergent properties rooted in non-linear interddpanies of system elements. We briefly discuss

some essentials of complexity and outline implaradifor model building.

Complexity in a nutshell

Systems consist of interdependent elements. Thrintghdependencies, signals like change of an

element's internal state cut across this elemedtiaftluence connected elements. The respective

potential adaptation of affected elements mighppgate through the system and also feed back to the
original source. In that way a signal potentialtgypkes a cascade of interacting adaptation reggons

In a system of dynamic, interdependent elemergspamts change simultaneously while continuously
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mutually influencing each others development. Cqueatly, elements behave in a different way as
they would do in isolation but cause and effect nahbe separated clearly. We use the term “co-
dynamics” to refer to such patterns of mutual iefices and adaptations (cf. Winder, Mcintosh and
Jeffrey, 2005). Complexity arises from the nondine€oupling of interdependent elements. Non-
linearities reflect processes such as growth phenagdiffusion processes, thresholds, learningg-tim
delays and saturation phenomena. Non-linear inpemiencies bring forth that small causes might
have big effects on connected elements or viceavéitse coupling of multiple non-linear processes in
a complex system exaggerates these effects majitens response potentially highly sensitive to the
state of the system and the specificities of aadign

Consequently, complex systems exhibit surprisirg) @mexpected pattern in their dynamics and their
structure. These patterns emerge from co-dynanmzisnan-linear coupling of system elements and
can not be explained from the properties of sirgylstem elements nor by a mere aggregation of
properties of system's parts. They are irredudiblsingle elements or their properties. Recognizing
and understanding emergent properties constitutetad part of the understanding of complex

systems.

Challenges and opportunities arising from complexity

Mirroring the effect in real complex systems, thpedfic form of model elements and
interdependencies influences the resulting co-dycmmf the modelled system and determines
emergent properties governing the modelled systéansequently, results obtained by computer
models of complex systems are sensitive to conaé@tad implementational design decisions. A
major challenge for researchers in general andnfmtellers in particular is hence to correctly captu
those elements and non-linear interdependenciegaarn system behaviour.

This is not a trivial task. Empirical observatiamsually provide evidence on the dynamics of one or
several variables (e.g. adoption rates of a nehnt@ogy). However, the system structure generating
these observed dynamics is not easily identified. géneral methodology to extract the form of
underlying non-linear interdependencies existsHaland (1996) puts it: “Non-linearities mean that
our most useful tools for generalizing observatioto theory — trend analysis, determination of
equilibria, sample means, and so on — are badhtddl’ Difficulties in specifying non-linearitiesad

to the situation that the understanding of thecstine of a system generating observed behaviour of
some variables is often incomplete.

This outlines a situation in which computer modbts/e been fruitfully applied to enhance the
understanding of complex systems. Computer modedsescellent tools to explore the possible
configurations of complex systems and to draw amichs on the relation of system structure and
corresponding dynamics. Computer models can aidstech for most relevant elements and
processes governing system behaviour. The fieléocofsystem modelling shows that comparably
simple models can be built that capture relevantadyics of complex systems (Gunderson and
Holling, 2002).



3.3 Variability uncertainty

An extensive literature exists on uncertainty indelobuilding and many different frameworks and
concepts have been proposed (e.g. Brugnach andARetl, 2007; Refsgaard et al., 2007; Walker et
al., 2003). Walker et al. (2003) provides a synthe$ many contributions on uncertainty in model-
based decision support. There they define uncéytamna broad sense dany deviation from the
unachievable ideal of completely deterministic kiedlge of the relevant system” (p. ®bviously,
uncertainty is pervasive in transition modelling.this article, we do not aim at providing a specif
uncertainty classification for transition modellitoyt merely discuss some aspects of uncertainty
which we consider especially relevant in this fidldterms of the framework proposed by Walker et
al. we use the nature of uncertainty - variabilitycertainty and epistemic uncertainty - to struetur
this discussion. This subsection first elaboratesariability uncertainty and epistemic uncertairgty
discussed in the next subsection (3.4).

Variability uncertainty refers to “inherent uncénts or randomness induced by variation associated
with external input data, input functions, paramgt@nd certain model structures.” (Walker et al.,
2003, p.13). One source of variability existingsiocio-technical systems arises from the creation of
innovations (e.g. technological innovations, inrtox& institutions). If and when such innovations
enter the system, how they manifest and what kireffects they have on the system cannot precisely
be known in advance. Further, systems in transaiemot isolated but exposed to influences froen th
system environment. Such influences include chanfearious kinds on the landscape level, like the
Chernobyl disaster, an economic crisis or the duotion of high-level institutions like the Europea
Water Framework Directive. A regime is also exposednfluences from connected regimes (cf.
Geels, 2007; Konrad, Truffer and Vol3, 2003) like ifiestance the impact of agriculture on water
management. Agriculture is a major user of watepueces and a major polluter as well. Another
source of variability is not related to unexpeocteents that “disturb” the smooth development of the
system but is inherent in the system itself. Therimal dynamics of regimes and niches generate
branching points which enforce the choice of arittourse. For instance, if a major player decides
between rival technological designs pushing onégd&sor a new legal law becoming more or less
strict depending on the outcome of a political pssc The choice of the respective actors is aéind

inherent variability potentially deciding about thuture direction of an unstable system.

Challenges and opportunities arising from variability uncertainty

Concrete manifestations of variable elements angraldy unpredictable ex-ante. However, they might
influence system development, especially if thetesysis path-dependent (Arthur, 1994). Path-

dependency is often discussed with respect to ibemtnregimes where path-dependency is argued to

% For example, in the transition in Swiss food prtéhn, the strategic decision of Coop to introdackroad
range of organic food products stimulated expansibrthis niche compared to the alternative desighs
Integrated Production and Integrated Productios.Plihe expansion of the niche stimulated furthegmammes
of competing food retailers (Belz, 2004).
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stabilize this regime (Dosi et al., 1988; Nelsom aNinter, 1977). However, in the dynamic and
unstable phase of a transition, path-dependencynaéans that continuously future developments are
shaped and channelled through current actions. i@@nghe following example: the decisions of
house builders to install solar cells are influehdy the amount of subsidies granted. If subsidy
schemes change, say in a disputed decision mosidggare provided, demand will increase. Firms
supplying solar cells will react on changes in dedhaPotentially a major player of the incumbent
energy regime decides to enter the market. Ini@atd increasing demand, production will increase
what might stimulate further research possibly ilegdo a technological break-through or in contrast
to stagnation of learning curves and loss of faitpotentials of a technology. The developmenthef t
market and estimates of technological developmenvell as lobbying activities of actors involved
will influence the decision made in the politicakaa reviewing and adapting the subsidy scheme.
This simplified example illustrates how system dcapries branch out through “random”
manifestations of variable aspects (subsidy schemagyr player entering the market, break-through
or stagnation in technological development) andesmonding implications on future developments.
In transitions, many variable aspects are involeeeating a vast tree of possible pathways.

Models can be used to explore the space of posdiNelopments arising from the interplay of
multiple sources of variability uncertainty. Thegnchelp to identify development branches which
encompass most promising states as well as thasel®s that contain most undesired developments.
The challenge for model building resides in mappimg space of simulations specifically enough to
allow conclusions on key processes and events.afosrcan help to explore and structure the space
of simulation results of a model. Scenarios predethe development of some aspects of the system
or its boundary conditions in a coherent and realslenway. Doing so, scenarios restrict simulation
runs to certain parts of the space of simulatiosults and facilitate an understanding of the

implications of the assumptions embodied in théndtedn of the scenario.

3.4 Epistemic uncertainty

The challenges discussed up to now are intrinstbentopic of transitions. In this section we disgu

challenges that relate to the knowledge base o$ittan research.

Conceptual vagueness

The concept of “transition” has been applied tocpeses in diverse sectors like for instance the
transition from sailing ship to steam ship (Ge2B02), a transition in Dutch water management (Van
der Brugge, Rotmans and Loorbach, 2005) and thektimeugh of rock'n roll (Geels, 2007).
Different author use slightly varying terminologye.g. “socio-technical transition”, “societal
transition” or simply “transition”) and propose yarg lists of factors or domains incorporated
(technology, economics, cultures, routines, infragtire, rules, institutions, actor groups, netwsork
environment, paradigm, etc.). As Squazzoni put§(i)ach branch of the literature on transitions

seems to be inclined towards producing its own ligbsoncepts and models, with the consequence

9



that generalisation and theoretical cumulativenésg are difficult to achieve.(Squazzoni, 2008,
p.18f). The shared characteristics that classpyogess as “transition” commonly agreed upon remain
on a very general and qualitative level as desdribesection 2: the metaphor of an S-form, the
interaction of multiple levels, and transitions rigpiprocesses involving multiple actors and factors.
Also for other basic concepts of transition reseatike the notion of regime, currently no shared
exact definition exists (cf. Holtz, Brugnach ancP&/ostl, 2008).

Some work to identify more specific concepts isrently conducted but not yet integrated in the
shared body of knowledge as defining charactesistictransitions: Rotmans et al. (2001), van der
Brugge, Rotmans and Loorbach (2005) and othergheseoncept of four “phases” of transitions.
Smith, Stirling and Berkhout (2005) suggest fouarisitions contexts” that lead to different traiosit
dynamics while Geels and Schot (2007) proposedifiarent pattern of timing and nature of multi-
level interactions generate different transitiomaiyics. Haxeltine et al. (2008) propose a concéptua
framework for transition modelling that includediditions of basic concepts as well as a set ofemor

specific mechanisms proposed to underlie diffetamisition paths.

Challenges and opportunities arising from conceptual vagueness

The concepts agreed upon up to now by transitisearehers (S-Form, multi-level, many actors and
factors) are very general and provide little gumafor the evaluation of models. Many conceptually
completely different models are e.g. able to repeeddynamics that resemble an S-form (cf. Bergman
et al., 2008 and Yicel and Chiong Meza, 2008). Mgpecific concepts rendering more precisely
classes and characteristics of transition (subscesses are needed to relate transition models to
empirical work and theory (Haxeltine et al., 2008he framework developed by Haxeltine,
Whitmarsh et al. aims at providing a bridge betw#erory, empirical analysis and model building
(Haxeltine et al., 2008). Developing, discussingl agreeing on such a framework (or a set of
acknowledged frameworks) are important next stepstriansition research. Models can aid this
process. They can be used to explore the interecaod possible dynamic behaviours of structures
and sub-processes proposed in such frameworksg csmninforming the debate on framework

development.

Understanding socio-technical systems

In several fields like physics, weather forecasimplex chemistry or ecology, models proved to be
useful tools to enhance understanding and managesh@omplex systems. Transitions differ from
these fields in the sense that change in socigiteghsystems is at the heart of a transition. Masi
actor groups are involved in transitions; like firngonsumers, associations, administration, pialitec

etc. A societal subsystem is constituted by theramttions of such actor grodpsand a transition -

4 For instance, in case of nowadays car-based mpbili industrialised countries like Germany or the
Netherlands, car manufacturers sell cars while sgaeernance ministry deals with regulations regagydi
environmental standards of cars and another onesgonsible for building and maintaining streetdl- O
companies provide fuel, repair shops provide neecgsservice and financial institutions offer difet kinds of
insurances. The consumers privately owning catsviothe practice of “all-times for all-purpose” gga
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change in a societal subsystem - includes changdkeirbehaviour, interaction and composition of
these actor groups. Therefore change in human lmhraand social relationships must be embraced
by transition researchers and transition modellEng formally most advanced of the social sciences
IS economics. Economic aspects are important amsitions and may constitute a backbone of
transition models. However, one of the pillarsrahsition research is that economic aspects al@e a
insufficient to understand e.g. resistance of regito change but that inter alia institutions aodqr

relations have to be considered as well.

Challenges and opportunities regarding the representation of socio-technical systems

Several parts of socio-technical systems, espga@aVernance systems are not (easily) accessible to
modelling. According to Mayntz (2004) our theoraticinderstanding of processes whose dynamics
are strongly influenced through specific constillzd of corporate actors and which involve a vgriet
of structural and institutional features is limitéthat means theories and concepts being usable as
base for modelling governance related parts ofosteaihnical systems are mostly lacking. Such a lack
of understanding is rooted in the more fundamewdkness of an absence of a unified view on
human behaviour. Several acknowledged, but somstimen-compatible concepts explaining
individual human behaviour have been developed dpnemists, sociologists, psychologists and
others. However, which concept is most appropimatghich context is often not known or otherwise
disputed. Another issue of hot debated is the def@endency of human agency and social structure.
While some scholars, especially economists, highlige importance of individuals (interacting in a
market), others emphasize the role of social sirastlike norms and routines for understandingagoci
systems. Although these views are not completegorimpatible (cf. e.g. Giddens, 1984), how
individual behaviour is influenced through socilistures and how social structure in turn is sbape
through individuals’ behaviour is a core reseassue in the social sciences of which understanding
limited. In sum, in contrast to most fields in wihimodels have been fruitfully applied to deal with
complex systems, when modelling social and sodibftieal systems, the fundamental underlying
laws are not known (if such laws exist at all i thocial sphere). Further, with the exception of
economics, existing concepts are rarely elaboritexd formal way easily transferable into a model.
Simulation is still a young field in the social sstes which still needs progress in methodology and
standardization (Axelrod, 2003). Researchers ininterdisciplinary field hence face the challenge t
select one specific model design potentially facimgny different possibilities. However, which
choice is made might be crucial for results (Hard Bahl-Wostl, 2001). Still, models can be used to
explore the relevance and respective consequeticesryong assumptions about human behaviour.
This might be useful to distinguish transition pdesvhich are dominated by (social) structures from
more instable phases in which human agency mafters.may e.g. help to refine our understanding

about behavioural patterns which induce or bloakditions.
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3.5 Promising future routes in transition modelling

The discussions up to now have created a basis Wbhioh we can suggest future avenues for
modelling to make a valuable contribution to tréinsi research. Given the vast scope of transitions
we have suggested models as means of communicatidrcollaboration to bridge the conceptual
divide between disciplines. The use of models wébards to that has been discussed elsewhere
(Rotmans, 1998, Lotze-Campen, 2008). We furthere hdentified models as tools to explore the
space of system trajectories created by variabiitgertainty. However, the space of simulation
results that can be explored in such an exercis®ated in the structure of the model. To our
knowledge little work has been done on comparirgyuériety of model results rooted in variability
uncertainty (parameters, random numbers) to suotedoin model structure (for an exception see
Hare and Pahl-Wostl, 2001). However, it can be @dghat the model structure is a more fundamental
aspect. Hence we presuppose a high level of cord&lén model structure being a prerequisite for
modelling exercises exploring the space of systajedtories created by variability uncertainty. Our
discussion of complexity and epistemic uncertasttpws that we do not have such a high level of
confidence in the structure of transition modelsnk our perspective, addressing challenges arising
from complexity and epistemic uncertainty are masfent for transition research and provide most
promising routes for transition modelling.

These challenges comprise to develop and agreeforind) characteristics of transition processes, to
identify and generalize elements and processesiviedoin transitions and to improve our
understanding about how they are interacting iramsition. The explanatory power of single models
might be limited, due to the uncertainties involvetbwever, we are confident that a multitude of
models and model variations can confirm and/oneethe current conceptual base significantly. This
will be the case if several models point into thene direction. For example, Bergman et al. (2088) a
well as Yucel and van Daalen (2008) both have ned¢he transition from sailing ship to steam ship
introduced in section 2. Although utilising veryffdrent frameworks as base for their respective
models, both studies conclude that differentiatedkets in combination with economies of scale and
technological advancements were key aspects ofrtmsition. Such consensus substantiates findings
and makes the results more robust.

Further, and perhaps more importantly, model bogdis a fruitful way to structure knowledge.
Formalizing concepts requires a stringency whiclpsheentifying gaps in less formal descriptions.
Model building helps to structure an issue, prosidebase for discussions and potentially leads to a

refined set of questions. Models are highly valaad thinking tools.

4. Methodological conclusions

The previous section identified challenges and dppdies for transition modelling arising from
intrinsic characteristics of transitions and frame knowledge base available to study them. We have

suggested addressing challenges arising from coutyland epistemic uncertainty through using
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models to identify and generalize elements andga®es involved in transitions as most promising
route forward. Although we are optimistic about siation models’ power to contribute to a more
profound fundament for transition research, in g@stion we argue that the vast scope of the iapic
combination with its intrinsic complexity and thaaertainty involved constitute severe challenges to
model building necessitating a well-balanced antibeéeate modelling approach right from the
beginning. We argue that the objectives of a moedadrcise play a key role in achieving a
methodologically manageable model and suggestmanébus models tailored to answer specific

questions as the most promising modelling approach.

4.1 Transition models need to be tailored around well-defined
objectives

Multiple model structures are reasonable

When building a conceptual model, the identificataf relevant aspects relies on knowledge about
factors determining the dynamics of one or sevetatesting dependent variable(s). The vast scbpe o
transitions offers a multitude of elements and psses that could be considered relevant. As
discussed in the section on epistemic uncertasggtion 3.4), no fundamental laws of social systems
have been established by the social sciences, iadaller has to make some subjective assumptions
and/or choices among several alternatives proplogeifferent (and often rivalling) schools. Multepl
model structures can be argued to be reasonable.

Substantial difficulties hinder corroboration ofethsuperiority of a specific model structure.
Potentially, several different models are abledproduce the same set of stylized facts and/or data
sets. This many-to-one relation is a well-knownbbeoa for identification of “correct” models of
complex systems. The reason is, as Sterman (20@9€)tpthat‘(t)he number of variables that might
affect the system vastly overwhelms the data aleil® rule out alternative theories and competing
interpretations” (p. 25). When modelling complex systems, evaluatitight show that a specific
model is reasonable but can not prove invalidityaldérnative model designs. This coexistence of
explanations, known as equifinality (also calledider-determination problem' or ‘identification
problem’ (Windrum, Fagiolo and Moneta, 2007)),l gig¢rtains in modelling fields having a longer
tradition than transition modelling, like modellirgf environmental systems (Beven, 2002). The

epistemic uncertainty in transition research alléevsa broad range of reasonable model designs.

Parsimonious, transparent models can contribute to the knowledge base

If confidence in the model structure is low andsinot possible to prove the superiority of a sfpeci
model design, then, adhering to transparency ofefsoseems to be a reasonable way forward. By
“transparency” we refer to the possibility of rahgt simulation results to particular characterstig

the model structure and assumptions made; gengriasights on how certain factor combinations

result in specific dynamics. If models are transpérinsights can be abstracted from the specific
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model used to gain them. In this way, transparemtlats contribute significantly to the knowledge
base on the modelled system(s).

We conclude from the discussions in section 3.2 ithahe realm of complexity only parsimonious
models are transparent. The co-dynamics and tkeeteféf emergent properties in broad and complex
models easily overrun the capabilities of the hummamd to comprehend resulting dynamics. Hence
only for parsimonious models we are able to distisiy characteristics of a system and its dynamics
from model artefacts and can draw conclusions a@n redation between simulation results and

inevitable uncertainties in model design.

Clear and specific objectives are crucial

Given the vast scope and complexity of transiti@msy, parsimonious model necessarily must neglect
or considerably simplify some aspects of the medellsystem. Regarding the complex
interdependency of many relevant actors, fact@a@ges and processes, parsimonious models hence do
not reflect transition dynamics completely and séeappropriate to capture the full complexity and
scope of transitions. A modeller has to choose &éetwconfining a model to certain parts of the
overall transition (as an example see Holtz, 2008)p strongly simplify matters (e.g. de Haan, 00
Consequently, if transparency is aimed at, thereisiniversal transition model. This view refleats
general insight from complexity studies: complesteyns must be modelled differently to answer
different sets of questions. The objectives of miedelling exercise define the view on the system
taken; therefore clear and specific objectivescaneial for successful model building. Sterman: éTh
art of model building is knowing what to cut outdathe purpose of the model acts as the logical
knife” (Sterman, 2000, p. 89). Sterman concludédwvays model a problem. Never model a system.”
(p. 90).

A resulting major challenge for transition modatlirs identifying and clearly specifying objectives
which are on the one hand contributing to the bofdiknowledge of transition research while at the
same time defining a manageable modelling exeadlewing transparency of the resulting model. In
rather general terms we have identified the mossging objectives for transition modelling as to
identify and generalize elements and processesiviedoin transitions and to improve our
understanding about how they are interacting imaasition. This overall agenda may serve as a
guideline but has to be rendered more precisetiefime a specific modelling exercise.

We have considered models tailored to answer sgpegifestions the most fruitful approach for
transition modelling and have suggested buildingsipgonious models that strongly reduce the
complexity of the real system. When doing so, itriportant for the interpretation of model restitis
also have in mind what is neglected or oversingifby the model and which alternative modelling
routes could have been taken. Results have tothatpcontext and compared to other works to fully
understand the consequences of choices made imdbel design. This point is especially relevant
because transition modelling is a new researcl &iatl scientists working on the topic start fromirth

perspective, being accustomed to their “glassastodrses and tools. They might therefore tend to
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interpret transitions from their current viewpointgilising concepts and methods they are familiar
with. It is important to embrace equifinality and temember that no single model can claim to
constitute the only valid characterisation of aegivproblem situation. To overcome the divide
between disciplines and to develop a joint knowéeltlgse an open-minded community of transition

modellers, willing to relate and compare modelgiodting from diverse backgrounds is essential.

5. Conclusions

This paper presents an appraisal of conceptuahetodological issues in transition modelling. We
have explicated the vast scope of transitionsy tt@mnplexity and the relevance of uncertainty and
identified challenges and opportunities for modélding. Given the vast scope of transitions weehav
suggested models as means of communication andboddition to bridge the conceptual divide
between disciplines. We further have identified eledas tools to explore the space of system
trajectories created by variability uncertainty. wéwer, given a lack of accordance regarding the
structure of current transition models, addressihgllenges arising from complexity and epistemic
uncertainty are most urgent and currently providestmpromising future routes for transition
modelling. Model building can help identify and gealise elements and processes involved in
transitions and improve our understanding abouir ttespective roles. This can contribute to the
development of a shared terminology and of a sethafed basic definitions, an issue which still
requires a lot of work although progress has béeady made recently.

We argue that given the combination of challendestified in this article, parsimonious, transparen
models, designed to achieve specific objectivesrarst promising to enhance the knowledge base of
transition research. Objectives need to be welinddfto guide design of models. In rather general
terms we have identified the most pressing objestifor transition modelling as to identify and
generalize elements and processes involved initi@msand to improve our understanding about how
they are interacting in a transition. This oveeglenda may serve as a guideline but has to berezhde
more precisely when defining a specific modellingreise.

Due to the epistemic uncertainty associated with ¢brrent state of understanding of transitions,
results of individual modelling exercises have ¢put into context and compared to other works to
fully understand the consequences of choices madthé model design. Acknowledging and
embracing equifinality is of major importance iretfield of transition modelling to overcome the
divide between disciplines and to develop a jomiwledge base.

Transition modellers are undertaking a challengindeavour which is only just starting. Based on our
appraisal presented in this article we propose tsat# to be considered being silver bullets s@vin
all problems of transition research. But they carvaluable tools contributing to the enhancement of

the knowledge base of the field.
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Abstract

A transition model explains long-term fundamenthbroge in a societal subsystem as emergent
outcome of an underlying mechanism (Squazzoni,&008is article discusses to which extent and in
which way such a generative mechanism can simfiigyreal process. A brief review of recent

transition models reveals substantial differencesgarding assumed essential entities and
interactions. A subsequent conceptual discussiortlades that the reviewed models fall short in

capturing essential micro-macro interactions ance aver- simplified compared to the richness of

entities and interactions identified in conceptaatl empirical works. It is then argued that incneas

the complexity of models is nevertheless not aorese way ahead. Instead it is proposed to make
better use of building blocks of an intermediateeleof complexity — e.g. timing and kind of mugtré|

interactions (Geels and Schot, 2007). Two typesarfelling exercises are suggested.

Keywaords: Transition; System Innovation; Model; &imtion

1. Introduction

Research on transitions has grown into an own figldeals with long-term fundamental change in
societal subsystems, such like a transition to @bareneutral energy system or a transition to
sustainable food production and approaches the fopin an interdisciplinary perspective, building
on concepts from a variety of fields like complgxtieory, innovation studies, governance studies an
evolutionary economics. Transition researchers hawestly presented qualitative studies utilizing
high-level frameworks to structure narrative dgewns (e.g. Elzen, Geels and Green, 2004; Geels,
2005a; Rotmans, Kemp and van Asselt, 2001). Bugnthg researchers have also started to address
questions of transition research using computer etsode.g. Timmermans and de Haan, 2008;
Bergman et al., 2008). Computer models provide may#ical approach that, being precise and
stringent and providing a means to study emergeopiguties, can complement previous studies and
can address some of their short-comings. Thislarpcesents an appraisal of some conceptual and

methodological issues in such transition modelliag.such it complements Squazzoni (2008a) and



Timmermans, de Haan and Squazzoni (2008). Thomdeartelate the emerging transition modelling
field to other (disciplinary) approaches dealinghwétructural change, discuss why modelling can
advance transition research and suggest what Botoalstitutes a “transition model” — an explanatio
of macro level changes as emergent outcome of aterlying generative mechanismSuch a
transition model needs to find a balance in thesiten between the overall agenda of transition
research, which argues that due to their compleibse processes can not simply be explained
through reducing them to something very much simp@d the purpose of modelling which is
actually to reduce complexity through highlightitige essential aspects of a process and excluding
marginal influences. The crucial question is toakhextent and in which way a model of a transition
can simplify the real process without loosing erplary power. This article approaches this question
as follows: section 2 gives an introduction to siion research and recapitulates the potentiagfitsn

of transition modelling. Section 3 reviews receminsition models and analyses similarities and
differences in those models. This is complemented bonceptual discussion, which provides some
additional insights on properties of generative na@tsms, especially on the relevance of micro-
macro interactions for understanding transitiorisisl argued that hitherto models fall short in
capturing essential micro-macro interactions. $ecddi gives an argument that building more complex
models is nevertheless not a reasonable way alehthat building a transition model that aims to
provide a generative mechanism fully explainingaasition is (currently) over-ambitious. Based on
this, alternative future routes drawing more exgjion available building blocks of explanation arfi
intermediate level of complexity are suggested. Tdmt section summarizes and draws overall

conclusions.

2. Transition research and transition modelling

2.1 A brief introduction to transition research

Transition research has investigated a diversefsptocesses, like for instance the transition from
sailing ship to steam ship (Geels, 2002), a tremmstbwards a sustainable energy system (Rotmans et
al., 2001), a transition in Dutch water managenf#an der Brugge, Rotmans and Loorbach, 2005),
the transformation of utility sectors (Konrad, Terfand Vol3, 2008) and the breakthrough of rock’'n
roll (Geels, 2007). What those processes havermam, and what is thus the unifying perspective of
various transition studies, is that those processes be perceived as coherent long-term change
process arising from co-evolutionary and mutuadiyforcing (sub-) processes on multiple levels and

in various domains (economic, technological, in$tinal, socio-cultural). Transition research is a

! A “generative mechanism” refers to a constellatibentities (e.g. actors, technologies, instituslpand inter-

actions leading to a specific type of phenomenag @spatial or dynamic pattern). See section 3.1.
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young field which has developed in partly indeperndgrands, applying a diversity of labels like
system innovatignsocio-technical transition societal transition industrial transformationand
technological transitionand which still struggles with establishing itsnceptual basis. Different
authors use slightly varying terminology and prapogarying lists of factors incorporated in
transitions (technology, economics, cultures, rasj infrastructure, rules, institutions, actorups
networks, environment, paradigm, etc.). A jointidiéibn and description of transitions is still kaeg.

As Squazzoni puts iti(E)ach branch of the literature on transitions see to be inclined towards
producing its own labels, concepts and models, wlith consequence that generalisation and
theoretical cumulativeness (...) are difficult to ieste’ (Squazzoni, 2008a, p.275). For the sake of
this article no further definition is added, instethe labels “transition research” and “transition
modelling” refer to those works that use those Iebieemselves and whose topic complies with those
very general and qualitative characteristics thatcammonly agreed upon as classifying a process as
“transition”: the metaphor of an S-formed dynam{skow pre-development - fast self-reinforcing
changes - stabilization), the interplay of develepis on multiple levels and the interdependency and
co-evolution of a range of actors and factors freamious domains in generating what can be
perceived as coherent long-term change process.

It is useful for further illustrating the topic aridr providing a basis for discussions in subsetjuen
sections to briefly introduce the multi-level pezspve (MLP), a framework nowadays widely used to
describe transitions (e.g. Geels, 2005a; Geelshi20Rotmans, Kemp and van Asselt, 2001; Genus
and Coles, 2008). In this framework, three diff¢demels are identified: in the main focus resities
“regime”, a pattern of actors, practices and rulepresenting the dominant way of providing
functionality. For instance, in case of nowadaywdlaased mobility in industrialized countries, the
regime can be sketched around the internal-conthugngine driven car: manufacturers sell cars
while some governance ministry deals with regulegicegarding environmental standards of cars and
another one is responsible for building and maiai streets. Oil-companies provide fuel, repair
shops provide necessary service and financialtutistns offer different kinds of insurances. The
consumers privately owning cars follow the practioe “all-times for all-purpose” usage. The
“landscape” level represents the encompassingmysteguiding and bounding regime development.
In the mobility example, this refers to things ligolitical reactions to) climate change, depletan

oil resources, a (still) increasing need for mapiind changes in environmental awareness. On the
lowest level, “niches” constitute alternatives e regime. Niches may emerge around novel vehicles
and fuels (e.g. hydrogen driven or electric car)from shifts in institutions (e.g. car-sharing).(cf
Whitmarsh and Nykvist, 2008).

The “classical” dynamic pattern of a transition Wbthen start from a relatively stable regime with
alternatives forming in certain niches. Problemthimithe dominant regime itself or pressure from th
landscape level open up the opportunity for altévaa to challenge the dominant regime. The regime

loosens and after a phase of several connectedafiyuinfluencing changes, a new regime emerges,
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forming a new, stable system. However, it must died, that other transition patterns and pathways
have been identified (Geels and Schot, 2007; Kqonfadffer and Vol3, 2008; Smith, Stirling and
Berkhout, 2005) and it should be stressed thabadth historical transitions are naturally seenhia t
light of the starting point and the end-state, #rid-state of a transition is not pre-determinedfthe

onset.

2.2 The benefits of modelling transitions

Historical transitions have usually been “explaihéttough some form of narratives guided by a
framework like the multi-level framework. This girean in-depth intuitive understanding of the
respective case. Howevéthe analysis is powerful at a descriptive leveltbow at an analytical
level” (Squazzoni, 2008a, p. 275) what makes it diffidoltderive generalizations. Further, such
narrative descriptions have a hard tieeplaining (rather than only describing) the generation of
macro-level changes since the complex nature of sysems involved provides a barrier to
comprehend the appearance of emergent macro dyslamic

Computer simulation models can address these sboriags. On the one hand model building
requires an analytical view on a system - stringenlear definitions and explication of what isdak
into account as explaining the observed phenomenlois. makes descriptions precise enough to be
testable and generalizable across cases. On the luihd, models are able to close the micro-macro
gap through generating dynamics based on interectad model elements, doing so putting the
implemented generative mechanism to a test. Sqoaargues that thémain challenge of transition
studies is to work with analytical models that allaus to map the micro-macro generative
mechanisms that can explain the emergence of transj at the same time making traceable the
alignment of intersectoral changes that characesizach societal transition.(Squazzoni, 2008a,
p.267). Following this proposition regarding théerof modelling in transition research, in thisicet

a “transition model” refers to a model explainingransition as emergent outcome of underlying

mechanisms (see also Timmermans, de Haan and 9qija2208).

3. Considerations on the structure of generative

mechanisms

3.1 Explanations based on mechanisms

Using this definition of a transition model as eiping a transition through providing a generative
mechanism suggests briefly discussing both keyonsti- “explanation” and “mechanism” - before

going on. Roughly speaking, an “explanation” answbe why-question. Getting more precise, what
actually constitutes an explanation is no so ctedrin the social sciences (cf. the discussion of

different kinds of explanation in Hedstrom 2008) this article | consider an explanation compléte i
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it provides a complete causal reconstruction ofcgsses leading to the observed phenomenon
(Coleman 1990; Mayntz 2004, 2009; Hedstrém 2008)césses in social systems are driven by
actors' activities. Therefore a complete explamaid a transition would require identifying the
involved actors and explaining their activitiestie context in which these activities unfold (which
comprises e.g. institutions, existing infrastruetutechnological artefacts). Besides identifying
involved entitie§ a further important step of providing an explématis to specify how a macro
phenomenon arises from entities' (recurrent) iotéras, i.e. to capture the emergence of the macro
phenomenon. Both steps together constitute a girenmechanism (Hedstrém 2008, Squazzoni
2008a, Mayntz 2004): a constellation of entitiegy.(&ctors, technologies, institutions) and inter-
actions leading to a specific type of phenomenan gespatial or dynamic pattern).

Considering the involvement of many entities imgidions (see section 3.3), it may not always be
convenient to provide an explanation disaggregtidte level of actors' activities. Indeed tramsis

are often described in terms of interactions othhbiglevel structures such as regimes and niches.
Given the requirements for an explanation defingalva, such descriptions may provide explanations
for transitions, but only if the used aggregatezireints and processes can (in principle) be explaine

through disaggregating them to the entity level.

3.2 Mechanisms in recent models

In order to show that transition modelling can bmeoa fruitful branch of transition research, the
added value of transition models needs to be demated. With respect to the role of models in
transition research suggested above, this woulahrired models should enhance our understanding of
the mechanisms underlying transitions. This secligues that current models have yet had limited
success with thitWe have a suite of models potentially able tol@rpsomething about transitions,
but it is (partly) unclear what exactly can be daded from them and what can be transferred back to
empirical and conceptual work. This does not medpeta harsh critique but the author is well aware

of the exploratory character of those first tranaitmodels and it needs to be underlined that those

2 For sake of convenience, here and in the followiegtity” is used as an umbrella to refer to agtors
technologies, regulations, norms, infrastructuce @ a micro-level of abstraction. “Element” idsas a more
general term which comprises besides entities msoro-structures sometimes used in models, suobganes

and niches.

% It may be noted here that the main objectiveshefrnodels discussed are highly diverse (e.g. demating
usefulness of a method for transition modelling ¢¥liand Chiong Meza 2008) or assessing the effect o
alternative policies (Chappin et al. 2009)) and thase model exercises are modest and do not ttaprovide
definitive answers on what constitutes a generatieehanism for a transition. Anyway, for the pumos$ this
article it is most interesting what can be learfresn these models with respect to generative mashenof

transitions.



models provide a starting point which brings to ftomt a refined set of questions which can be fed
into further modelling exercises. But in order tivance the field, it is useful to analyse weakresse
and to suggest future routes (see section 4). Wuaiskion is based on a review of recent transition
models: a special issue in CMOT (de Haan, 2008;l@&roord, Rotmans and Bergman, 2008;
Timmermans, 2008; Weisbuch, Buskens and Vuong, ;2008el and Chiong Meza, 2008), a session
on transition modelling at ESSA 2008 conferenceidfd Meza and Chappin, 2008; Holtz, 2008;
Yucel and van Daalen, 2008) and recent relatedigatlins (Bergman et al., 2008; Kdhler et al.,
2009; Chappin, Dijkema and De Vries, 2009). Sevpudilications (Bergman et al., 2008; Kohler et
al., 2009; Schilperoord, Rotmans and Bergman, 208B)Ye to the same model developed in the
MATISSE project building on a framework developed Hiaxeltine et al. (2008). Those models are
sometimes summarized as “the MATISSE model” inftilwing discussions. Table 1 provides an
overview of the reviewed models.

The reviewed models implement a variety of différessential entities and interactions. Although
each model brings up an own approach, the follovsngymarizes some clusters: some authors
represent explicitly actors separate from a physicald (technology, infrastructure, nature) and/or
rules/institutions and mostly assume diffusion psses, heterogeneity of preferences, increasing
returns to scale and market mechanisms as drifarsamge (Weisbuch, Buskens and Vuong, 2008;
Yucel and van Daalen, 2008; Holtz, 2008; Chappiijkdina and De Vries, 2009). Actors are
represented as having some (potentially dynamiedepences and choosing among options (usually
technologies), while the attributes of options @®mccording to usage by actors. Institutions are
fixed or change exogenously. Those exercises méstlys on changing market shares of options as
emergent outcome. Others model niches and regiotegeld and moving in some “practice space”
and focus on their “power games” (the MATISSE modid Haan, 2008). Niches' and regimes'
strengths grow or diminish depending on internahadgics of the respective entity and through
resource input depending on the location in thetjm@a space.

In most models dynamics unfold “mechanisticallytfainigh actions of myopic actors and hard-wired
responses of technologies’ attributes and enviroaheclements. Here, the MATISSE model is
prominent regarding the consideration of reflexavel strategic behaviour. In this model, regimes and
niches follow meta-strategies based on a percepmifothe overall macro-situation. For example,
empowered niches follow a “predator” strategy, didgptheir practices with the aim to take away
support from the regime. Depending on the locatibempowered niche and regime in the practices
space this might entail very different actions. Tinedel presented in Chappin, Dijkema and De Vries
(2009), whose main actors are power producing coiepaalso considers some strategic elements
through actors taking into consideration investra@md decommissioning announced by competitors.
The broadness of the reviewed models in termsftédrdnt domains and levels considered is strongly

varying. Roughly distinguishing approaches, it cabme said that some exercises



Publications

Topic

Purpose

Conceptual / empirical &sis

Main model elements

Method

Outcome / Findings

Schilperoord,

Develop prototype of

Explore model

MLP

Replication of S-curves

gg:g‘rﬁgi and | model behaviour Haxeltine et al. (2008) Exploratory example on
2003 transition to sustainable mobility
Bergman et Four historical Replication of | Schilperoord, Rotmans and Reproduction of qualitative
al., 2008 examples four transition | Bergman, 2008 Regimes, empowered | Complex aggregated| dynamics of the four transition
(retrospective, taken | pathwaysto | s of the historical | hiches, niches agents for regimes | Pathways as described in the
from Geels and Schat test suitability i _li historical examples
examples Support canvas and niches. SD-like
2007) of model (consumers) structure for their
Koéhler et al., | Transition to Assess Schilperoord, Rotmans and i internal dynamics. | Assessment of likely transition
2009 sustainable mobility | pathways Bergman, 2008 Practice space Simple Agents for | pathways
(prospecitive) towarpis Data for UK (2000 to 2003) consumers. Policy implications
sustainable
mobility Personal communication with
mobility experts
Scenarios specifying future
landscape developments
Timmermans, | Connect societal Explore model| Linear System of Action Actors having interest | Extend Linear] Model self-organises into g
2008 transitions to behaviour (Coleman 1990) in and control over System of Action| critical state
punctuated issues through variation and
equilibrium paradigm selection
Yicel and Dutch waste Aggregated data on Options Qualitative reproduction of
Chiong Meza | management implemented options (investments+stock) waste management transition
2008 transition Diverse concepts (e.g. multi{ Actors (4 types) Identification of structural
(retrospective) Explore biective decisi K hanisms behind "
suitability of objective decision making) Environmental impacts _ mechanisms behind transition
2D for System Dynamics (feedback loops)
. " modelling . . . . .
Yucel and Transition from - Narrative on this transition Options Replication of aggregated
- . transitions - '
van Daalen, sailing ship to steam (Geels 2002) and additional Actors (2 types, 9 dynamics.
2008 ship (retrospective) literature '

groups)

Hypothetical scenarios to asse
sensitivity

5S




t

Authors Topic Purpose Conceptual / empirical basis| Main model elements | Method Outcome / Findings
Holtz, 2008 Transition from Identify Case-specific literature Farmers Agent-based Confirms relevance of multiplg
ramfe?tto |r_r|gated ][elivant Literature on (models of) Options !{evel;t_and multiple factors for
ggrlcg #re In at q acdorls , agricultural systems and land- Rules ransition
(rg'?rglss ef:?if/z study ;Jrgniirti)(l)lgg use change. Questions relevance of niches,
P ) regimes
Chiong Meza | Transition in power | Assess European emission trading | Power producers Agent-based The two policies both deliver
ggSSChappm, generation 32&§§|0n ] scheme Physical assets (power bl;]t dlf'{ﬁr rega}roll(ljngtthe tlmte
bl gan Dutch data on portfolio and | plants) wﬁent ey unfold stronges
Chappin, carbon markets Market etiects
Dijkema and taxation as _ o arkets
De \/ri transition Scenarios for electricity
zgognes’ instruments demand and fuel prices
de Haan, Niche-regime Establish MLP Regimes, niches Partial differential Provides precise mathematical
2008 interactions formalism for Spatial approaches in political Practice space equations description of transition theory
thought : concepts (e.g. regime)
. science
experiments
Pattern-formation in physics,
biology etc.
Weisbuch, Product competition | Study Increasing returns to scale | Three products Differential equationg Different dynamics dependen
\B/uskenszggg ina heterogenel()l:_s dyngmltcs of Distribution of on parameters
uong, consumer popuiation) pro uct't' consumers' "willingnes Multiple attractors may exist
competition to pay" (Hysteresis possible)

Table 1: Overview of reviewed models.



purposefully reduce the dynamic flexibility of mdslestriving for a complete understanding of the
model's behaviour (de Haan, 2008; Holtz, 2008; Temmans, 2008; Weisbuch, Buskens and Vuong,
2008; Chappin, Dijkema and De Vries, 2009). OtHecsis more on giving a complete and dynamic
representation of the relevant domains and interast(the MATISSE model; Yicel and Chiong
Meza, 2008; Yucel and van Daalen, 2008). WeisbBeiskens and Vuong (2008) present the least
extensive model focussing on the development ofketashares of three products in a market of
heterogeneous consumers with fixed preferencaluistin, while Yicel and Chiong Meza (2008) is
the most encompassing work in terms of dynamic mnpaes included. It features dynamic attributes
of options, a dynamic environment as well as a dyogreference structure of four types of actors
entailing context-sensitive decisions among opti(these model parts are themselves composed of
many dynamic sub-parts).

Different and partly contradictory conclusions drawn in the various exercises. Increasing rettons
scale turn out to be a central mechanism in soneecises (Weisbuch, Buskens and Vuong, 2008;
Yicel and Chiong Meza, 2008), while others manag@ednerate “transitions” without explicitly
considering this (Schilperoord, Rotmans and Bergn2®98; Timmermans, 2008). Similarly, while
the MATISSE model does not generate transitionshaut a landscape signal stimulating this
(Schilperoord, Rotmans and Bergman, 2008), de Ha808) and Timmermans (2008) admit the
absence of a landscape level in their models, Llitgenerate dynamics they consider being
transitions (or first phases of transitions, inecade Haan).

This review of recent models has not lead to caichs on what would be appropriate mechanisms to
explain transitions. Speaking broadly, major déferes relate to what is an appropriate level tmeef
model parts: the entity-level of actors, technasginstitutions, market mechanisms etc. or theemor
aggregated level of niches and regimes? How brbadld a model be in terms of levels and domains
included? Further, are landscape signals necessanduce transitions? All models present some
evidence that lends them some plausibility. Butiebsly, given the diversity of model structureseon
way or the other some convergence, combinatiornrefitement is needed to reach common ground.
The question to which degree and in which way golagation of a transition can simplify the real

process without neglecting key elements or prosesseld not be answered from this review.

3.3 Micro-macro interactions

The heterogeneity of model structures of the regbwodels reveals a limited shared understanding
of what are essential elements and processes ttgrstanding transitions. The following draws on
transition literature to relate the niches/reginaad the entity-level in order to overcome the
discrepancy in the structures of the reviewed nwdghte next sub-section relates the gained insights
to the different approaches chosen in those models.

One pillar of understanding, which is common groumdransition research, is the importance of

macro-level structures (i.e. regime, niches) inikieg a micro-level of entities and channelling
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developments into specific directions. This viewréflected in the wide utilization of the MLP.
Different types of higher-level dynamics structtine interactions of micro-level entities. The pobje
SusTime (Nill, Haum and Hirschl, 2004) found comiation that the techno-economic, the political
and the socio-cultural domain each have internadadycs which sometimes open “windows of
opportunity” for change while at other times theab-systems are more stable and resistant to change
The notion of a technological regime (Nelson anatéfi 1977; Dosi et al., 1988; Van de Poel, 1998)
refers to such alignment of internal dynamics iae thchno-economic domain and Kingdon (1995)
discusses the internal dynamics in the politicahdim. It was further concluded in SusTime that not
only the existence of such windows of opportunityall domains but also their timing seems to be
relevant for the success of transitions.
However, macro-patterns themselves do not prodyoardics, they do not act. As Geels states:
“Although processes at different levels can congeagd create windows of opportunity for regime
change, the actual linkages always need to be rbgidectors. Hence, the MLP needs to be filled in
with more detailed actor-related patterhgGeels, 2005b, p. 692). Hence, for a generatieelmanism
of a transition — which requires specification atiag entities — it is not sufficient to take macro
structures like regimes and niches as given butrticeo-level entities have to be considered in prde
to understand how structures decline and new siregEemerge.
But how micro-level entities align and interact ¢neating macro structures is mostly unknown,
although some first steps have been made. Gedldl;(2005b) has made some attempts to structure
the micro-level of transitions. The following disses - following the structure in Geels (2004) -
interactions of technologies, interactions of astatifferent kinds of rules and finally interactton
between actors, technologies and rules; complengrBeels where appropriate. Regarding the
interdependencies of technologies, Geels (2005h)eracomplementarities between technologies,
technical add-on and hybridization, sequential aedation (one technology paves the way for others
through opening up the dominant regime) and finabmpeting technologies which “borrow”
technical elements from each other. Hillman (206i&ilarly defines six modes of two-technology
interactions based on species interactions defimegtology (e.g. competition, symbiosis). Different
kinds of technology interdependencies likely entiififerent modes of interaction of regimes/niches.
Consider for example an increase in personal traielpublic transport which reduces congestion
problems, doing so actually increasing the utiifyusing private transport. In this example, a grgwv
public transport niche may have ambiguous influemte@ dominant private mobility regime whereas
niches around electric cars and hydrogen drives can be assumed to compete for similar markets
and resources (e.g. R&D effort).
The dynamics of destabilizing the old regime andding up a structurally different new one are
driven by the actions of actors (like firms, congug) associations, administration, politicians)etc.
Geels (2005b) identifies eleven patterns of ac&dationships (although this is only a first non-
systematic collection), for example innovation saoe a “cartel of fear” (all actors hesitate to mak
10



first move due to many uncertainties and high nisiolved). A coarse systematic distinction may be
made between constellations of (few) corporate racfdaying strategic games and collective
behaviour - aggregated and self-organized behawbumany myopic actors. For the latter several
models exist, like diffusion of innovation modelstbe threshold models of Granovetter (1978) who
has shown that change in the collective behaviéar mass of actors is not a simple aggregation of
individual behavioural changes. Instead it may bpethdent on the specificities of actors’ attributes
and their interaction structure. Small differenceay e.g. decide whether a bandwagon-effect is
interrupted in an early stage. Those latter actt@ractions feature first-order emergence (onlg), i
local interactions generate emergent macro-phenanianthe former type of actor interactions, the
strategic games, actors act (probably boundednaty) according to the overall macro-situation
which is then influenced by their actions whichtuinn triggers adaptations of some actors’ stragegie
Hence, through reflexive actors’ perception of thacro-situation, the macro-level has a direct
feedback to the micro-level, so-called “second-petaergence” (Squazzoni, 2008b). Such macro-to-
micro feedback is considered essential for undedstg social systems and differentiates them from
natural and biological complex systems (Mayntz, 306ew concepts and models exist. According to
Mayntz (2004), the toolbox to analyse and systemmationstellations of corporate actors and
institutional settings is not very well filled. Botypes of actor interactions play a role in traoss.
Consumer behaviour and also competition of manylidimas may be represented through collective
behaviour. Other aspects, especially policy devekmt, the work of associations and strategic
behaviour of multi-national “big players” are likainore oriented towards the overall macro-situation
The importance of both types of actor interactiongy vary depending on the field in which
transitions are analyzed. Some sectors like watgragement feature mostly corporate actors while in
others like mobility and agriculture the role of mga mostly unorganized actors like consumers and
farmers becomes prominent.

Regarding rules, Geels (2004) differentiates forfmadjulative from normative and cognitive rules
(Scott 1995) in five different regimewhich results in fifteen kinds of rules. Examplesthose kinds

of rules are formal research programmes (a foreglative rule in the science regime), symbolic
meaning of technologies (a cognitive rule in theigaultural regime) and companies own sense of
itself (a normative rule in the technological/protiuegime). Those kinds of rules reflect issues
considered relevant for different aspects of ttiorss and are more extensively elaborated in rélate
strands of literature (e.g. sociology of technolagy evolutionary economics). Geels (2004) further

conceptualizes (bi-directional) interactions betwestors, rules, and socio-technical systems in

* In this article Geels uses terminology as follows:distinguishes five different “regimes” beindated in an
overarching “socio-technical regime”. Those regiraes: technological regime, user and market regsoeio-

cultural regime, policy regime, science regime.
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regimes and niches relating those to respectiamdsr of literature (e.g. between actors and riiss t
resembles the sociological interplay of agencystnatture).

It may briefly be noted that entities are not ofdyming regimes and niches but also constitute the
links between regimes and niches and hence enagimea-niche interactions. Entities may interact
across regime/niche boundaries e.g. in the follgwiways: through input-output relations,
complementary technologies, actors involved in sdveonfigurations and regulations applying for
several configurations (cf. e.g. Konrad, Truffedarof3, 2008). If one elaborates entities' intecati
with respect to the multitude of actors, technasgand rules mentioned above, it becomes apparent
that the micro-cosmos of entities seemingly considémportant in empirical and conceptual works is
tremendously vast.

Although entities constitute and generate macnacsires, it should be stressed (once more) that the
structures involved in transitions (regimes/nichas not only passive outcomes useful to describe
transitions on a higher level of aggregation, bhattthey are actively involved in influencing
developments through feedback to the micro-levekmtties. The macro-level and its constituting

micro-level are entwined.

3.4 Hitherto models do not provide explanations

The previous discussion shows that ithteractionof regime/niche-level (macro) and the entity level
(micro) is central to understanding transitionsariitions are regime changes and this comprises
disintegration of an old regime and creation ofeavione — they are processes of decay and (re-
)creation of structures. In these processes mawed-thanges emerge from micro-level developments
while macro-level developments influence developimen the micro level. This dynamic interaction
between macro and micro-level is mostly neglectethb models reviewed in section 3.1.

The MATISSE modél- being based on regimes and niches interacticitfsumvents the necessity to
explicitly define acting micro-level entities thiglu adding some internal dynamics to regimes and
niches and embedding them into a “support canvg’essenting consumers. But it uses many black-
boxes which leave blind spots in the explanationaofransition provided by this model. The
transformation from niche to empowered niche tdameg(and reverse) and associated changes in
behaviour, the internal metabolism of regimes/rsctransferring “support” from the support canvas
into institutional and physical capacity usable fegime/niche growth or for changing what a
regime/niche does, as well as the behavioural rsaafalegimes and niches are seemingly inspired by
theory (e.g. Laver, 2005) and empirical work bué anot explicitly validated against empirical

evidence and the appropriateness of transferreatiéiseis not discussedSome of the categories

® A similar line of argument as the following onendze developed for de Haan’s model.

® This may be due to reasons of limited space inigations.
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introduced (e.g. institutional capacity) remain tedt and it would be difficult to relate them to
observable units of empirical systems. The modehér implements the artificial assumptions of
ascribing actor-like coherence and the ability ¢b ta regimes and niches. Haxeltine et al. (2008),
describing the framework underlying the MATISSE mbdtress that the actions of niches and
regimes reflect the emergent outcome of the aEs/éind actions of many diverse actors within that
subsystem. This is in line with proposing a coaatlire function of regimes directing dynamics (e.g.
technological development) into a specific direcfiotherwise over time the regimes’ and niches’
practices would disperse all over the practice spBat when it comes to understanding transitians,
(or eventhe) crucial phase starts when the dominant regimenbe® loosen and thus looses its
coordinative function. Regime resources are radiged partly depending on regime actors’
activities, especially if the regime features intpat big players like the big companies of the gper
and mobility regimes. Empirically it can be obsehtbat actors may stick to the regime and try to
defend their position e.g. through technologicgbiavements (the sailing ship effect). But it casoal
be observed that actors diversify into various nebbgies; or that different actors follow different
strategies (Geels, 2005b). The latter can be obdeior the current land-based mobility system in
search for alternatives to the gasoline driven ¥dhnile major automotive firms invest in ethanol
vehicles, the natural gas and oil industries habbied the UK government to impose standards which
constrain ethanol commercialisation (Whitmarsh &iyttvist 2008). Furthermore it can be observed
that different car companies follow different ségies for developing low-emission vehicles (Pinske,
Bohnsack and Kolk, 2009). This richness of posgib&etions to declining regime power is ignored if
macro-structures are the acting entities in a model

The above discussed models focussing on the meee-lof entities neglect (mostly) the role of
reflexive actors and strategic behaviour and renwase to an understanding of transitions as
emergent outcome of unintended and unplanned aatibmyopic actors. This may be appropriate for
some transitions. The framework of Smith, Stirlamgd Berkhout (2005) distinguishes four “transition
contexts” along two axes (“resource locus” andéstey of adaptive response”). The cases with “low
coordination” on the “steering of adaptive resp&sses resemble unintended and unplanned
transitions and may be modelled with little or m@tegic behaviour of actors involved. But the keigh
the level of coordination among regime members)dhe adequate such a simplification seems to be.
Moreover, social scientists have highlighted tloatiad macro phenomena are usually the outcome of
an interaction of planned and unplanned actionst mften several actors act strategically in otder
influence the macro situation in a specific direst{e.g. a new law is passed, a campaign is sjarted
but the actual emergent outcome (further influengeabably through myopic actions of still other
actors) is different from all intended outcomes iz, 2009). The micro-level models further do not
incorporate an alignment of individual entities rtacro-level structures and consequently do not
consider a coordinative function of macro-structurethis stands in strong contrast to the focus on

macro-structures in conceptual and empirical work$ransitions.
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To summarize, hitherto models focus either on regiand niches or on the micro-level. What they do
not address is how mutual adaptation of micro-lerglties leads to integrated “configurations that
work” (i.e. niches, regimes) which then eventualiynpete on a higher level and influence the micro-
level in a way that sustains their existence. Tioeee the reviewed models fall short in capturing
arguably essential micro-macro interactions. Thayher seem strongly simplified in light of the
richness of entities and interaction patterns aw®rsid in conceptual and empirical works. Insisting

the sufficiency of one of the proposed model stmes to capture the essentials of a transition dvoul
mean to question the relevance of most of theiestdnd interactions identified in conceptual and
empirical works. If one acknowledges that thera igoint in emphasizing the role of micro-macro
interactions and in identifying such a diversity woficro-level interactions contributing to the
formation of macro-structures, then it must be aamhed that hitherto transition models do not
constitute explanations for transitions as undestio this article. More likely they generate simil
macro-dynamics as observed in transitions but éspactive model structure does not resemble the
underlying system structuteThe MATISSE model maybe deserves some speciahrienwhen
making the claim that models are too simplifiectsirt is rather a framework than a single modeé Th
framework dissects a transition into a sequence@thanisms which is a valuable step for dealing
with complexity. It is further made explicit thidte framework is open to extensions and that regime
and niches could be represented in greater dedimig ulifferent sub-models than the ones used in the
first implementations. The claim made is hencetkohito the implemented models.

The degree of similarity between model structure agstem structure required in a modelling
exercise can in general not be defined withoutrnefg to the model purpose. Of course, models may
well serve some purpose like testing of a methodxptoring consequences of assumptions. A close
resemblance of system structure and model strudsureowever required for an explanation of a
phenomenon and is especially essential for modeiceses venturing beyond the context used to
specify the model (this is e.g. the case in prasgestudies or if policy advice is given). Onlytife
model structure resembles the system's structwanitoe expected that the model's response to some

previously untested stimulus is (to a certain depie accordance with the real system's response.
4. Future routes in transition modelling

The previous sections have explicated that compntetels are useful tools to enhance understanding
of transitions and that a transition model providasexplanation of macro-changes by suggesting an
underlying mechanism on the micro-level. A briefiesv of recent models did not lead to conclusions

on what would be appropriate mechanisms to exptairsitions and the subsequent discussion argued

that those models are very simple compared to itimess of entities and processes considered in

" See section 4.1. below on the many-to-one relatf@tructure and emergent properties in complestesys.
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conceptual work and that they neglect essentiatawitacro interactions. The obvious conclusion
would be to extend models to incorporate the mgssimtities and interactions. Section 4.1 gives some
arguments that building extended, broader modeistisdvisable given the limited knowledge on the
micro-foundation of models and the limited meansalidation. This leads to the conclusion that
building a model that aims to provide a completaggative mechanism explaining a transition is
over-ambitious. Therefore, it is recommended irtisas 4.2 and 4.3 to abandon the goal to capture
the overall dynamics of a transition process inngls model and alternative approaches for fruitful

application of simulation models are suggested.

4.1 Complexity and uncertainty set limits to model extension

Transitions are processes in complex systems. Akmelvn problem for studying complex systems is
a many-to-one relation between system structure eandrgent behaviour, i.e. several structurally
different systems might generate similar emergattalsiour and properties. This often leads to a
coexistence of several reasonable explanationshefsime empirical phenomenon because, as
Sterman puts itj(t)he number of variables that might affect thestgyn vastly overwhelms the data
available to rule out alternative theories and catipg interpretation’s (Sterman, 2000, p. 25). This
equifinality (also called “under-determination plain” or “identification problem” (Windrum,
Fagiolo and Moneta, 2007)) still pertains in modgllfields having a longer tradition than transitio
modelling, like modelling of environmental syste(@gven, 2002) and it can even be concluded from
theoretical reasoning that the correctness of aeincah never be finally proven (Oreskes, Shrader-
Frechette and Belitz, 1994). Still, confidencelie explanatory power of models can be established,;
otherwise all modelling approaches would be fulithough the details of a procedure best applied i
a specific modelling exercise depends on the seatfupis exercise (e.g. the model purpose), broadly
speaking, confidence can be built on the one hhrmough substantiating the appropriateness of a
model’s micro level foundation; and on the othemdhéhrough replication of emergent properties (e.g.
Troitzsch, 2004; Yilmaz, 2006; Boero and Squazz@005). Although these issues related to the
modelling of complex systems are not qualitatidiferent regarding transitions than regarding othe
types of processes, in the following it is arguledt tspecification of the micro-foundation as weall a
macro-validation pose challenges which are espg@abnounced regarding transition modelling and
that thus the bandwidth of possible explanationsspecially broad in this field (cf. Holtz et al.,
submitted for a more elaborate discussion).

The vast scope and inherent complexity of transstis prominent as explicated in section 3.3. Which
of the many entities involved are essential foramgition is however at best vaguely known and
leaves much room for subjective assumptions. Thiallithe more the case since for many highly
abstract key concepts - most notably “transitiasélf as well as “regime” and “niche” - no shared
definitions exist and (widely accepted) operatiaaions are absent. Differences in the chosen

specification of these concepts lead to model &iras which are quite distinct, what raises the
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problem that conclusions derived from such distmotel structures are hardly comparable. Consider
“transition”: sometimes a transition is defined“eegime change” (e.g. the MATISSE model) what
shifts the problem to specify “regime change” (ergvement in the practice space) and to define
which kind or amount of regime change is signiftbastrong enough to qualify as transition and not
(only) as incremental change. In other cases siinglieators, most often shares of technologies, are
used to indicate a transition (e.g. Ylcel and Chibteza, 2008). The freedom in defining a model’s
micro foundation entailed by such conceptual vagasns expressed in the multiplicity of model
structures of the models reviewed above.
The amount of data or stylized facts to rule ounpeting explanations is limited. The defining
characteristics agreed upon up to now by transiésearchers (S-Form, multi-level and multi-domain
interactions) are very general and therefore pmouittle guidance for the assessment of the
explanatory power of different models. Anyway, netjag individual models, a validation using
macro-properties must be discussed with regardbisomodel’s objectives. Some of the reviewed
models are explicitly designed as “thinking toadsid do not address empirical cases (de Haan, 2008;
Timmermans, 2008; Weisbuch, Buskens and Vuong, 2008se models are utilized to infer the
dynamic implications of a certain set of assumgi@nd therefore, by design, need no explicit
validation. Models that are reproducing specifisesa(Bergman et al., 2008; Holtz, 2008; Yucel and
Chiong Meza, 2008; Yicel and van Daalen, 2008)beavalidated using empirical data which is more
specific than general behavioural properties assign transitions. However, a problem arises from
the limited amount of sources providing informatmm historical transitions. The same narratives are
used to design a model and then to validate itgB®an et al., 2008; Yicel and van Daalen, 2008). If
not done carefully, this can turn out to producgtdkpgies. For example, a specific actor group is
described to be the first to innovate. Then, whisigning the model it is tempting to conclude that
this group has a high preference for the innovafidren, the simulation shows that this group ist fir
to innovate, which is hardly surprising. This ig tmsay that the reviewed model exercises haweact
in that manner but it can be observed that cummedelling exercises are not very explicit regarding
separation of empirical micro-foundation, modeilwaition and model validation. Further, due to the
descriptive nature of narratives, those may bes#tited” using different analytical tools, leading t
different conclusions on underlying mechanisms.d@mple, Bergman et al. (2008) as well as Ylcel
and van Daalen (2008) both report on modelling @ges replicating the transition from sailing ship
to steam ship described by Geels (2002). But thiigauvery different frameworks as base for their
respective models and hence come up with veryrdifitemodel structures. Still, both studies conclude
that the respectively used frameworks are helgfidttucture the empirical knowledge and to inform
model development. Since both exercises proposemewhat plausible explanation for the overall
transition it is again unclear how those may commglet each other. In general, the vagueness of
means for validation can be seen in the fact tedpite their obvious differences, all the reviewed
models present some evidence that lends them slamsifplity.
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Models that would incorporate the missing micro-roaiateractions sketched in the previous section
3 would be broader and more complex than the readenvodels. The discussion in this section shows
that such an approach would rather increase tharealse the number of coexisting explanations.
Considering more relevant entities, levels and dosnaould also mean to incorporate more degrees
of freedom while the available information for stamtiating the micro-foundation of models as well
as for validation using macro-properties is limitattl often requires further specification befores it
usable for informing model development. The hugp gatween the overall defining properties of
transitions (S-form development, multi-level, matmain) and the multitude of micro-mechanisms
that are able to match and/or generate those piepés a major drawback for the assessment of
generative mechanisms for transitions. Thereforglding broader models seems not to be a
reasonable way ahead. The question remainingdosition modellers is thus how model building can

advance our understanding in the current situation.

4.2 Building blocks of explanation

It should first be acknowledged that essentialtiestiand processes may well vary across cases and
that there is no general transition model whichdth capturing essentials of transitions in (alhalt
cases and providing a complete explanation baseghtiies interactions. The discussion in section
3.3 has mentioned the role of corporate actors eingbhsomewhat different regarding water
management compared to mobility. Other differermisveen cases may arise from the existence and
“reusability” of large-scale infrastructure and rfroother specific characteristics of transitions in
specific fields. Still some patterns may remainikim e.g. niche-regime interactions and a positive
feedback between price/performance ratio of teaygies and their spread. It is beyond the scope of
this text to elaborate further on similarities atitferences between cases. The point here simply is
that on the one hand different societal sub-sysianmve different types of entities and hence iegju
consideration of these differences in respectivglagrations but that on the other hand similarities
exist which can be generalised across (some) cases.

Hence, using building blocks of explanation mayalmiitable strategy to cope with the contingent and
idiosyncratic nature of social processes in generadl of transitions in particular while not
“reinventing the wheel” for each further case-stuByilding blocks render classes and charactesistic
of transition (sub-) processes. They constitutei@ddlia ground between the micro-level and overall
transition dynamics and can help to connect thaiserdevels. They specify classes of similar micro-
level constellations and provide a scheme to stadge. For example, when studying interactions
between regimes and niches, the conceptual distindietween structural coupling (via actors
involved, elements shared) and functional coupl(ig. via competition for resources and markets)
might guide the analysis. In turn, studies of thieralevel likely will enhance understanding of
building blocks (e.g. identify other types of cdangk). Building blocks then also potentially alldar

(careful) abstraction of constituting micro-proa@ssvhen analysing overall dynamics; e.g. structural
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coupling and functional coupling might be abstrdcteom the specific underlying entities and
processes when modelling how niches may press@giae.
Conceptual, empirical and theoretical work in trams research has identified a bunch of building
blocks for understanding transitions which canIpatso be found back in the reviewed transition
models. On a high level of abstraction those areefample the relevance of the kind and timing of
multi-level (Geels and Schot, 2007) and multi-damaiteractions (Nill, Haum and Hirschl, 2004;
Kingdon, 1995; Konrad, Truffer and Vof3, 2008), thke of visions and expectations (Berkhout, 2006;
Truffer, Vo3 and Konrad, 2008), the role of traiositcontexts (Smith, Stirling and Berkhout, 2005)
and potentially still others. On lower abstracti@vels one finds recurrent patterns as e.g. self-
reinforcement of option prevalence through hetemeges actors and increasing returns to scale, the
patterns of interactions of technologies and adtieatified in Geels (2005b) and by Hillman (2008)
and also many insights from disciplines integratedransition research (see e.g. Geels (2004) for
relations between actors, rules and technologies raspective references to strands of literature
dealing with those relations).
All of those building blocks have credibility anlget question surely is not whether arehe other is
explaining transitions best. Instead, building Bkbenay eventually be combined to explain system
innovation cases based on the specificities of¢haé entailing a particular form and relevancthef
(interaction) of involved building blocks; while glanations of the processes underlying each bigldin
block are available if a regression to lower lexalgbstraction is required. Through partitionirfgan
overall complete explanation, building blocks faate deriving a complete explanation without
entering the realm of excessive complexity. Sugbegences have been made in other strands of the
social sciences which aim to explain large-scalgasgohenomena through “dissecting” them into
mechanisms (Hedstrdm, 2008). The most promising alesad is to develop a set of generalized
mechanisms which can be used as “tool-box” to éx@pecific instances of those social phenomena
(Hedstrém, 2008; Scharpf, 2002).
Therefore, the challenge is to enhance our undwetista of building blocks of explanation, to relate
them, to identify the contexts and situations iriclileach of them becomes relevant and to explicate
their role in the overall process. Then, individoates may be explained based on the specifioities
that case entailing a particular form and relevasfdee (interaction) of building blocks.
Building blocks of an intermediate level of comptgxare promising to bridge the gap between the
overall properties of transitions and the multitedentities and processes on the micro-levelgisb
Haxeltine et al. (2008) for a similar line of argemt). But currently the knowledge on the relation
between building blocks and overall propertiesweein building blocks and the micro-level and on
the relation between various building blocks oflarption is sketchy, at best. It is beyond the scop
of this article to give an exhaustive overview ofrent conceptual developments. The point to be
made here is that there is an open wide field eém@l modelling applications involving building
blocks.
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First, models can help to structure the ontologirarisitions, i.e. to identify the essential eletaeand
processes underlying transitions. It has been ssstlin section 3.3 that the cosmos of micro-level
entities potentially relevant for transitions isrtrendously vast. A shared knowledge base of eakenti
elements and processes is currently mostly absentrainsition research. Building blocks of
explanation can serve as focus to identify mickeel@ntities required to understand the charadtiesis
described by this building block. For example tfasition contexts distinguished by Smith, Stirling
and Berkhout (2005) make a distinction betweenscaeng the axis of “high” or “low coordination”
of regime actors. This identified relevance of coation among regime actors provides a focal point
to study which entities and processes are invoivegnerating such coordination. Simulation models
can help to connect the level of entities and diatmergent properties such as coordination. Using
simulation models might hence help to structureatht®logy of transitions and to distinguish ess@nti
entities and processes from negligible ones.

Second, models might be used to study the reldt&ween building blocks, for example how the
conceptual distinction between structural coupling functional coupling of niches and regimes (see
above) enriches the picture of kind and timing eftiFlevel interactions according to Geels and $cho
(2007). This idea to study the relation betweernding blocks without causal regression to the level
of entities rests however upon the assumptiontihéding blocks can be represented and related on a
higher level of aggregation without neglecting esis¢ interactions. Hence, analysing the
combination of building blocks requires first off al sound understanding of each building block
involved. This understanding may serve to defingragriate abstractions which adequately capture
the respective role of a building block in varimomntexts.

Summarizing, the suggestion for the applicationnaddels is to design model exercises whose
objectives are not to provide a complete generatreehanism of a transition directly but which
instead would aim at advancing our understanding(refations between) building blocks of

explanations.

4.3 Suggestions for modelling exercises

The remainder of this section becomes more spa@garding how such modelling exercises can be
designed. It explores two kinds of modelling exsesiwhich are considered feasible and fruitful mive
the current state of knowledge of transition redeaA discussion on how they (would) meet the

challenge of complexity reduction while at the same enhancing our understanding is included.

Simulating historical cases

As mentioned before, historical transitions haveally been “explained” through some form of
narratives. However, transitions are processesomptex systems. Overall change emerges from
interactions of multiple processes across variaades and domains. Non-linearities and emergent

properties easily overrun the capability of the Bharmind to fully grasp such complex dynamics.
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Hence, narratives might sound plausible but itifficdlt to assess whether indeed the dynamics
described are generated by the entities and preg@sgued to generate them.

Narratives are usually developed using frameworkslt{-level, multi-phase (e.g. Rotmans et al.,
2001; Van der Brugge, Rotmans and Loorbach, 2a05jructure the empirical case. By re-checking
completeness and possible contradictions in theléemation” of (parts of) a historical case in a
modelling exercise, aspects of a mechanism that leole in the historical process but which are
neglected by a specific framework may be identifiedllowing that line, models can help to sort out
“wrong” or incomplete explanations of historicaansitions and help to identify missing parts and
interdependencies. This can hint to gaps in thendwaorks used to structure empirical research.
Models of historical cases can ultimately help mptiove frameworks and can hence enhance the
conceptual base of transition research. For exanimeMATISSE models implement the multi-level
structure and basic theorizing on interactionsheke levels. However, in the course of the moagllin
exercise, they added the level of “empowered niett@th is not present in the original framework. If
it could be substantiated that in order to genetratiesition dynamics empowered niches need to be
introduced as level which is qualitatively diffetdrom niches and regimes, then this would suggest
reconsidering the most-widely used framework imgition research. The MATISSE model exercises
differ however in their objectives from the onespgwsed here in that the objective suggested here is
to deliberately put a framework like the multi-lé¥eamework to a test which was used to structure
the narrative; instead of using a framework soméwhguestioned for prospective studies (Kohler et
al., 2009) or for experiments and potentially stekder interactions (Bergman et al., 2008). Actyall
the definition of “empowered niches” described abowas merely a by-product of model-
development and to the author’'s knowledge did tiotudate a debate on the structure of the multi-
level framework.

Regarding reduction of complexity and regardingidatlon, such an exercise as proposed here
benefits from a close backing through an empirizede. An empirical case that is already described
from a transition perspective gives good indicatiai relevant elements and mechanisms on the
micro-level and will report on case-specific emetgeroperties of the process which can be used for
validation. Further, generation of innovations does need to be modelled endogenously since the
innovations that appear during the transition ar@¥n from hindsight knowledge. The same holds for
strategic behaviour of main actors and landscapeeldements. This provides possibilities for
reduction of model complexity by specifying certagdevelopments and events in scenarios,

externalizing them from the model.

Scrutinizing general (partial) mechanisms

A second approach is using models to test and epgpooposed general mechanisms explaining some
emergent macro behaviour through specific circuntgis. Weisbuch, Buskens and Vuong (2008) is

an example of such a modelling exercise. It adwanoer understanding of the interplay of
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heterogeneity of actors, increasing returns andottoeirrence of multiple attractors in technological
substitution. Models can be used to test whetheérifaso under which conditions emergent properties
and dynamics can be observed. The base of origiaakition research concepts usable for such
modelling exercises is still limited but rapidlyogving. Current well-known frameworks like the
multi-level and the multi-phase framework operateaovery high level of abstraction and claim to be
relevant for all transitions. But they do not pawisufficiently detailed information to build model
based (only) on information provided by such a famrk. Refinements of these concepts and
alternatives that have been proposed (e.g. Sntitting and Berkhout, 2005; Geels and Schot, 2007)
go one step further, specifying different circumses that lead to different transition paths. These
concepts still operate on a very general and i@k level. However, stylized models could be tuil
to reproduce and compare proposed relationshipselet circumstances and resulting transition
dynamics. Furthermore, the diversity of interactiobetween actors, between technologies and
between actors, technologies and rules sketchgelciion 3.3 provides plenty of possibilities toidef
modelling exercises which limit themselves to s@ule-field of transitions.

Such models are thinking tools to explore the dyinanonsequences of specific assumptions.
Validation using empirical data is not an issuesisuch models would not claim that their structure
resembles reality but only that it is a formalipatiof a certain hypothesis. Still, a major chalkeng
resides in the vagueness of underlying conceptés Vhgueness of concepts allows multiple
representations in a computer model. There is abgapeen the level on which frameworks operate
and the level on which computer models have topeeiBed which has to be creatively “filled” by the
modeller, including subjective decisions and asgionp. A computer simulation model is a model of
the underlying concept (Kuppers and Lenhard, 2006mputer simulation models can not logically
prove or disprove the validity of their underlyingnceptual base. However, ambiguity in translation
of concepts into computer models can be diminighedlugh identification of sensitive assumptions
and variation thereof. This would imply classicahsitivity analyses dealing with parameter values;
but should be complemented by exercises varyingribie fundamental assumptions manifested in a
model’s structure. The explanatory power of singledels might be limited, due to the above
mentioned reasons; but a multitude of models andeieariations may confirm and/or refine the

current conceptual base significantly.

5. Conclusions

Computer models provide an approach that can leehuddtiress certain short-comings of qualitative
approaches utilizing frameworks and narratives.yTieguire an analytical view on the system and the
stringency involved in defining a model leads tegise formulations which are testable and allow for
generalizations. Computer models further allow d¢tually explain emergent transition dynamics by

proposing generative mechanisms on the micro-ledelvever, recent modelling exercises do not
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agree on what would be constituents of such mestremiBroadly speaking they differ regarding the
level adopted (actors, technologies etc. or nieimesregimes) and regarding the broadness in tefms o
diversity of processes and domains involved. Thi8cla has argued that the interaction of
regime/niche-level (macro) and the entity leveldmm) is central to understanding transitions arad th
this aspect is mostly neglected by the reviewed alsodVhat those models do not address is how
mutual adaptation of entities of different domdiseds to the formation of niches and regimes which
then eventually compete on a higher level and émfte the micro-level in a way that sustains their
existence. Therefore, they fall short in capturarg arguably essential characteristic of transitions
Moreover, the models seem strongly simplified ighti of the richness of entities and interaction
patterns considered in conceptual and empiricaksvor

Building extended, broader models is however natisadble given the limited knowledge on the
micro-foundation of models and the limited meansvalidation. This has led to the conclusion that
building a transitions model that aims to provideamplete generative mechanism explaining this
transition is over-ambitious. The gap between tiearevel and overall transition dynamics seems to
be too big to be captured by one big “jump” (i.eeanodel aiming to explain transitions in their
totality). Instead, it is recommended to abandengbal to capture the overall dynamics of a transit
process in a single model.

This article then has suggested to more delibgrateking use of building blocks of an intermediate
level of complexity — e.g. timing and kind of mdiével interactions — to advance our understanding
of transitions. Transition modelling can contribui® the necessary conceptual clarification of
identifying, understanding and relating those boddblocks and it is suggested to design model
exercises which enhance our understanding of $pdmiflding blocks or of the relations between
building blocks. Two specific suggestions are mabeReplicating empirically analysed historical
transitions. This can ultimately lead to improvemehframeworks used for the empirical work. 2)
Modelling of general (partial) mechanisms for tegtand refining links between some constellations
and emergent macro-level phenomena. This can bedggess suitability of proposed mechanisms as

(partial) explanations of transition dynamics.
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Using an agent-based model to analyse the role of f armers'
characteristics for land-use change in an agricultu ral system and

for related groundwater over-exploitation
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Institute of Environmental Systems Research, Bagigsse 12, 49076 Osnabrueck, Germany

Abstract

Irrigated agriculture is a main user of groundwatéchieving a sustainable use of groundwater will
often require agricultural land-use changes suctlslasting to entirely different kinds of crops amd/
technologies. Enhanced understanding of land-use@h is hence required for developing policies
for a sustainable water future.

In the study presented we use an agent-based rwdelestigate the history of irrigated agriculture
in the Upper Guadiana Basin, Spain, in order torfeabout the influence of farmers' characteristics
(inter alia profit orientation, risk aversion, slg| available labour force and farm size) on larsku
change and associated groundwater over-use inrdgéon. The main findings are that no single
factor is sufficient to explain the empirically @pged land-use changes but that interactions dbfac
have to be considered. It is further shown thafed#int types of farms existing in the UGB can be
expected to exhibit distinct responses to drivédamd-use change and that it is therefore impartan
to acknowledge heterogeneity of farm types whetngimt influencing land-use changes. Although
the more specific findings are open to debate dumdthodological reasons, it can be concluded that
a sound understanding of the social system maldegofia resource is required to solve problems of
resource over-use. This article demonstrates tigangbased models can be utilised as thinking tools
even in situations of scarce and uncertain datd #na often encountered when dealing with resource

use problems

Keywords: Agent-based model; Land-use change; Alue; Groundwater; Upper Guadiana; Mancha
Occidental Aquifer
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1 Introduction

Irrigated agriculture is the main user of groundwan many parts of the world (World Water
Assessment Programme 2009) and in some cases &d¢ounp to more than 80% of groundwater
use (Llamas and Martinez-Santos 2005). In arids@mdi-arid regions this can lead to aquifer over-
exploitation. Then, reduction of groundwater usegssential for mitigating water quantity and -gyali
related problems and for achieving sustainabiliuch of the required reduction in groundwater
withdrawals has to be achieved in the agricultsesdtor. The amount of water needed for irrigated
agriculture is strongly related to the irrigate@arto the water needs of crops planted and to the
irrigation technologies used. Achieving a sustamalse of groundwater will often require changes
that go beyond improving efficiency of water use buply land-use change such as shifting to
entirely different kinds of crops and/or technoEgwith different practices, organization of labour
and distribution channels. Hence an enhanced uadeiag of land-use change is required in order to
develop policies for a sustainable water future.

The Mancha Occidental aquifer (MOA) in the Upperm@iana Basin (UGB), Spain, is such a case of
groundwater overexploitation. There, since the $97e irrigated surface has increased and farming
practices have changed towards water-intensivescrdpis development has lead to an over-
exploitation of groundwater resources. In orderimtprove the situation, a change in land-uses
reducing groundwater extractions is aspired in @emty approved "Special Plan for the Upper
Guadiana" (Confederacion Hidrogréfica del Guadia@@8) whose elaboration was included in the
National Hydrologic Plan of 2001. Aldaya and Llanfa808) have argued similarly that a paradigm
shift towards "more cash and nature per drop" exdad and that an increase of the planting of high-
value horticultural crops would provide a meanghtt end since they could provide more income on
a smaller irrigated area while using less water.

Changes in agricultural land-use as those aspiethé UGB arise from a complex mix of influential
factors from the economic, institutional (formaldaimformal rules), the technological and socio-
cultural domain (e.g. Edwards-Jones 2006; Roge®s;1Garforth and Rehman 2005; see section 4).
However, there is no (sophisticated) generalizedehthat would allow explaining such changes. In
order to enhance understanding on prospective daadshanges in a specific case, one strategy is to
learn from the history of this farming region. Feetample, in the MOA, the predominant crops have
been cereals (mostly winter cereals) and vineyailtlspugh these crops have been less profitabie tha
horticultural crops. Identifying reasons that hgvevented a shift to more profitable crops in thetp

is highly relevant in the context of future lanceuwhange scenarios.

In the study presented in this article we inveséghae history of irrigated agriculture in the MOA
order to learn about factors influencing land-usenge and associated groundwater use in this region
Our point of departure is that farmers play a adnwle as they are taking irrigation decisionseyrh
are influenced by high-level developments, esplgci@ghanging) policies and they are exposed to
2



upcoming innovations which they might adopt to ioy& their business. But ultimately decisions on
crops planted and technologies used are made afathe level and thus farmers are key actors
bringing about land-use change and associated eblanggroundwater extractions. Understanding
developments and decisions at the farm level & for taking influence on groundwater extractions.
This study develops an agent-based model to stuelyrd@spective roles and interactions of factors
identified as potentially relevant for agricultutahd-use changes in the MOA. Following the above
reasoning, its main focus resides at the farm IéiMed study presented more specifically explores th
influences of farmers' characteristics on the dyinarof land-use change. Those characteristics are
identified and discussed below (see section 4)canaprise inter alia profit orientation, risk avers;
skills, available labour force and farm size. A rabdacilitates the exploration of the effects of
considered factors while accounting for potentigktiactions among them, what can not easily be
achieved with less formal methods due to the inftectemplexity. How models can be applied - e.qg.
for prediction or exploration- depends on the aldé theoretical and empirical knowledge and data.
The case of the MOA analysed in this paper is guf@esentative regarding the data situation in
many cases of resource use dynamics. Data is sgadcencertain (see section 3.2). Furthermors, it i
also representative regarding the important roldwwohan behaviour and the existence of multiple
approaches for its representation. The literatorgains a wide range of alternative models of farme
decision making ranging from mathematical prograngrie.g. Balmann 1997; Berger 2001; Berger,
Birner et al. 2007; Happe, Kellermann et al. 20@f@netic programming (Manson 2005), multi-
criteria analysis (Rehman and Romero 1993) ovefergiit kinds of heuristic approaches like
satifycing (Gotts, Polhill et al. 2003) and imitai behaviour (Gotts and Polhill 2009),
implementations of socio-psychological theorieg ltke theory of reasoned action and the theory of
planned behaviour (Jackson, Quadus et al. 2006difge Terry et al. 2005) to semi-qualitative
approaches (Elbers and Ernst 2008). Such a situatiplies that the analyst is faced with a wide
range of degrees of freedom what to include inxaiugle from the analysis and a simulation model.
This article shows how agent-based models can itisedt as thinking tools even in situations of
scarce and uncertain data and given a variety ebrétical approaches. We develop a modular
approach that allows studying influences of varifators to be analysed but also of impacts of
variation of the implementation. This article pmesethe overall model structure, the modular
decision-making algorithm and some simulation tssulbtained from the first realised model
implementation.

This article in the following first outlines the sm of the Upper Guadiana Basin (section 2). It then
turns to describing and motivating the chosen nulugical approach (section 3) and the conceptual
building blocks underlying the model (section 4heTmodel implementation is explicated in section 5.
Section 6 reports on simulation results and secTiodiscusses the methodological approach and

interprets simulation results. Section 8 summarizesnain findings.



2 The Upper Guadiana Basin

The Upper Guadiana Basin (UGB) is a rural areatémtan the Autonomous Region Castilla La
Mancha in central Spain. Irrigation of farm lanad@ants for approximately 90% of total groundwater
use while irrigation using surface is hardly sigraht (Llamas and Martinez-Santos 2005). During the
last decades, the amount of irrigated farming Imeseased and farming practices have changed
towards water-intensive crops, especially in thendfe Occidental aquifer (MOA), the area's main
aquifer which accounts for 90% of the UGB's grouatiw extractions (Acreman 2000). This
development has lead to an over-exploitation ofugdwater resources in the MOA and has
endangered wetlands of high ecological value (Liarad Martinez-Santos 2005; Martinez-Santos, de
Stefano et al. 2008). Although hydrological andneliic factors (e.g. droughts) are important to
understand particular aspects of the problem, dueedise in groundwater level is strongly related to
changes in farming land-use patterns; that is, @bsiin crops planted and in irrigation technology
used determine the amount of water that is pumpedn fthe aquifer and "lost" due to
evapotranspiration. A sustainable situation can bet reached without significant changes in
agricultural water use for irrigation (Bromley, €as et al. 2001; Lopez Sanz 1999).

The development can be ascribed to a combinatiofacibrs. Irrigation and pumping technology
became widespread since the 1970s. Irrigated dignielencompassed the possibility to plant water-
intensive crops like maize, alfalfa and melons Wwhilidd not grow in the region before that time. It
further provided the possibility to achieve highgelds of traditional crops like winter wheat and
barley as well as of vineyards and olives. Formbds have also been changing; most notably the EU
Common Agricultural Policy (CAP) had considerabiitience on the profitability of various kinds of
crops, during some periods favouring water-intemsixops, especially maize (Varela-Ortega 2007).
To counteract, legal regulations and subsidy sceemge introduced to reduce the amount of water
used by farmers. In particular in 1985 a new lawg wéroduced and water passed from being a private
good to be a public one, including the authorizataf river basin authorities to limit allowed
groundwater withdrawals. However, many farmers wad and still do not accept this law. They
disagree with the obligatory pumping restrictionsaduced in the MOA and take more water than
granted (Llamas and Martinez-Santos 2005; WWF 2086)agro-environmental programme (AEP)
that compensated farmers for voluntarily reducingugdwater extractions was more successful in
temporarily reducing the irrigated area and groustdwextractions. The overall developments have
lead to a non-sustainable situation. Clearly, thera tension between (short-term) socio-economic
benefits from irrigation and avoiding potentiallyreversible environmental damages. Current
endeavours in the region aim at strategies reduttingenvironmental burden without constraining
socio-economic prosperity too much (Confederaciddradirafica del Guadiana 2008; Martinez-
Santos, Llamas et al. 2008).



Figure 1 shows the development of irrigated arehtha amount of groundwater extracted from the
MOA from 1978 to 2005 and relates it to an estintdta sustainable groundwater extraction level. If
the current level of extractions is maintained,lars can not be recovered and ultimately alsorwate
resources will become insufficient for farming posps. Table 1 relates changes in irrigated
agriculture to policy changes. It is noteworthytthareals dominate despite their comparatively low
profitability (see figure 2 in section 6).

Irrigation in the Mancha Occidental Aquifer

0+ 1
1570 1975 1920 1985 1920 1995 2000 2005 2010

Figure 1: Irrigated area and water extractions imet UGB's main aquifer. The shaded area represestisated
renewable water resources (sources: Llamas and MeztSantos 2005; Varela-Ortega 2007; Baldock,
Caraveli et al. 2000).



Time period Main policy changes Total Irrigated crops
irrigated (source: Llamas and Martinez-Santos 2005
area (cf.
fig.1)
up to 1990 Groundwater becomes publicly ownedncrease Traditional cereals (max ~35.000ha), high-
in 1985 from ca.| yield cereals (max ~30.000ha), vineyards (max
. . 30.000 hal ~25.000 ha), sugarbeet (max ~17.000ha),
Spain enters EU CAP in 1985 (1974)  to| melons (max ~18.000ha)
125.000  hg Water intensive crops (high-yield cereals,
(1990) . AR
sugarbeet, melons) appear as innovation in the
area
1991- 1994 Pumping quotas (since 1991) Drops to ca. High-yield cereals, sugarbeet disappear mostly
CAP: COP intervention prices reduce df?S.OOO ha Melons drop to approx. 1/2 of previous area
set-aside  obligation, ~ compensatqry Traditional cerals, vineyards drop to approx
payments (1993- 1995) . » Viney p 1o approx.
2/3 of previous area
AEP1 (since 1993)
1995-2001 Law banning irrigation of vineyardsincrease tg Traditional cereals and vineyards increasg to
abandoned (1997) ca. 130.000 approx. twice their previous area
ha
AEP1 payments increased (1997)
CAP: COP intervention price further
reduced, compensatory payments
increased (2000-2002)
2001 onwards | AEP1 payments increased (2001) Remains Remains approx. stable (data up to 2003 only).
AEP2 (since 2003) approx.
stable

Table 1: Policy changes and associated changesigated agriculture. See appendix for details ofipies.



3 Methodological approach

3.1 Data availability

The UGB case is marked through scarce and uncdristiorical data on land-uses and water usage. A
reason for this is that implementation of groundwdtased irrigation has been a "silent revolution"
(Llamas and Garrido 2007) driven by private initiatof farmers without much intervention, control
or monitoring through the government until the rh@B0s. With the 1985 Water Act Spain started to
register water uses but more than 20 years laterdabistries are still incomplete (Hernandez-Mora,
Martinez-Cortina et al. 2007). According to Hernend/lora et al. the White Book on Water in Spain
(MMA 2000) estimates that of the 500.000 operatiamells existing in Spain only 50% had been
declared and less than 25% had been registeretharsituation is still not resolved today. Regagdin
the MOA, nearly 40.000 wells exist out of whichydl7.000 are legally registered and also legal ones
often do not have metering devices (Martinez-SartesStefano et al. 2008). Also the extent of the
irrigated area is prone to uncertainties due toethistence of illegally irrigated areas. In an @ to
assess the total irrigated area in the UGB theci@pPlan for the Upper Guadiana" (Confederacién
Hidrogréfica del Guadiana 2008) reports on nunfbeasying between 189.450 ha and 262.868 ha.
This leads to high uncertainties regarding actwaugdwater extractions. For example, according to
Llamas and Martinez-Santos (2005) it is generalyognized that the all-time pumping maximum
took place around 1988 but the estimations ofrtiagimum vary between 570Mrand 650Mm
Historical data on land uses are scarce, too. Alegrto the authors' knowledge time-series on crop
distribution are available only from 1990 onwarasl @nly for the (much bigger) area of Castilla La
Mancha. The cropping pattern in the MOA is expededdiffer from these figures due to the
especially good accessibility of groundwater anel éissociated intensity of irrigated agriculture as
well as due to the prominent role of vineyards.&Da irrigated crops in the MOA is available (see
figure 3 in section 6), but given the uncertairggarding illegal irrigation its exactness is doubtfn
sum, data is scarce and afflicted with uncertaintiegarding water extractions, irrigated area and

cropping patterns.

3.2 A flexible, transparent model

Computer models provide the possibility to run dations which produce dynamic patterns and time-
series. As such they enable the study of linkagdsvden a set of assumptions (e.g. on farmer's

objectives) and emergent properties of a systewrmrdics like land-use change. Limited data

2 Note that both numbers are considerably highar tha ones presented in figure 1 since that figorers the

MOA only and is based on official data likely unéstiimating the actual magnitude of pumping.



availability however poses challenges for modeksjation and validation and must be considered
in the modelling approach chosen. We follow thatsgy to develop a flexible and transparent model.
Transparency refers to the possibility to relateuation results to model assumptions and parameter
values. Through this, insights do not rest uponuanertainly-laden "black box" model used to
generate them. To achieve transparency, model @xiyplshould remain modest. The modelling
approach should further be flexible in order toomporate all available information from various
sources, "hard" data as well as qualitative infdioma general insights from the literature as veall
case-specific information. It should further bexitde in the sense of providing the possibility of
incorporating alternative assumptions, e.g. onradtionality, in order to assess impacts of such
assumptions.

Another issue to be considered is validation. Wendbaim at exact reproduction of empirical data
sets (e.g. on groundwater extractions). Given twt that data is afflicted with uncertainty in the
magnitude as described above, the goodness ofsdHitempirical data is not necessarily meaningful
anyway. Instead we aim at qualitatively reprodugiagterns and trends in the empirical data what

allows assessing in an explorative approach theente of different factors on system dynamics.

3.3 Agent-based modelling

Agent-based modelling (ABM) is a suitable appro&zhncorporate various sources of information
(Berger 2001) and offers s a versatile approadiepeesent the richness of human behaviour and the
interactions of human behaviour and environmentMAB a very flexible methodology utilized in
modelling exercises showing a remarkable bandwiglffarding scales (number of actors represented,
spatial, temporal), levels of abstraction choseid fof application, complexity of representatidc.e
(e.g. Epstein and Axtell 1996; Holland 1996; Gitbend Troitzsch 1999; Janssen and Ostrom 2006;
Gurung, Bousquet et al. 2006; Feuillette, Bousgtied. 2003; Happe, Kellermann et al. 2006; Bithell
and Brasington 2009). ABM of land-use change ismmarably young approach (cf. Parker, Manson
et al. 2003; Matthews, Gilbert et al. 2007). Nelvelg¢ss there has already been a progression from
relatively abstract representations to applicatie@sspecific cases drawing on empirical data
(Matthews, Gilbert et al. 2007). Agent-based moa¢ltand-use change usually feature on the one
hand agents representing the decision making (agsally households) and on the other hand a
spatial representation of the study area as welitas-agent processes (e.g. land-markets, behaviou
imitation) and interactions of agents and environmé&hey can be highly complex, mirroring the
complexity of factors involved in real processebeTmore aspects are considered, the higher the
burden to specify parameters using empirical daththe bigger the challenge for model verification
and validation.

In order to limit complexity and to account for lted data availability the model presented heresdoe
not explicitly represent space. An explicit spatiggpresentation would primarily be relevant if spat

patterns in the process outcome were of interesgjaRling groundwater extractions this is not the
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case. It would further be useful to analyse stmadtehange in the agricultural sector including
increasing farm sizes through land redistributisndane e.g. by Happe, Kellermann et al. (2006).
Indeed farm sizes in Spain are changing in theidersd time frame; however, the process is rather
linear and clear in its trend towards less smadl emore big farms (Eurostat). In contrast to thiag, t
dynamics of groundwater extractions in the MOA aoa-linear with ups and downs (cf. figure 1).
Together with the non-appearance of structural ghaas driver for land-use changes in the case-
specific literature, we conclude that for the pewbl analysed here change in farm sizes may be
disregarded. Also other reasons, like upstream-dtovwam relations of water users, do not apply as
reasons for a spatial representation.

Comparison of our model to existent models (moswhich are spatially explicit) is hence difficult.
Our model is used as a thinking tool. We explotati@ns between (assumed) farmers' characteristics
and overall model dynamics. Comparing model dynamiith patterns in empirical data we draw
conclusions on potential explanations for the eitgliy observed patterns. Our model is related to
agent-based models of agricultural economistsudyshg agricultural land-use change in a specific
region using empirical data (Balmann 1997; Bergéfl12 Berger, Birner et al. 2007; Happe,
Kellermann et al. 2006). In an initial study Balméi®97) presented a model used for theoretical
analysis of agricultural structural change. Appgimas of extended versions of this model to emgilric
cases use the assumed appropriateness of the stodetire implemented in this model and the
robustness of the model against parameter vargationnvestigate policy scenarios starting from an
empirically calibrated base year. However, thoseke/@re prospective whereas we aim at learning
about the case-study region through a retrospestuagy. We study effects of varying model structure
and parameters, comparing dynamics with longitudinapirical data. This is more in line with some
agent-based models designed to study historicéisemnt pattern (Diamond 2002; Dean, Gumerman
et al. 2000) or the model on deforestation andreftation of Hoffmann, Kelley et al. (2002).

4 Conceptual building blocks

The case-related literature unisono mentions awéitlaof pumping and irrigation technologies and
policies (Water act, CAP, AEP) as major driversanid-use change (e.g. Llamas and Martinez-Santos
2005; Varela-Ortega 2007). We use these insightgtaating point and aim at enriching the picture

through a representation of farm related factots@ocesses.

4.1 Farmers' adoption of policies and innovations

Research on farmers' decision making and theirtamopf policies and innovations forms a strand of
literature in which economic approaches assumiegtbfit-maximizing farmer for long have played
an important role (Edwards-Jones 2006; Janssenvand Ittersum 2007). Since the 1990s, a
considerable range of complementary factors has dntified empirically, ranging from socio-

demographics and the psychological make-up ofdah®dr, over characteristics of the farm household
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and the structure of the farm business to the wsderal milieu (Edwards-Jones 2006). However glittl
is known about the relative contributions of theagous factors in varying contexts. As Janssen and
van Ittersum (2007, p.629) stat@ur understanding of farm decision making is ditiflited...".
Nevertheless, what can be concluded from this @trainliterature is that in western developed
countries profit is indeed of major relevance farnfiers' decision making. But it can also be
concluded that a model on land-use change shoctdporate other behavioural objectives as well. In
this section we use available information on theBU&se to select some of the many potentially
influential factors. The impacts of the selectettdes are then further investigated using the madel
described in the following sections.

Garcia-Vila, Lorite et al. (2008) provide results recent semi-structured interviews of (southern)
Spanish farmers. The by far most often mentionadaes for cropping pattern decision making were
"profitability & stability”, much less often otheaspects like the need for crop rotation, soil
characteristics, tradition, low water needs etctHis article, we thus introduce a possibility that
farmers tend to avoid risks (accounting for thehwiisr "stability"), which is also in line with the
design of recent economic models addressing thatkiit in the UGB (Blanco, Varela-Ortega et al.
2007; Varela-Ortega, Simo et al. 2006).

A case specific additional aspect is that in theBU@any farmers take more groundwater than granted
by formal rules. Thus on the one hand simply assgnthat overexploitation can be avoided by
imposing restrictions on water use and expectihtaghers always accept formal rules is misleading.
On the other hand many farmers do follow formaksulln order to incorporate this situation, this
model considers motivations to comply with formales which are complementary to the risk of
getting a penalty for non-compliance which is inmyated in profit maximization (control of water
laws is however very limited due to problems of itanng and control (Llamas and Martinez-Santos
2005), thus penalties play a minor role).

Another factor important for land-use changes i@ WGB may be labour intensity of land-uses.
Changes towards irrigation and especially suggdsitede changes towards horticultural crops imply
higher labour-loads for farms. However, family farmvhich are mostly run with family labour have
some natural limit on labour capacity. Indeed,dristlly, it can be observed empirically that tbeat
labour force of holdings in Castilla La Mancha rémed rather constant in the period 1989 to 2005
(FADN). However, in the UGB, big farms belong todaowners considering the land as capital
investment which are called "office farmers" by #rfe@mers (Llamas and Martinez-Santos 2005) and
whose labour force is not restricted to family mensb For those farmers, constraints on the applied
labour force may however still arise from otherrses like the availability of skilled workers oofn

the organizational structure of a farm. Gomez, &aelt al. (2008) present a simulation tool whicls wa
developed by the Economic Analysis Unit of the Wa&igectorate at the Ministry of the Environment

of Spain to reveal the implicit multi-attribute ebjive function lying behind observed cropping
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decisions. This tool assumes that farmers try thuge the management complexity involved with
implementation of a cropping pattern and uses agypvariables for management complexity the
overall quantity of labour required and the fami#dpour required (and one further variable). This
implies that farmers opt for land-uses involvingddabour. Based on these considerations, in this
model the required labour force of a land-use cdlmence the respective utility and we investigate

the implications for land-use changes.

4.2 Diffusion of innovations

A second strand of literature that appears to beabr relevance regarding land-use change refates
the diffusion of innovations. The literature onfd#ion of innovations complements the above
discussed works through focussing on the proceasg@gtion in a population over time (in contrast to
focussing on single farmers' decisions). The teiffusion as used in this literature describes the
spreading of an innovation. This does not happanddiately but takes some time. It is empirically
well established, that the process of diffusioru@fdy) follows an S-shaped pattern: initially some
"innovators" adopt the innovation independently. id/the innovation spreads and is increasingly
recognised and accepted, the process speeds ujnalig slows down again, when approaching a
saturation level of adoption (e.g. Rogers 1995kr&éhare many approaches to explain this diffusion
pattern, ranging from mere economic approachesaaypy diffusion through preferences and
changing market situations to approaches from th@ak sciences highlighting the interpersonal
communication and psychological dimensions of imt@n diffusion. Elaborated models of
innovation diffusion exist, e.g. including peer wetks and heterogeneity of innovativeness (more
innovative actors are more open to adopt innovatiand thus in general earlier in doing so) of
potential adopters (e.g. Valente 1995). Such mdukle been incorporated in agent-based models of
land-use change and innovation diffusion (Bergends et al. 2007).

In the UGB around 17.000 farms exist. We considisrtumber high enough to integrate an aggregate
description of diffusion processes only, in orderréduce data needs and model complexity. An
aggregated description also relieves this studyfiioding empirical evidence for and keeping track
of changing network constellations and farmersbuativeness (related to age, eduction) over the
considerably long time period of 40 years. The Bassel is a diffusion-model on an aggregated
scale originating from the marketing sciences (BE889; Mahajan, Muller et al. 1990). Although it
reduces the complexity of a diffusion process toisimum, it is found to perform well for forecaggin
purposes. The Bass-Model suggests external (evgrtesbment) and internal (e.g. word of mouth)
influence on non-adopters as driving forces fofudibn. The internal influence increases with the
number of adopters, i.e. the diffusion of an innmrais modelled as a self-reinforcing process that
tends towards a final saturation level of adoptérsthis study we adopt an implementation of the

diffusion process similar to the Bass-model; therenwide-spread an innovation is, the higher the
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probability, that a farmer considers this innovatiehen pondering about future land-uses (see sectio
5, Box 3).

4.3 Path-dependency

Policy changes and diffusion processes affect fahanging an individual history, thus farmers'
response to policies and innovations is contingeiihe specific situation of a farm. In short, demn
making of single farms is path-dependent. Path-gggecy means that current and future decisions
are influenced by the history of this farm. It asdrom a range of sources: for example, tree dikps
vine and olives which are widespread in the UGBeh#e-times of up to several decades and cutting
them at an early stage means loss of capital. ©wtier hand, planting vineyards or olives includes
up to five years without yield. Therefore the adealicated to tree crops can be expected to change
only slowly, and decisions on planting or cuttingets are contingent to the age of trees and niby eas
reversed. Further, machinery and irrigation tecbgplconstitute investments that must be depreciated
and constitute sunk costs (assuming that secondlHmankets work on a suboptimal level). However,
machinery and irrigation technology are not sugatur all types of crops and therefore previous
investments limit the options of a farmer to chang®ping pattern in the future (at least makesesom
options less attractive). Balmann, Odening et #096) have shown that path-dependency can arise
from the asynchronity of life-cycles of assets; aeeach point in time some sunk costs exist which
favour following the current path when making newedstments (which then constitute sunk costs at a
later stage and so on). Finally, farmers have kadgé of planting certain crops but not on planting
others and on using certain irrigation technology ot others. Adopting previously unused crops or
technologies involves learning efforts and beaesitk of reduced yields during a period of leagnin

In this model, path-dependency is considered irfahewing ways: individual farms build up stocks
of irrigation technologies and accumulate knowledgecrops. Further, farmers explore potential
future land-uses based on current land-uses aniamoetscratch. And finally farmers' decision among
potential future land uses depends (amongst oliiegs) on the "difference" of the respective land-
use related to his current situation. This "differe" is a rough calculation of learning efforts and
uncertainty with respect to innovations as welir¥gstments necessary and sunk costs (see section 5
Box 4 for details).

5 Model description

The model used in this work addresses land-usegeh&otussing on the farm level and using an
agent-based modelling approach. It explains anr'acteehaviour as depending on this actor's
characteristics, namely a farmer's priorities (hgvd high gross margin, having low risk, having low
labour loads, staying legal), the size of the faitm, accumulated stock of irrigation technology and
farmer's knowledge (see Box 1). Those charactesisiifold their significance in the context in whic

the actor acts. This context comprises options rates and is identical for all actors (see Box 2).
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Using this concept it follows that in this modehdause change is considered as emergent outcome of
(a combination of) change in options availableules advising and penalizing choices of optiors an
in actors' individual characteristics. Innovatioiffusion and path-dependency influence process

dynamics.

Box 1: Actors' characteristics

Priorities

As outlined in the discussion in section 2, the glathplements profit maximization, the minimizatiohrisk,
appropriateness of the quantity of labour requard a motivation to stay legal (see Box 2 for edabgions'

characteristics and Box 5 for details of influeceutility).

Size of farm

The majority of farms in the UGB are small, haviegs than 20 ha. However, there are comparablybigh
very big farms (more than 100ha). In this modele fsize chsses are considered to capture this diversity:.
small (4 ha), small (8 ha), mediuml (32 ha), medi#0 ha) and big (150 ha) (see table 4 in se&ifor more

details).

Family labour
Farms are run with a certain amount of family lab&amily lalour is considered available unpaid and is he

not included in the calculation of gross margin.

Stock of irrigation technology

The stock of irrigation technology of a farmer epresented on the one hand as area which this rfaram
irrigate using a specific technology (sprinkleripiirand on the other hand as available pumpingaigpia m®
of water (representing the number and capacityelfswowned by this farmer). This stock increases fiéirmel
chooses a land-use patterns whose area of adilegynsurmounts the respective current stock amdwhose

water needs exceeds the current pumping capatitysock does not decrease.

Knowledge on crops and technologies

Farmers acquire knowledge by planting crops andguschnologies. Knowledge represented as asymptc
learning process in which skills increase each gearop or technology is part of a farmer's |lasg- patterr
Initially farmers have some skills regarding theps they plant when the simulation is started aidit@nally
all farmers have perfect skills on rainfed croppiibging one "irrigation technology") and fallow thriset-

aside).
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Box 2: Context

Options

Options are combinations of crops and irrigationht®logies (e.g. "rainfed vineyard" or "drip irrigd
paprika"). They are basic building blocks for fargidanduse patterns. When utilized by a farmer, optiors
related to an associated area, forming a "land (&g’ 20 ha of irrigated vineyard). A set of sutdnd uses'
then forms a farmer's "land-use pattern". The laselpattern is the unit that then is used to cafeudutcome
(gross margin, water used, etc.). In this modeteniifferent types of crops and four types of atign are
distinguished; resulting in a total amount of 23tiaps (not all combinations of crop and technology

feasible). Options are characterised by priceddyjairect costs (fertilizer, seeds, etc.), andth®y labour an
water needed per ha (labour needs per ha decratis¢hes size of area dedicated to a crop du@treasing
efficiency). Costs per labour unit and for pumpafgvater are also considered and assumed beingathe fol
all options and actors.

Further, options and land-use patterns are chaisatieby an associated risk. "Risk" here refergatdability of
gross margin due to shagrm fluctuations of prices for products and inpagswell as variability of yields (dt
to weather conditions, pests etc.). In the modsk is conceptualized as the standard deviatiototad income
(income from production + income from subsidiedated to expected gross margin (total incacosts; the cos
side of production is assumed neariable). Irrigation reduces risk since it decemawariability of yields

Diversification also reduces risk. Options' atttdsiand calculation of risk are specified in thpeaylix.

Formal rules

Formal rules provide constraints and incentivesufsing options. The rules implemented are changimy time
(see appendix for details of rule representatiamj eaomprise pumpg quotas, CAP prices for cereals ¢
sunflower, CAP compensatory payments and the Agraronmental Programme (AEP). Rules in principed
two types of impacts: changing the profit of a lars# pattern through subsidies or penalties (sperajix) aul
rendering a land-use pattern legal or illegal, dejpgg on the implicated amount of water used.

Water quotas were introduced in 1986 (modified esdliced in 1991) and render lamse patterns illegal th
use more water than an actor specific quotalvdepends on an actor's farm size and on hgatidn needs i
1985. Prices for cereals and sunflower are dectdeas®e in the period 199995 and then further betwe
1999 and 2002, reflecting price developments oagty form CAP reforms. CAP ogpensatory paymen
(since 1992) provide subsidies per area dedicatéaligated and noirrigated cereals and sunflower as wel
set-aside land, and introduce an obligatory minimsetaside area. The AEP is a voluntary prograrr
providing compensatyg payments for reduced water consumption in comparto a baseline amount. Farm
can choose between three options: 50%, 70% or I@@¥Uction, payments increasing for higher redustidn
its first phase (1993-2002), the baseline amournwatker wasndependent from farm size. In the second pl
(2003 onwards), the baseline amount of water waptad to the pumping quotas and compensatory pasgi

were decreasing with farm size.
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The way farmers derive next year's land-use pattsrassentially at the heart of this model siree h

all variables (a farmer's characteristics, contéxt year's land-use) come together and all model
output is derived from the sequence of farmersldase patterns. The literature contains a widegang
of models of farmer decision making as outlinedha introduction. It is beyond the scope of this
article to review and discuss the various approselne we refer the interested reader to the raspect
comparative literature (e.g. Schreinemachers amgeB&006; Edwards-Jones 2006; Jackson, Quadus
et al. 2006; Austin, Deary et al. 1996; Garfortld &ehman 2006; Mendola 2007; Janssen and van
Ittersum 2007; Payraudeau and van der Werf 20QGkeP, Manson et al. (2003) identify the choice
of agent rationality as one of the key challengesdesigning an ABM. Hare and Pahl-Wostl (2001)
have shown that the choice of different represiamtsatof agent rationality influences model restdts

a much larger extent than uncertainty in envirortiadetsiata. Our representation of decision making is
therefore first of all motivated by the goal to dp a modular approach that allows studying
influences of the various factors identified in t&mt 4 but also of impacts of variation of the
implementation, i.e. of underlying assumptions witkpect to different aspects of farmers' decision
making. This article presents the overall modalditrre, the modular decision-making algorithm and
a set of simulation results obtained from the fiestlised model implementation. Hence it does not
incorporate an evaluation of the effects of chaggieep assumptions but this is left to future work.
The process through which in this model farmersvdeheir land-use patterns is described in Box 3.
In brief, it comprises the following steps: 1) & eéconsidered options is identified, includinglyon
those options a farmer has used before and soneesptithich are randomly chosen based on their
spread; 2) a set of potential future land-use petes created by varying the current year's lasel-u
pattern, 3) land-use patterns which are too diffefeom the current year's land-use pattern are
discarded; 4) consequences arising from formakrate evaluated for each of the remaining patterns;
5) the utility-maximizing land-use pattern is sédet (regarding this farmer's priorities and
consequences from rules).

The basic modular structure of the algorithm féatilis easy variation of assumptions. For example,
the implementation of selection of "considered apdl' in the first step relates to assumptions on
information farmers have. Here, different assummgican be compared, for example that farmers
have perfect information (all options are considgrend that farmers do mostly observe the local
situation (the more widespread an option, the rfikety it will be observed and considered). Anathe
example is the choice among land-use patternsem fste. Through variation in this step, e.g. the
effect of satisfycing behaviour, of utilization dfeuristics for decision making and of utility
maximization can be explored and compared.

With regards to this exploration of alternative lempentations, the creation of a discrete set of
potential future land-use patterns in step twooisstdered useful. A wide range of especially héiaris

approaches is restricted to dealing with discretgon sets (Jungermann, Pfister et al. 2005; Payne

15



and Bettman 2001). Optimization can still be apprated through developing big sets of potential
future land-use patterns in step two combined wigkximization of utility in step five

In this model, multiple criteria are compared aerthted by a farmer when deciding on next year's
land-use pattern: gross margin, risk, labour Idegility. The implementation presented here rests o
the assumption that farmers can invest time toktlabout this decision and thus incorporate all
dimensions in their decision (instead of e.g. usirigxicographic heuristic considering only the tmos
important dimension). A utility function approachéhosen. The utilitW(p) of a land-use pattenn

is calculated using a Cobb-Douglas type of functisndescribed in Box 5. This approach involves
multiplication of the different attribute values athis convenient because it renders normalizatfon o
the attribute metrics unnecessary. Further, wheliptied, very low values on one attribute can not
be so easily compensated on other attributes wdgelms intuitive regarding farmers (e.g. very low
gross margin can rarely be compensated compleyehety low risk).

The model runs in steps of one year. Each yeah, feamer chooses a land-use pattern as explained in
Boxes 3-5. The development of crop patterns, tlageiof irrigation technology and the amount of

ground-water used are outcomes of model runs wddaohbe compared to empirical developments.

% In praxis, this is limited through contraints afmé and computer resources. In the model runs shown

throughout this article, we generate in step 2 l1@@6@-use patterns for each farmer in each year.
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Box 3: Steps in the decision making process

1) Considered option®©ut of the set of all options, a farnfeconsiders (only) those options that are combinatiof

crops and technologies both knowrf.téurther, unknown options are randomly considettegl probability increasin
with usage of an option by other farmers, what g&tua self-reinforcing diffusion process.

2) Considered pattern8ased onf's land-use-pattern in the previous sigp a set of "considered patterng' is

developed. How the set of options considered ire@stbn making situation is generatedhiuman minds is a fiel
which is underesearched (Jungermann, Pfister et al. 2005) anakr@vaot aware of any prevalent model for this .
In this model, g, is created through (randomly) iterating three bagierations o, several times (the original, is
also considered further): a) add one considereidmpthich is not yet part of this pattern and assecsome areto it,
forming a new land-use. The respective area isractigid from a random other land-usie The new landise has
size which is randomly chosen in [0, size]. b) Remove one landse (if not the last), the respective area is add
a random other land-use, c) re-scale two land-@se&tiange some random area between two land-uses.

3) Discard too different land-use patterddt the potential land-use patterns are checkeadtlieir distances td's

current land-use patterithese distances are explained in detail in Box d eomprise a) skills: uncertainty a
learning efforts associated with a change in thea af landdses (especially implementation of new crops
technologies) and b) capital: investments necessaglycapital loss arising from the change in tlea af landdses.
Both distances depend on the history of this fdremce they capture the aspect of mpendency on the farm lev
For each land-use pattepy f keepsp; for further consideration randomly with a probapip = (1-d)“. This randon
filtering is done for both types of distanakqskills) andd, (capital),as ando. being respective parameters that cal
adjusted to explore the influence on model behaviboat is, those patterns that are "close" endadls current land-
use in both regards are likely kept for further sidaration while more distapt are likely discarded.

Furthermore, all land-use patterns which compriseenthan five different crops or more than sevdfeint landuses
are discarded. This avoids computational problemsing from immense recursion in stepffs in line with empirica
farm types identified by Varela-Ortega, Blancole(2006) for the UGB. Note that is always kept in this step.

4) Rule application Rules are applied,e. consequences (subsidies, penalties, legaditiging from choice of

potential new land-use pattepnare calculated. The AEP, a voluntary programmepissidered in the way that t
highest available level of compensation is chosene(that the landse pattern is fixed in this step, so this does
involve trade-offs but simply taking the best, asig that higher compensatory payments are coreidaetter).

5) Utility maximization: The utility of all remaining patterns is calculdteutilizing f's priorities regarding profit, risl

labour load and staying legal. This is elaborateBax 5. The landsse pattern having the highest utility is seledte
be implemented (we assume constant prices exceptdiicy changes (see Box 2) and that farmers hzenrfect
knowledge on respective prices, including changesugh policies). Note thditwill only shift to a pattermp; with i£0
if pi's utility is higher than that qf.

(6) Refinement)The selected land-use pattern is refif@gtions with marginal areas (marginal areas areidenec
those which are < 10% of farm size and at the same< 1 ha) are deleted and the respedireas are shifted to ott
options. A set of refined pattern is developed amihg all possibilities of relistributing marginal areas and also
original pattern including marginal areas. Eaclhete refined land-use patterns goes again thrstegls 4and 5. Thi
step is conducted to avoid model artefacts likehe of very small landses due to random generation of patter

step 2.
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Box 4: Distances

For sake of simplicity, in this model, distancesvimen crops are specified only for crop classesRGO
{traditional cereals, high-yield cereals, sunflolyddFC (other field crops) = {sugarbeet}, hortiaulal crops =
{melons, garlic, paprika}, tree crops = {vineyaradives}.

Limited experiencedy(f,p): The implementation of new crops (wrigation technologies) and the extensior

areas of crops (technologies) with which a farmes limited experience is laden with uncertainty anelves
learning efforts on the farmer's side. The distamgeesenting this depends on the farmer'sMkeage and prio
experience (skills) and is assumed to increase thitharea dedicated to the new crop (or technoldggimers
skills are represented as values in [0,1] for eaolp (technology)Uncertainty related to the extension of cr
(technologies) being part ¢ is computed asum of areas of extensions multiplied with respectack of
experience (=1-skillThe part related to implementing new crops (teabgiel) depend on the distance to cr
(technologies) this farmer knows already about Hris farmer's respective skills. Distances are ifipecin

matrices attaching a number in [0,1] to each plarop classes and technologies (see appendix)siiimeoflack

of experience regarding all new crops (technolddie$; weighted by the respective area is added(fp;). A

factorw, can be used to adjust the influence of irrigatexhnology related experiencehe result is divided b
the size of the farm.

Change in area of land-uségp,.p): Change in the area of crops (technologies) eritaitsstments (new asse

required) and sunk costs (unused assets, treega)fThis factor is specific for the type of exchangeudians,
but independent from a farmer's experience andsaraed to increase with the area affected. Airmapecifies
the distance between crop classes regarding theateility of assets as numbers in [0,1] (see apggnthe re-
allocation of crop areas fropy to p; is computed in the most efficient way regardingst distances. The crg
specific part ofd.(po,p;) is then computed as sum of reallocated areas tiespective specific distanceéthe par
of d. related to irrigation technology is computed dfofes: the absolute values of areas irrigable gphinkler
and drip technology oy and p; are calculated and weighted (the absolute valuekisntdo represent unus
assets if the area imy is bigger than imp; and necessary investments in the opposite cake)siim of both i
normalized using the farm size. The absolute vafuextracted amount of watérepresenting pumping capac
of wells) inpy minus that inp; is calculated, weighted, normalized by the maximaxtraction (=using the mo
water intensive option on the whole farm) and adted.. d. is finally modulated by a random factor
representing varying situations regarding the dgessets, prices for used assets, interest rdtes, ie modelled
as normally distributed number to represent theiacdated effect of several independent factors.

(The computation of these distances is describggeaater detail in the appendix.)
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Box 5: Utility

U(pi) = G(g(p))* R(r(p))* W(w(p:))* LI ()

G: function of the influence of gross margin g(p;)
R: function of the influence of risk r(p;)
W: function of the influence of labour (work) load w(p;)

L: function of the influence of staying legal 1(p;))

G=¢
O<y<=1isaparameter representing decreasing marginal utility of gross margin (for y<1).

W(w) = Max{0, Min(L (- )7

K —W,
w is the amount of labour needed for a land-use pattern, x sets an upper limit of the labour load that can be
handled by a farmer f and w is the available family labour (it isx>w). § determines the shape of W(w). Note that
if w< w; then W(w)=1 and if w> x then W(w)=0.

R(r) =@-r)”
The values of risk r associated with a land-use pattern as calculated in the model are in [0.0,1.0]. p determines
the shape of utility regarding r.

L(l) = Max(1,0.5")
Being legal isbinary: | e {0 = illegal,1 =legal}. If I=1 (legal behaviour) L(1)=1, thus utility is not reduced. If I=0
(illegal behaviour), A varies the impact of illegal behaviour on utility.

In total the utility function is hence:

w-w

1)#)) IMax(l,0.5")

U(p,) =g’ [L-r)” DMax(0, Min(L1-
K= W,

6 Simulation experiments

In the experiments reported in the following, options and (changing) policies are the same for all
model runs (see above and appendix for details). The model is initialized with farmers planting
traditional crops. Thereis specialisation on vineyards or olives (mostly very small, small and mediuml
farmers) as well as specialisation on cereals (mostly medium2 and big farmers). Some mixed farms of
al sizes are also considered (having vineyards, olives and cereals) (see 6.2 for specific information).

Each run reported is an average of ten simulation runs with identical parameters but different random
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number sequences. In order to reduce computatiog, tsimulations have been executed with 100

farmers per size class and aggregated resultxaepelated,

6.1 Exploration of effects of factors included in the model

The model facilitates exploration of assumptionstled importance of different factors through
altering the parameters that determine their imideeas (skills), o, (investments and sunk costs) 3
(influence of work load)y (gross margin)i (staying legal)p (risk) (see also Boxes 3 - 5 and table 2
below). In order to convey an understanding of ¢ffects of those parameters and of meaningful
parameter values, this section briefly reportsionukations in which each parameter alone is explore
before the following sections report on more elab®rsimulations. Initialization of farmers is as
described below in table 4 but without differentigtbetween farmer types (all farms are assumed to
have 1 AWU of family labour and identical parametaiues).

The literature on farmers' behaviour (see secti@h dearly identifies that profit is a major objiee

of farmers (in western developed countries). Thiker undoubted finding constitutes a baseline for
all simulations: we assume>0, i.e. increasing gross margin increases farmgilty. When zero
relevance is attached to all farmers' prioritiesegt gross margin and no barriers to change between
land-use patterns are assumed, then, as can betexkpihis model generates a diffusion of thosd lan
uses which maximize gross margin. In accordanch figure 2 those are drip irrigated garlic for
smaller farms and drip irrigated melons for bigiggms. The diffusion process takes around 15 years.
However, these results disagree very much with goapidata which show a dominance of cereals
and vineyards (cf. table 1 and figure 3 below).

Table 2 summarizes how single parameters influsihoelation results. All simulations reproduce a
transition from rainfed to irrigated agriculture alsserved in the MOA. Indeed for a big part of the
analysed parameter space, this model generates stnamger change than empirically observed,
namely a strong change-over from vineyards andatete horticultural crops. The main driver behind
the transition is the increase in gross margin iptesshrough irrigation. This increase is consididya
stronger if farmers also change to horticulturabpsr (simultaneously with or subsequent to

introducing irrigation; cf. figure 2). An interesti question is what has prevented such a switch to

“i.e. each of the 100 model farmers of sieey smallrepresents 80 real farmers (cf. table 4 in sedi@) and
consequently land-uses of this farmer are multplig 80 when computing aggregated model resuksdikerall
land-uses and water extractions. In contrast ®wehch of thdig model farmers only represents 3 real farmers.
100 farmers per size class are considered an aeqampromise between limiting stochastic effects,
computational effort and taking into account thffedent relevance of farms of different sizes fggeegated

results.
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horticultural crops in the real system. This isth## more interesting regarding future scenariosrgj

at introducing larger shares of horticultural crapthe MOA.

Gross margin 1990 (without subsidies)

7000

6000

5000 -

4000 +

@ Very small (4ha)

B Small (8ha)

3000 O Med (40ha)

O Big (150ha)

| Without labour costs

Euro/ha

2000

1000

Figure 2: Gross margin of crops on different cropea sizes. Calculated from 1990 prices, yields,jalde

costs, labour costs, water pumping costs, withabsglies (all data as used in this model, see agip@n

According to the model, risk aversion is not suitt to explain dominance of vineyards and cereals.
The potential profit through planting horticulturakops provides (too) strong incentives and
furthermore risk can be mitigated to a large extbrugh diversification. Very strong risk aversion
must be assumed to "enforce" dominance of ceragalsvineyards via the risk parameter (which
however leads to non-plausible behaviour on theavievel, see table 2).

Barriers due to limited skills and capital.(as) slow down the changeover to horticultural crops b
do not prevent it. In this model, barriers do navent farmers from starting out with small arefs o
horticultural crops, learning how to farm them amdending the land-uses slowly, probably waiting
for favourable boundary conditions. Planting ormyadl areas of a crop entails reduced economies of
scale (for this and complementary crops), howegaren the high gross margins of horticultural
crops, overall gross margin still increases eveemplanting some small area of horticultural crops
only.

Regarding restrictions on water use, the simulatgsults show that horticultural crops dominate and
cereals vanish completely, even if no farmer aégally. On small farms, water is sufficient for
horticultural crops if some part of the farm ist ligfllow or planted with rainfed crops (this iséronly

if farmers have irrigated already before 1985 sy ttould claim water rights). On big farms, plagtin
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a small area of horticultural crops complementedabger areas of rainfed vineyards or olives makes
a better strategy (regarding gross margin) thageaited cereals.

Restrictions on labour capacity provide the drdyplanation for the dominance of cereals on large
farms. However, on small farms, planting hortictdtucrops is superior to vineyards. We conclude
from this exploration of single parameters thasimgle parameter of this model is able to explae t

empirically observed persistence of cereals andyards.

6.2 Farm types

In the next step we explore parameter combinatidhse. parameter space is too vast and simulations
take too long to undertake a full scan of the patamspace via a Monte-Carlo-AnalysiBurther, not

all possible parameter combinations are also mgarninA random search in parameter space as
conducted by a Monte Carlo Analysis may producdeading results. Instead, the exploration of the
parameter space presented here is guided by casifisgmpirical knowledge about the types of
farmers prominent in the UGB. We identify threedgmf farmers based on Hill (1993), Llamas and
Martinez-Santos (2005) and Eurostat data:

» Part-time farm: the farmer and his family do not make a living ofifarming but have
income mostly from an off-farm job. The farm is alsh exclusively run with family labour
input in the residual time.

= Family farm: the farmer and his family live from farm incomée farm is run mostly with
family labour (family labour is more than 50% ofeblabour force).

= Business oriented farmthe main goal of the farm business is to makditpithe farm is run

mostly with non-family labour input.

We use these types to identify meaningful clustdrparameter values. Table 3 shows how the
decision making of the various types differs anavtibis is translated into parameter values of this
model. Table 4 relates the farm types to farm sares compares the model population to empirical
estimates. Table 5 shows the operationalizatiofinitfal) specializations of farmers and - based on

table 4 and 5 - table 6 compares the initial madab distribution to empirical estimates.

® In this model with parameters set as describealte 2.

® One simulation run takes around 15-30 minutes ataadard desktop PC. We tried an exploration ef th
parameter space using two values for each pararsietevn in table 2 (not including buty instead). In total
this leads to 2= 64 scenarios. Each scenario was simulated fiuest i.e. in total 320 runs. This exercise
remained however mostly inconclusive and is thut neported here. More extensive explorations of the

parameter space are not feasible given limitatadrisne and computer resources.
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Param.

Description

Effect on simulations

Determines the impact d
risk on utility. The highep,
the stronger risk decreas
utility.

Risk refers to variability of

gross margin due to shont-p>15: farmers strongly diversify their crops (up taifferent crops) including less profitable butdassky crops (cereals). Farme

term fluctuations of price
for products and inputs g

well as variability of yields.

e$0 reduce risk. The bigger the farm, the higherdfiect ofp (e.g.big farmers add garlic as second crop for1.0 and add paprika 3

5 adapt land-uses to make use of subsidies to furddhrce risk. Although effects on the macro-scalens plausible, behaviour

fThe following simulations have been performed: {0.25,0.5,1,2,3,5,10,15,25,50}
p =0.25 shows no difference to=0. p ¢ [0.5,10]: farmers plant crops with highest grossgm and use diversification among thd

third crop for p>2.0 whilesmallfarmers add melons as second crop only{5.0). An explanation for size dependent respoase

economies of scale whose non-linear shapes impinger effects when partitioning smaller areas canexh to bigger ones.

sindividual farms on the micro-level is erratic armlnter-intuitive, e.g. a drop of more than 50%iass margin is accepted to redy

risk less than 10%.

A varies the impact of illegg
behaviour on utility. The
higher), the stronger utility
is reduced.
This

parameter model

complementary motivations further reduction fowery smallfarms). This switching back occurs because loggads margin when complying with pumping quo

to cost considerations towould affect utility stronger than becoming illegiaintaining reduced water use according to theemaw (but not complying with

stay on the legal side.

| The following simulations have been performéd: {0.5,1,2,3,5}
All simulations are similar to the simulation witkr0.0 until the introduction of the water law in Bgefore that the only regulatiq
is that vineyards may not be irrigated but in theiseulations vineyards do not play a role anyway).
slegal water (pumping quotas) all farmers excapl/ smallones switch back to previous patterns (the pumgirgas do not compris
pumping quotas) does not make sense since beiabiselginary.

2>2: farmers stay completely legal (with some exaettiin transitory adaptation phases, e.g. shoftér entroduction of pumping

quotas through switching to mostly rainfed vineygacdmplemented by some melons. They join the AEP.

Kk represents the maximu
labour force to which thig
farm is extendable. Henee
also constitutes an upp

limit for the labour load of

mThe following simulations have been performadwas increased from 1 to 9 in steps of 0.5; thateep is set to 1.0 (see below).
5 Very smallfarmers are not affected at élmallfarmers are only affected for very low valuescaind only in the way that garlic aré
is somewhat reduced and complemented by fallovedoee labour load. Bigger farms plant irrigatedeaés but after cereal price

edrop in the mid 1990s they stop irrigation but jdie AEP (for lowk with rainfed cereals for somewhat higlewith (small) areas o

°Z

of

A € [0.5,1]: farmers reduce land-use and leave rekidna fallow in order to comply with water law. Bafter further reduction of

quotas; forA=2 big farmers switch back to being illegal as dibsd above)Mediumland bigger farmers comply with pumping

AS

=

S

tas

b
2S
f

garlic (rest is fallow)). The shift in strategy frohorticulture (+fallow) as observed without labdumit to the described strageg




land-use patterns.

occurs faediumIfarms fork<= 2.5, formediumZarms fork<=4.0 and fobig farms fork<=7.5.

B determines how utility
drops with labour load i
the range between a farni
family labour (no negativg

impact) andx (utility = 0).

The following simulations have been performddle {0.5,0.75,1.0,1.5,2.0};x was set to 5.0 since for higk the effect of f can be
expected to be most pronounced.
'$ does not induce qualitatively new dynamics butipaes results which are similar to reduced / irsgda; e.g. {<=5 p=2} produces

2 very similar results as{=4, p=1}. B is thus setto 1.0 in all following simulations.

As

As determines how

frequently “distant" land
use patterns are discard
from further considerationg
Higher )s lead to more
frequent discarding.
As relates to land-us
patterns' "distance" to
farmer in terms of thig

farmer's knowledge an

prior experience (skills).

The following simulations have been performede {1,2,3,5,10,15,20,25,30,50}
As€ [1, 10]: Asinduces a delay in developments which is howelesrly recognizable only fokhe>5.0. The attractor of the simulatiof
eis not changed but for>10 diffusion of utility maximizing land-use patteris delayed until after the simulation ends. Gartticro-
.level changes between crops usually proceed ovae dew years, starting with a small area of the evp which is then furthe
increased. The delay induced byhas to be interpreted carefully since it is depandn the number of patterns generated in stdp

the decision process (see Box 4): the higher tmeben of patterns generated, the faster farmerdfeind-use patterns which allo

e both, high utility and "testing" new crops / teclomes.

als>15: Simulations reach a stable (macro-level) migarfic, melons and paprika for the size clasagy small smallandmediuml
On the micro-level, individual farmers are howeggecialised on one crop only. The likely explamati® that switches betwed

dspecialisations are (almost certainly) "filteredagivas too distant but intermediate land-use pafieaturing more than one crop g
not chosen due to low(er) utility. For farms ofesimedium2andbig the macro-level shows ongoing increase in garit melon area

and an intermediate phase of much paprika.

ns

=

20

A

Ac IS similar to A but relates
to land-use patterns
"distance” to a farmer'
current land-use pattern
terms of sunk costs an

necessary investments.

The following simulations have been performéde {1,2,3,5,10,15,20,25,30,50}
5'Ac induces a delay in developments which is howelaarly recognizable only fof.. >10.0. The highek., the more gradual shift
sbecome on the micro-level (i.e. farmers increagdedrease some crop area over several years). Tég idduced by, has to be
ninterpreted carefully (see).

d\. does not produce stable lock-ins to suboptimabaopt(as doesks) because it features a random factor which is mpostably low

converge because random differences arising imttial "exploration phase" are maintained longer.

sometime for the respective shift (hence the shifinly delayed, not prevented) . The higher thellef A, the later individual runs

2]

Table 2: Parameters and their effect on simulatiesults (all simulations performed witk1).
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Part — time

Family farm

Business oriented

Monetary profit

Diminishing marginal
utility of gross margin

Diminishing marginal
utility of gross margin

Linear influence of gros
margin on utility

1)

Farming is mainly g Most important to secureProfit is aspired, the
"hobby"; farmer notf some income but highhigher the profit the
dependent on  farmprofit is less important better
income since the farm household
has no structura|
requirement for profit
(y<1.0) (y<1.0) (y=1.0)
Risk Risk neutral Risk averse Risk averse

Farmer not dependent @
farm income

nGeneral finding from the
literature: farmers are ris
averse

General finding from thg
kliterature: farmers are ris
averse

(p low) (p high) (p high)
Respect water law /| Medium intrinsic Low intrinsic motivation | Medium intrinsic
pumping quotas motivation motivation
Do not consider rightfu
Do not consider rightfu| that groundwater was Politically active, need tq
that groundwater wastransferred to publi¢ maintain credibility.
transferred to  public ownership; perceive it as
ownership but are ngttheir right to pump as
dependent on  farmthey used to before 1985
income.
(A medium) (A low) (A medium or high)
Family  labour (in | 0.4 1 0.4
AWU)"
Hiring of additional | Very limited Limited Yes
workers

To address peak time

sUp to amount of family

(e.g. harvest) only labour (per definition
used to differentiate
types)
(x very low) (x low) (x high or very high)
Influence of sunk costs| High High Low
of human capital /
learning efforts (skills) Low motivation to| Farmers have a life-time Possibility to hire

change business

of experience with "their'

different workers with

crop and style of farming| different skills, if
(o high) required
(0s medium or high)
(0 low or medium)
Influence of sunk costs| Low High Low

(machinery, technology,
trees) and necessary
investments (capital)

Investments small (smal
farm size) and off-farm
income available but lov
motivation to invest

(0 low or medium)

IBad access to loans

(o high)

Good access to loans

(0 low or medium)

Table 3: Heterogeneity of farm types regarding sieci making.
* see appendix for sources of estimates.
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% of all farms | part +family |business- % % Empirical
time farm oriented speciali-| farms  estimates
sation |of this
per farm| size
size (model)
very small specialist COP D 0 0.0 465 46.8
ha 4 specialist vine 15 16.5 67.7
specialist 10 5
nr 8000 olives 32.3
area 32000 ha mix 0 0 0 0.0
% of types of 53.8 46.2 0.0
very small
small specialist COP D 0 0.0 35 35.1
ha 8 specialist vine 5 16 60.0
specialist 7 0
nr 6000 olives 20.0
area 48000 ha mix 0 7 0 20.0
% of types of 34.3 65.7 0.0
small
medium1 specialist COP D 00 12 11.7
ha 32 specialist vine ( 833
specialist 0
nr 2000 olives 0.0
area 64000 ha mix 0 2 0 16.7
% of types of 0.0 83.3 16.7
medium1
medium? specialist COP D 0 426 4.7 4.7
ha 70 specialist vine ( 426
specialist 0 0
nr 800 olives 0.0
area 56000 ha mix 0 0.7 0 14.9
% of types of 0.0 14.9 85.1
medium2
big specialist COP D 15 833 18 1.8
ha 150 specialist vine ( 0.0
specialist 0
nr 300 olives 0.0
area of mix 0 0 0.3
type 45000 ha 16.7
% of types of 0.0 0.0 100.0
big
types % of 37.0 55.2 7.8
total empirical 371 5438 8.1 Total
estimates area:  245.000 ha

Table 4: Distribution of farms according to sizégpes and crops planted (at model initialisation 1i860).

Classification of farm sizes and respective numioérarms according to Llamas and Martinez-San2306)

and Lopez-Gunn and Hernadez-Mora (2001). Empirastimates for "% of farms of this size" computexainfr

"nr" of farms of this type and total number of farfror estimation of shares of types see appendix.

26




% of farm area Specialist Specialist Specialist
Vineyards Olives COP Mix
Vineyards 80 20
Olives 80 10
Traditional Cereals 70 40
Fallow 20 20 30 30

Table 5: Operationalization of specializations (dse table 4)

Empiricalrasates

Model crop areas in % of total area
Vineyards 44.6
Olives 8.0
Cereals 23.4
Fallow 24.0

45

10
20

25

Table 6: Initial crop distribution (arising from tde 4 and 5). For base of empirical estimates

see appendix.

6.2.1 Simulation results of single types

We first ran simulations for each single type vathfarmers of all sizes belonging to this typer B

analysis of results we focus on the areas of iredj@rops since this constitutes the base for &dsdc

groundwater extractions. Figure 3 hence shows vh#adle empirical data to provide a base for this

analysis. Table 7 provides an overview on the siehand figures 4-6 show the respective results

including some parameter variations for those patara we are most uncertain about for the

respective type.

Area of irrigated crops in the Mancha Occidental Aquifer

80

70

60

/

—&— Traditional cereals
—&— High-yield cereals

/

N
o

: Ry

—&— Sunflower

1000 ha

i

iZ AT

- =< KN\

|
T

I 7 =

1970 1975 1980 1985 1990 1995

#—Total COP
~— —&— Sugar beet
—&— Melons
—&— Vineyards
——Olive
/‘\A
2000 2005

Figure 3: Area of irrigated crops in the MOA (Llasiand Martinez-Santos 2005).
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Paper 4: Guadiana model

Family Y p K O O
labour
Business Farm 0.4 1.0 5.0 5.0 3.0 20.0 20.0
Family Farm 1.0 0.5 5.0 2.0 0.5 30.0 30.0
Part-time farm 0.4 0.5 2.0 0.6 3.0 20.0 50.0

Table 7: Operationalization of farm types

1000 ha

1960

1965

1970

Irrigated crops - business farms

1975 1980

1985 1990 1995 2000

year

2005

2010

—&— Traditional cereals

—&— High yield cereals
—&— Vineyards

Garlic
—&— Melons

1000 ha

1960 1970

1000 ha

2010

1970 1980

1990 2000 2010

1970

1980 1990 2000
year

1960 1970

1980

1990 2000

year

1000 ha

2010
1960

1970 1980

1990 2000 2010
year

1970

1980 1990 2000

2010

Figure 4: Irrigated crops for the scenario of busgs-oriented farms. The above figure shows all £whose

area comprises visibly more than Oha for paramegersl.0,p = 5.0,x = 5.0,4 = 3.0, .= 20.0,as= 20.0.
The small figures show single crops for parametmiations 1=3.0, k= (blue), 1=3.0, x=5.0 (pink), 1=5.0,
x=5.0 (green) and=>5.0, k=« (yellow). Crops are (from left to right and topdown): traditional cereals, high

yield cereals, vineyards, melons, garlic and pagrik
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Irrigated crops -family farms

—— Traditional cereals
—&— High yield cereals
—&— Sugarbeet
—&— Vineyards

Garlic
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Figure 5: Irrigated crops for the scenario of fagnifarms. The above figure shows all irrigated cregsose

area comprises visibly more than Oha for parameter$.5,p = 5.0,k = 2.0,4 = 0.5, .= 30.0,as= 30.0.
The small figures show single crops for parametgiations 1=0.5, x=1.5 (blue),A=3.0, x=1.5 (pink),1=3.0,
x=2.0 (green).A=0.5, x=2.0 (yellow). Crops are (from left to right andptdo down): traditional cereals, high

yield cereals, vineyards, melons, garlic and pagrik
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Paper 4: Guadiana model

1000 ha

1970 1975

Irrigated crops - part-time farms
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Figure 6: Irrigated crops for the scenario of pditre farms. The above figure shows all irrigatedps whose

area comprises visibly more than Oha for paramegefs5, p=2.0, k=0.6, 1 = 0.5, a.= 20.0, as= 50.0.

The small figures show single crops for paramet@riations 1=0.5, ¢=20.0 (blue),1=0.5, as=50.0 (pink),
4=3.0, as=50.0 (green)..=3.0, as= 20.0 (yellow). Crops are (from left to right artdp to down): traditional

cereals, high yield cereals, vineyards, melonsligand paprika.

Results show for business farms a considerablerdifte betweer=5 andx=« (figure 4): fork=5

cereals play a somewhat stronger role whilecfop irrigated cereals are only a transient phenomenon
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and horticultural crops are the very dominant atégl crops. An in-depth analysef simulations with
k=5 reveals that irrigated cerals are actually implet®e onbig andmedium2 farms which is in line
with empirical findings. A limitation of the labowapacity of business-oriented farms below 5 AWU
is also in line with empirical findings. Hill (1993ound an average of (only) 2.26 AWU for Spanish
non-family farm§ using FADN data. However, such an empirical obeson does not explain why
this is the case. A potential explanation is giwrefigure 7: regarding gross margin, cereals ceurtsti

a local optimum for low labour input on large farn#s considerable increase in labour input is
required to actually increase gross-margin throaghift to horticulture. In this model, there is no
barrier that prevents an immediate increase ofraddabour force from say 1 AWU to 4 AWU. In
reality this might constitute considerable orgatiiseal problems. A slow change-over to higher
labour capacity may be prevented since it is (at)finot accompanied by increasing but rather

decreasing gross margin.

Gross margin of large farms (300 ha)

700

600

500 +

400

—e— High yield cereals
—— Melons
Garlic

1000 Euro

300 -

200
o] /

Figure 7: Gross margin of large farms over labour input. Gross margin is calculated for the maximum crop area
possible considering limitations through the size of the farm and through the labour available (e.g. with 2 AWU
high yield cereals can be planted on the whole 300 ha while melons and garlic can only be planted on ~17-
18ha). For sake of clarity the farm size is chosen to be 300 ha. Farms of this size are not represented in the

model but do exit in the MOA. The effect of a local lock-in holds for smaller farms but is less pronounced.

" Not shown in figures due to space limitations.
8 In Hill's work these are all farms for which familabour makes less than 50% of the total labotzefpi.e.

what we call part-time farms are not included ili’'slnon-family farms but only our business-oriethfarms.
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The scenario for family farms shows a balance betweigated cereals, vineyards and horticultural
crops and an amount of irrigated area which iseclés empirical observations than the scenario for
business-oriented farms. The strongest variabdiitging from parameter variations exists regarding
irrigated vineyards. Here, both parameters vargehstrong influencé\. is decisive for irrgation of
vineyards in the first half of the simulation. Oriflyi is very low, farmers irrigate vineyards (which is
in line with empirical findings)x is decisive for the area of irrigated vineyards. iA-depth analysis
reveals that omediuml andmedium2 farms the strong restriction ef 1.5 makes it not reasonable to
irrigate vineyards because the required labour main be met.x=1.5 is probably a too strong
limitation.

The most prominent feature of the part-time farmnseio is the low overall extent of irrigated area.
This is not too astonishing considering that evignfarms have only ~0.5 AWU available, which is
too little to run bigger farms. Part-time farmssige mediuml or bigger are exceptional, if they exist
at all in the MOA. It is hence reasonable to fothesanalysis on smaller farms. Regarding very small
and small farms, this scenario is outstanding kiggrthe persistence of rainfed vineyards and ealinf
olives (not shown in figures). A persistence ohfad vineyards and olives is in line with empirical
findings (cf. appendix). However, given the comjdyasmall overall area of part-time farms (~14%
of total area) part-time farming can be only a ipatxplanation for the persistence of rainfed tree

crops observed empirically.

6.2.2 Combination of types

The previous analysis shows that the differentgygfdfarmers identified and the according "logios"
production generate quite distinct patterns of fasd change. Therefore it is not reasonable tosfocu
on one type alone but all the different types havee considered. This section analyses resukmgri
from simulations combining the three types as psepoin table 4. Figure 8a shows the area of
irrigated crops. Unlike figures 4-6 it does not koqie irrigated areas of single crops since the
parameters simulated do not induce interestingatiaris. Instead some more aggregated and some
additional simulation results are presented whigh wge in the following to discuss the model's

performance in light of empirical findings.
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Irrigated crops - combined farm types

—A— Paprica
—&— Vineyards

Garlic
—&— Melons
—&— Traditional cereals
—— High yield cereals
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Figure 8a: The above figure shows irrigated crops for the scenario of combined farm types (parameter values as
in table 7). The small figures show (from left to right and top to down): irrigated COP area (COP = traditional
cereals + high yield cereals + sunflower), irrigated vineyards, irrigated horticulture (melons + garlic +
paprika), total irrigated area, water extractions, area under AEP. Parameter variations are pugness=4.0,

Kfam'|y=2.0 (b'UE), Kbusines;:“'-ov Kfam|y:2.5 (plnk), Kbusin&S:S-O: Kfani|y:2.5 (green) and Kbus'neS:S-or Kfam'|y=2.0

(yellow).
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The total COP area rises until 1985 to a similar level as obsgrempirically (cf. figure 3). The
subsequent drop in irrigated COP area is underatgairoy the model and the model does not capture
the increase of irrigated COP area after 1995. l@@ndisaggregated level, a prominent feature of
empirical data is a peak of irrigated sunflowerusae 1993. This is not captured by the model but
model results show an analogue short-term re-fisegh-yield cereals. Irrigated vineyards rise to a
approximately similar level in the model and in émgal data. An intermediate drop of irrigated
vineyards around 1990 is not captured by the mddiiticultural crops also rise to a similar level i
the model and empirically. However, empirically ynielons play a role while in the model the main
share is garlic. Data on melons and garlic shomwdlai gross margin and labour intensity with garlic
being somewhat superior for smaller farms. The leskdifference could be explained through errors
in data which artificially favour garlic over melenA more significant shortcoming of the modeltss i
inability to reproduce the empirical drop in theaiof horticulture after 1990.

The total irrigated area and the water extractiafs figure 1 for empirical data) resemble the
differences in areas of irrigated crops discusdsm@ regarding COP and horticulture. The model
does not reproduce a drop around 1985-1990 anthseguent re-rise but simulation results instead
show a slight decline. The area subscribed toAR® may be an explanation for some of the
observed differences. Empirical data shows a ot subscribed to the programme of around 80.000
ha in the time 1993-2002 and a strong drop in 2008mas and Martinez-Santos 2005). The model
captures the drop but the total area is underetan@30.000 to 40.000 ha). Since joining the AEP
requires reductions in abstractions and of thgated area, this shortcoming may explain someeof th
above differences. However, it does not provideegplanation for the drop of horticultural crops
around 1990 (previous to the introduction of thePARvhich is not captured by the model. A drop in
horticulture around 1990 can to a certain extentdpeoduced but not fully explained when barriers
due to sunk costs (i.e.) are assumed to be very low for business-oriefaads but instead higher
barriers due to limited skills are assumed. Thighiswn in figure 8b. Figure 8b further shows tindd t
change in parameters also affects the drop in C@R after 1985 which resembles more closely
empirial data than figure 8a. Consequently alsoditop in total irrigated area and in the amount of
water extracted is better captured. However, stitonsiderable amount of horticultural crops is
maintained after 1990 (most of it anedium2 sized business-oriented farms) and the increase in

irrigated COP area after 1995 is not reproduced.

°® COP is an abbreviation for cereals, oilseeds anteims. In this model COP cover traditional cesehigh-

yield cereals and sunflowers.
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Irrigated crops - combined farm types (2)
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Figure 8b: The above figure shows irrigated crops for the scenario of combined farm types (parameter values as
intable 7, except o pusness= D ®sbusness— D0)-

The small figures show (from left to right and top to down): irrigated COP area (COP = traditional cereals +
high yield cereals + sunflower), irrigated vineyards, irrigated horticulture (melons + garlic + paprika), total
irrigated area, water extractions, area under AEP. Parameter variations are for business-oriented farms

0=100.0 (blue), as=70.0 (pink), as=50.0 (yellow).
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7 Discussion

7.1 Methodological considerations

In this model, farmers' choice of crops and techgiels arises from a farm's history and attributes a
from the context in which the farmer acts. Thoddlattes and also the context can change (partly
endogenously), allowing history to unfold. This eggrh allows exploring those factors underlying
land-use change which generate the observable segjwé land-use patterns. The model is flexible
and complex enough to integrate, using a formalhotkta set of factors simultaneously. Model
building thus facilitates accounting for potentiateractions among factors included, what can not
easily be achieved with less formal methods (euglitative analysis). Nevertheless, the compleafty
this model remains on a level that maintains trarescy, i.e. simulation results can be traced back
underlying assumptions. This is considered impaortatause it allows developing general lines of
argument which are independent of the details isf thodel (see section 7.2.). Such reasoning can
then flow into a debate without the need to undeigthe details of this model or the pros and ofns
(agent-based) modelling in general. In this waig thodelling exercise enhances understanding of the
mechanisms behind land-use change and providaghiasthat are potentially transferable from the
studied case to future scenarios and to othermedaring similar problems.

This model is designed to explore the implicatiaisa set of assumptions which are intractable
without a simulation model due to the complexitytioé topic. Selected simulations were performed
including exploration of some parameter variatiamsded through increasing understanding of the
model behaviour. The parameter space of the modsl explored step-wise, starting with single
parameters and proceeding over parameter sets (fgyes) to combinations of parameter sets
(combination of farm types). Simulation result® dound to be sensitive to (some) changes in
parameter values but not to stochastic effects,th@ sequence of random numbers. The latter is
shown in figure 9. The runs in figure 9 differ sammat in quantitative terms but all show similar
qualitative dynamics. The influence of random numabi& not strong enough to induce path-
dependency on the macro-level as e.g. in the moafelsrthur (1994). Therefore, this model is
considered suitable for an approach of explorirftuémce of assumptions (parameter values) on
model dynamics running few simulations per params¢t only and focussing on averaged results.
This is important since due to limitations of timed computer resources no vast sensitivity analysis
was performed and no complete exploration of thrarpater space could be done.

In the stepwise approach outlined, parameter sketster steps were partly specified based on
previously gained understanding. Hence, calibrateord validation are not clearly separated;
especially no validation using independent data-setild be done. Simulation results are compared to
known empirical patterns manually and qualitatiyafyscussing findings in relation to empirical

knowledge and in the context of changing boundamdtions (policies). This leaves room for
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subjectivity. A further more general issue regagdihe modelling of complex systems is that many

structurally different models may be able to repiced specific behaviour of a complex system (e.g.

Sterman 2000; Beven 2002). For these reasonspinoabe claimed that this model's structure is

necessarily valid in the sense of truly resembtimg structure of the real system. Consequently, the

following discussion of the results obtained in theeriments described above has to be considered

as thought provoking input into a debate and n@rasenting unquestionable evidence.
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Figure 9: Ten runs with identical parameters asin table 7 but differing random number sequences. The figures

show irrigated crops (from left to right and top to down): traditional cereals, high yield cereals, vineyards,

melons, garlic and paprika.

7.2 Interpretation of results

A very simplistic implementation of merely profitiented farmers turns out to be very much detached

from empirical observations: all farmers, indepamd# the size of their farm, start to plant thestio

profitable option (drip irrigated garlic resp. diipigated melons) on the full area of their farrbey

are not affected by restrictions of legal water anldsidies for cereals are insignificant in conguari

to much higher profitability of horticultural crop§he model explores the effect of additional faxto

influencing farmers' decisions and how they inoeett®e match between simulations results and
empirical findings. Intuitively, barriers to chandige sunk costs and missing skills may seem a
reasonable explanation for empirically observecksty to vineyards and cereals despite much higher
profitability of horticultural crops. Also in thétérature, farmers' skills, prior investments aimdited
capital resources are found to explain slow changé&mnd uses observable in agricultural systerhs (c
Balmann, Dautzenberg et al. 2006). However, ourehedggests that such explanations do not hold
to explain the strong sticking to cereals and vamdg over the long time-span considered here.
Farmers could start planting horticultural cropssomall areas when conditions are favourable, e.g.

when some trees reach the end of their life-spasoare machinery is fully depreciated and new
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investments have to be undertaken anyway. Farngrdearn how to deal with horticultural crops
without taking very high risk (when starting on dimereas) and increase the respective areas in
accordance with increasing skills.

A drawback for planting horticultural crops could een in risk arising from strong price fluctuasio
compared to e.g. cereals whose price fluctuatioadimited through the CAP. But according to this
model, risk does also not provide a very good exgtlan. Risk can be mitigated through
diversification (the model considers only three ticoitural crops whereas in reality even more
varieties are available). Further, price fluctuasianay be higher for horticultural crops but giteeir
overall high level of gross margin, gross margihieeed is expectantly higher for horticultural csop
even in bad years compared to e.g. cereals. Firalijough not considered in the model, higher
average gross margin would allow for savings thallel balance good and bad years.

In this model, the factok, representing an upper limit to the work-load ntesble on a farm, is
rather influential and limitations af constitute a necessary (although not sufficieot)dition for
approximating empirical data with this model. Hemcdeserves some special attention. Technically
speaking, the importance @fcan be understood from the fact tkabn the one hand constitutes a
strict upper limit reducing utility to zero if labo load exceeds and on the other hand it targets
labour effort, the crop attribute which shows thrersgest relative differenc€detween crops besides
gross margin. Potential explanations for the eristeof such an upper labour limit differ for the
different farm types. Regarding business farms tias been partly discussed in section 6.2.1.
Limitations of labour load must not exist per s¢ &similar effect may arise from a local optimufn o
gross margin with respect to labour input. Anotbeplanation could be the overall availability of
(qualified) workers. However, in the UGB, histotlgamany people left the area to Madrid because
they could not find labour which makes the latt@planation somewhat implausible. Regarding
family farms, limitations of labour arise from famg being a life-style rather than an enterprisky.on

A recent review of the literature on farmers' valugoals and objectives (Garforth and Rehman 2005)
emphasises the importance of farmélsitrinsic orientation to work, valuing the way of life,
independence and performance of work tasks above expressive, instrumental or social dimensions of
their occupation.” (Garforth and Rehman 2005, p.19). This importan€entrinsic orientation,
especially independence and being ones' own m&s)nd to be the most important orientation for al
farmers in this study; (even more highly valuedsaller farmers than by medium sized or big ones).
We suggest that many aspects which farmers valoet dérm life, like independence, having control
and working outdoors, are strongly dependent ondiae of the enterprise in terms of people

employed. The more people are employed on a fdrenirtore desktop work has to be done and the

% The most labour intensive crop can be (dependmdand-use size much more than) five times as labou
intensive as the least intensive one while e.gemase for irrigated crops is at maximum arounatévas high

for the most compared to the least water-intenisiigated crop.
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bigger the need for planning and supervision. it ttaus be argued that farmers prefer low labour
loads that allow them to actually be a hands-oméarand to run the farm as a family farm instead of
becoming business-oriented and to become a plameisupervisor. Part-time farmers also do not
primarily aim at achieving high profits but work ¢ime farm is restricted to what is manageable in
their leisure time.

In this model, no single factor explains the obednand-use changes but the model suggests that
combinations of several factors result in variolagjits of production”, i.e. part-time farming, fdyni
farms and business-oriented farms. The model furtuggests that those types feature distinct
characteristics and hence exhibit quite distindpomses to driving forces of land-use change
(availability of technologies, policies). It can kmncluded that it is important to derive an
understanding of the different characteristics afif types when aiming at influencing land-use
changes. This model can only be a first step indhaction.

Simulation results also show some short-comingghisf model. This has been explicated in section
6.2.2. To summarize one can say that this modebiates various influences on utility in a way
leading to a similar preference order of optionstifie various farm types and sizes regarding the ti
before 1985. The diffusion process, influenced &asribrs to change, moves along similar crop levels
as observed empirically. However, the model is ksi® to capture the responses to fast changing
policies after 1985, i.e. it does not adequatelytwa the effect of limitations of legal water athe
possibility to join the voluntary AEP programme. éaxplanation might be that the factors in the
model are balanced wrongly but in a way that resesnine preference structue before 1985. But from
our experience of working with the model, it seemare plausible that the model assumptions are
partly incorrect or incomplete. The model's modwdtaucture facilitates exploration of different or
additional assumptions in future work. It is esplgisuitable to study alternative assumptions on
farmers' decision making. For example, the implemt@n presented here assumes that farmers are
considering all types of changes of business eaah §imited to considered options, see Box 3)sThi
assumption could be softened by changing step thefdecision-making algorithm (see Box 3),
assuming e.g. that farmers think about improvenoériheir current business (however defined, e.qg.
by dominant type of crop) but only consider resttiag their business less frequently or in face of
specific changes of boundary conditions. Such ferdifit implementation could entail less changes
between crop types. Consequently barriers mighedbienated to be lower in the calibration process
which in turn might effect responses to fast chaggolicies (cf. the differences between figure 8a
and 8b). However, it is hardly possible to antitépeffects of such changes in model implementation
but this has to be explored in future work. Otheplanations for this model's shortcomings may be
rooted in the overall design. This model focuseshanfarm level and as such does not elaborate on
the embedding of farms in the region through distion channels, long-term contracts, the role of

local markets, organization of local labour marletts Further, heterogeneity regarding soil types a
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groundwater availability are not considered, daogprobably overestimates the share of land that is

useable to plant profitable crops.

8 Conclusions

This article presented an agent-based model dexelap a thinking tool to enhance understanding of
the role of farmers' characteristics for land-ubange. It was applied to the case of the Mancha
Occidental aquifer in the Upper Guadiana BasinjriSphe main findings are that considering profit
orientation and single additional factors (e.gk rversion or barriers to change arising from sunk
costs and a lack of capital) seems insufficiengstplain the empirically observed land-use changes.
The interactions of these and further factors Juidiog farmers' skills and respective learning
processes and especially an upper limit to the Waa#t manageable on a farm - have necessarily to be
considered to reproduce inhibition of more sulisghichange than observed empirically. Further,
different types of farms exist in the UGB (part-#irfarms, family farms and business oriented farms)
which can be expected to differ regarding (comlidmabf) these factors. It was shown that they can
be expected to exhibit distinct responses to chamgecontext conditions like availability of new
technologies and changing policies. It is henceoitgmt to acknowledge differences between farmers
and to derive an understanding of the differentratiaristics of farm types when aiming at
influencing land-use changes.

Although the specific findings are open to debatee( section 7.1) it can be concluded that
incorporating an elaborated representation of hub®raviour is crucial for understanding land-use
change and that a sound understanding of the s®géém making use of a resource is required to
solve problems of resource over-use. Key unceigaifie in human behaviour.

Regarding the methodology applied it can be coreduthat developing an agent-based model of
intermediate complexity proved to be an approacichvis on the one hand complex and flexible
enough to incorporate quantitative as well as tptale knowledge from various sources. This model
incorporates general findings from the literatunefarmer behaviour and the diffusion of innovations
Those were adapted and complemented using caséicsgrowledge (for example the distribution of
farm sizes and the selection of factors considéasked on case-specific knowledge). On the other
hand, the chosen level of complexity was low enctaginaintain transparency, i.e. simulation results
could be traced back to underlying assumptionsefsthe uncertainties regarding the structure af thi
model and regarding data, this is considered inappibecause it allows developing general lines of
argument which can flow into a debate. In sum, #gent-based model was found to be suitable to
study influences and potential interactions of masi farmers' characteristics regarding land-use

change.
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Appendix

A.1 Crop attributes

Water |Variable |Variable
Yield Yield need costs costs Applicable
Price  (1997) rainfed irrigated irrigated | rainfed irrigated | irrigation
Categories (€/100kg) (100kg/ha) | (100kg/ha) | (m*/ha) | (€/ha) (€/ha) technology*
Traditional cereals
(wheat, barley) 14 21 42 2800 130 180/R, F, S
Sunflower 20 8 18 3000 70 260|R,F, S
High vyield cereals
(maize, alfalfa) 15 100 5200 750\ F, S
Sugar beet 5 770 6050 1500 F, S, D
Vineyards 18 50 100 2350 200 250|R, F, D
Olives 36 17 24 2050 100 150/ R, F, D
Melon 27 260 4550 1000/ F, D
Paprika 40 215 5900 1800 F, D
Garlic 100 74 5130 1300/ F, D
* R=rainfed, F=flood irrigation, S=sprinkler, D=gri

(sources: Aldaya and Llamas, 2008, Confederaciédréfjrafica del Guadiana, 2008; Piniés de la Cuesta,
2006; Martinez-Santos, 2007; MAPA, 2008)

Labour needs according to size of respective crea a

AWU / 100 ha <2 ha 2-5 ha 5-10hga  10-20jha 20h&8030 -50 ha| 50 -100 ha | > 100 ha
Trad. Cereals, rainfed 10 7 3.5 2.5 2 15 1 0.7
Trad. Cereals,

irrigated 12 8 4 3 2.5 2 1.5 0.9
High vyield cereals,

irrigated 15 10 5 4 3 2.5 2 1.2
Sunflower, rainfed 10 7 3.5 2.5 2 15 1 0.7
Sunflower, irrigated 12 8 4 3 2.5 2 1.5 0.9
Sugarbeet, irrigated 30 20 14 11 8 7 6 5
Melons, irrigated 50 25 17 12 10 8 7 6
Paprika, irrigated 70 35 27 21 20 20 20 20
Garlic, irrigated 45 22 15 12 11 10.5 10 9.5
Vineyards, rainfed 12 7 6 5 4 3.5 3 3
Vineyards, irrigated 1y 9 8 7 5.5 5 4.5 4
Olives, rainfed & 7 6 5 4.5 4 3.5 3
Olives, irrigated 1( 9 8 7 6 5 4.5 4

Labour needs of crops are estimated based on dattlised agricultural area of holdings of diffate

sizes and specializations, and on labour force eyapl by those holdings (data for Spain from
Eurostat) and on Confederacion Hidrografica del diarsa (2008) and Varela-Ortega et al. (2006).
The numbers in the table relate to the mid of #pective interval. Actual labour needs for other

sizes are computed using linear interpolation betwbose values.

Costs for water pumping are set to 0.045 Eut@@onfederacion Hidrografica del Guadiana, 2008).
Labour costs are estimated as 9000 Euro/AWU basd¢tA®N data.
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A.2 Irrigation technology and calculation of water usage

Flood irrigation

Sprinkler

Drip

Efficiency 0.5

0.75

0.9

Efficiency refers to the share of water pumped fritva ground actually reaching the plant. The

amount of water extracted by a farmey for a land-use of sizeis thus calculated from the water

need of the respective crap and the efficiency of the applied technolagss:

Wex=Wc/6*S

In case of rainfed cropping, the amount of extrdetater is zero.

A.3 Rules

CAP

The CAP module in the model incorporates (Piniétadéuesta, 2006; European Commission, 1997,

Council of the European Union, 1999):

1. Changes in prices for COP products (= cerealssembl, proteins), i.e. in the model prices for

traditional cereals, high-yield cereals, sunflownices for vegetables, olives, vines and sugar

beet are either not (directly) influenced by the RCAr actual market prices are above

intervention prices for the period considered (lBemo direct influence of intervention

mechanism).

prices
(€/100kg) | upto 2005

1985| 86| 87| 88| 89| 90| 91| 92| 93| 94| 95/96|97| 98| 99| 00| 01| 02| 03| 04| onw.
Traditional
Cereals 21 21| 21| 21| 21| 21| 21| 21| 189 16.8| 14| 14| 14| 14| 14| 129| 11.9| 11.9| 11.9| 11.9] 119
High-yield
Cereals 22.5| 22.5| 22.5| 225| 225| 22.5| 225| 225/ 20.3| 18| 15| 15| 15| 15| 15| 13.9| 12.7| 12.7| 12.7| 12.7| 127
Sunflower 45 45| 45| 45| 45| 45| 45| 20| 20| 20| 20| 20| 20| 20| 20| 17.3| 15.4| 13.4| 13.4| 13.4| 134

2. Compensatory payments: reduction in prices for ypetsl are compensated by area specific

payments (starting in 1992), including a set-agibégation. This is distinguished in two

schemes:

a. Simplified scheme: a farmer's COP area is less #3aBha (specified as 92t of yield
in the regulation, corresponding area calculatethfregional factor). In this scheme,

there is no set-aside obligation; compensatory gaymare paid for all COP areas

with the compensation rate of traditional (rainfeddps. Max set-aside area is equal

to COP area excluding set-aside, (i.e. at maximalindf total area may be set-aside).

b. General scheme: yield corresponds to more thar@®@a > 43.8 ha). Then there is a

set-aside obligation in percent of COP area. Tlaetepercentage has been defined on

a yearly basis and has hence changed over yedf®e model, set-aside obligation is

always 10% of COP area. Maximum set-aside aregusléo COP area excluding
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set-aside (i.e. at maximum half of total area meaysét-aside). If these requirements
are met, crop specific compensatory payments ade(pee table below).
Rule of "eligible land": only area of land which sveedicated to annual crops in 1991 compensation
may be claimed for. In this model, eligible lands&ved in 1991 as total farm area minus area ef tre

crops.

€ per ha 1992| 1993| 1994| 1995| 1996| 1997| 1998| 1999| 2000| 2001| 2002| 2003| 2004| 2005
Trad. Cereals
rainfed 0 38 75| 114| 114| 114| 114 114| 123, 132| 132| 132| 132| 132
Trad Cereals
irrigated 0 75| 151 228| 228| 228| 228| 228| 247| 265| 265| 265 265| 265
High  Yield
Cereals 0| 109| 219| 331| 331| 331| 331| 331| 358 384| 384| 384 384| 384
Sunflower 198| 198| 198, 198| 198| 198| 198| 198| 172| 152| 132| 132| 132| 132
Set-aside 145| 145| 145 145| 145| 145| 145| 145| 123| 132| 132| 132| 132| 132

Water Law / Pumping quotas

The 1985 water law entitles groundwater rights dase previous use. Based on this, the pumping
quotas then introduce a strict reduction on theewase allowed per hectare (Llamas and Martinez-
Santos, 2005; Varela-Ortega, 2007; Piniés de lss@u2006; Rosell and Viladomiu, 1997; Lopez-
Gunn, 2003; Rosell and Viladomiu, 1997). The actuater quotas have been adapted on a yearly
basis but are simplified in the model focussingl@main changes as described in the following.
Farmers irrigated areas are memorized in 1985 didy vineyards, vineyard irrigation is forbidden
at that time). From 1986 onwards farmers are altbtoeuse a baseline quota of 4278&hwater per

ha of entitled land which is irrigated (excludingeyards).

From 1991 onwards pumping quotas are introducek wiéter rights based on the baseline quota as
follows: 100% for the first (up to) 5 ha, 50% fdretnext (up to) 5ha, 35% for the next (up to) 20ha
and 25% for the rest of the land.

From 1997 onwards vineyards may be irrigated bly anreduced amount of water is granted (the
baseline quota for vineyards is 2000ma compared to 4278tha for other crops). In the model,
water rights arising from a mix of areas of vinelsaand other crops are computed as follows: the
entitled area is "filled" with non-vine land as rhuas possible (to take advantage of the higherajuot
and then filled up with vine area. Based on theeetve shares a weighted quota is calculatedland t
corresponding water rights for the farm size ateutated as outlined above.

The water lanimposes a fine of with 7 centsirwater abstracted illegally. However, it is neanbyt
controlled at all. In the model there is an assugef@diency of control of 1% (1% of violations dfis

law are detected and have to pay the fine). Issumed that farmers include a rational calculabion
this risk to pay a fine in their calculation of ggomargin, i.e. a penalty is included in the groasgin:

Max (0, (WatekaceaWatelowed)*0.07Euro/n*0.01.
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AEP

From 1993 onwards, farmers are offered direct paysn@ exchange for voluntarily cutting down on
water use. Farmers, who choose to adhere to tlyggmme, receive payments in proportion to water
savings related to initial entittements under tB83. Water Law. The AEP is modified in 2003. For
this second phase, allowed water use volumes amkctve reductions are calculated based on the
water volumes established annually under the pugnguotas (sources: Llamas and Martinez-Santos,
2005; Varela-Ortega, 2007; Piniés de la Cuestag;2R0sell and Viladomiu, 1997). Note that there is
a period (1993-2002) in which the AEP may grantenamater than the pumping quotas do. In this
case, in the model, farmers who subscribe to thie ate considered acting legally.

In this model, the land-use pattern of farmers Bmorized in 1992. The potential AEP area is
calculated as area of all crops excluding vineyafdsgs area is adapted: in 1998-2002 olives and
vineyards are excluded, since 2003 nothing is eexlu The maximum water quotas are calculated
based on this area for each farmer, accordingdcahiosen level of reduction (50%, 70% or 100%)
with respect to a baseline amount of water whicti2g8ni per ha for 1993-2002 and the respective
pumping quota (including size specific reductiomgnfi 2003 onwards. The 70% option is no longer
available after 2003.

Compensatory payments then are for the optionyears (Varela-Ortega, 2007):

Compensatory 1993 ... 1997 ... 2001 ... 2003...2006

payments (€/ha)

50% 156 164 179 1-40RK3209
40-80ha>125
>80ha>63

70% 258 271 296 (no longer
available)

100% 360 379 414 1-40Ke518
40-80ha>311
>80ha—> 155

The modulation since 2003 means that each farnmsrtige highest compensation for the first 40ha,
for next 40 ha (40-80 ha) less etc.

Each year for each considered land-use pattern @atotn is checked (including non-participation).
The option with highest payment is chosen (i.em&as participate in AEP if their land-use pattern

allows to get AEP payments).

Vine irrigation banishment

Before 1997 irrigation of vineyards was forbiddé&ogez-Gunn, 2003). This rule renders all land-use

patterns illegal which include irrigated vineyafdsly applicable before 1997).
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A.4 Calculation of risk associated with a land-use pattern

"Risk" refers to variability of gross margin due gbort-term fluctuations of prices for products and
inputs as well as variability of yields (due to wea conditions, pests etc.). More long-term

uncertainty associated with changing policies, @ffeof innovations adopted and general economic
trends are not included (but represented in thamlied, capturing investment decisions).

The risk function is designed to capture the foltgyvcharacteristics of risk: a) some crops are
inherently more risky than others, b) diversifioatireduces risk, c) irrigation reduces risk, d)

subsidies paid per crop area reduce risk since #ineyindependent from variability in prices and

yields.

The riskr associated with a land-use pattprigonsisting of land-usdswith cropsl;® and technology

categonyl;' (=rainfed or irrigated) and size§)) is calculated as follows:

( ) ( mc Maximum risk is 1.0 and is reached when the vammin income
r(p;) = Min

(p,
Jexp (P 10

)) equals the expected gross margine(pi) ~ JexdP)). ASsuming a
normal distribution of income with standard dewwatVi,, this
means that in ~30% of the years the actual grosgima only
50% or less of the expected gross margin whiclsssimed to be

unbearable for farmers.

ie

— : ; is th ted in (i - ts).ldY|
gexp(pi)—ZyI6|d(|,-)Ebrlce(|,-°) gexp is the expec.e- gross ma.rgm (|.ncome co§ S)
independent subsidies reduce risk while costs dl#i costs

+ subsidies-costs labour, water) increase risk.
Vine(p) is the variation in income. It decreases with
'”C(p') - Z (p, diversification (and thus risk decreases). The maigeffect on
risk reduction diminishes for increasing diversifion.
vV (pi) - Zstde\(l jc' _t) (1) The stdev of all areas dedicated to the same ampggregated,
so diversification across different irrigation tectogies does not
with |]_c =c, reduce risk.

stdev(c,t)is specific for each crop and technology class estimated based on empirical data on
yields and prices for Spain in the period 1985-20@Eurostat, INE). In order to extract yearly
fluctuations, long-term trends in the data wereaeed (a linear regression was made and the trend

removed from the data). Standard deviations weleuleged for yields, prices anglelds*pricesto

1 Exceptions: for sunflowers data from 1992 onwarvds used due to a very strong drop in prices fréaiito
1992 which results in artificially high varianceeésCAP prices above); for garlic and paprika prizese only
available from 1990 onwards; for olives yields werdy available until 2003 and for grapes only LU&602.

Data on prices for grapes was not available.
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identify sources of variability. Correlations bewewmeyields and prices were also considered. Based on
this assessment relative standard deviatsidey(c,t) of income generated on one ha of land were
defined.stdev(c,t)is then calculated during simulation runssédev(c,t)*price*yield to incorporate
changes in prices for COP products due to poligngks. The value taken fetdey,(c,t) in the
modelis not always exactly the value found empiricalgchuse for example for traditional cereals
(wheat, barley) standard deviation is empiricallycm bigger than for maize. However, most area of
traditional cereals entering the statistic is r@hfand most maize area is irrigated. The difference
likely can be explained through this. Hence foigated traditional cereals the relative standard
deviation of income generated on one ha of larabs&imed to be similar to that of maize. For grapes
(vineyards) no data on prices was available buy onl yields. Here, standard deviations had to be
estimated based on yields and based on rangesiabiity found for other crops.The following table
shows resulting risk considering costs (exceptscfist labour) but not including subsidies. Notet tha

subsidies and labour costs can make a difference.

Crop type yield **price stdev (€/ha) costs (€/hd) risk (per ha)
(€/ha)
Rainfed crops
Traditional cereals 441 75 130 0.24
Sunflower 360 79 70 0.27
Vine 900 225 200 0.32
Olives 612 165 200 0.32
Irrigated crops
Traditional cereals 882 53 306 0.19
High yield cereals 2250 135 984 0.11
Sunflower 810 122 395 0.29
Sugar beet 3850 347 1772 0.17
Vine 1800 234 356 0.16
Olives 864 216 342 0.35
Melons 7020 1053 1205 0.18
Paprika 8600 1118 2066 0.17
Garlic 7400 814 1531 0.14

" 1990 prices
+ Regarding costs for water assuming irrigationi@éncy is 100%. Costs for labour are not considesince
they are dependent on the size of a land-use.

A.5 Calculation of distances between land-use patterns

Two different distancesy(f, p) andd.(po, p) between a farmef respectively his current land use
patternp, and a potential future land-use pattgrare calculated:
a) dJqf, p) is a distance reflecting learning efforts and utagety related to the skills of a farmer
b) d.(po, p) is a distance representing investments and cdpgaés arising from changes in a

farmer's land-use pattern.
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dJ(f, p): learning efforts and uncertainty related to &kil

Farmers have skill values; (s;) in [0,1] for all crops (technologies). Skills rease in each year a
crop or technology is part of a farmer's land-us&tgon. The process is modelled as asymptotic

process (explicated here for crops only but sirtyileomputed for technologies):
s, (t+D)=s (t)+(L-s (1)/m
m is a constant determining the speed of the legrphocess. In the simulations presented it is set

m=3, i.e. a farmer's skill i4/3 after one year of experience with a crop or teabgyhlnd after 5 years
itis ~0.87

Learning efforts and uncertainty involved in a dffiag land-use pattern are computed from farmers'
skills and - to model the change to new crops actrtology - further from matrices describing the

distances between different crop classg$,c,)) and technologiesi{ (t;, t,)):

ds(cy, ©) COP OFC Horticulture Tree crop
COoP 0.05 0.3 1.0 1.0

OFC 0.3 0.2 1.0 1.0
Horticulture 0.5 0.5 0.5 1.0

Tree crop 0.5 0.5 1.0 1.0

Distances of crop class €line) to ¢ (column): distances within one class refer to ammfrom one crop in that
class to another one, e.g. changing from barlespntize (both COP) gives 0.05 while changing fromrigapto
garlic (both horticulture) is assumed to be morenpbex: 0.5. Some crops are considered in generbéteasier
to farm (COP, OFC), than others (horticulture, trer@ps), what is reflected in lower values in thosumns.

dd(ty, t) Rainfed Flood Sprinkler Drip
Rainfed 0.0 0.5 0.8 1.0
Flood 0.0 0.0 0.3 0.5
Sprinkler 0.0 0.0 0.0 0.3
Drip 0.0 0.0 0.2 0.0

All farmers know about rainfed cropping. There & umcertainty or learning involved. Doing irrigatiowith
flooding is comparably easy and does not involvemtachnical equipment, however, a farmer mustiegnen
and how much to irrigate. Sprinkler and drip inv@lmore complex technology, whereas drip is consities be
more complex than sprinkler. Experience with spdankresp. drip irrigation requires some technical
understanding, easing the adoption of the respelgtiother technology compared to a farmer only kngw
flood irrigation.

d«(f, p) is defined as the sum of lack of experience raggrdll crops (technologies) in a potential
future land-usey;, weighted by the respectieeea(g) of new or extended crops (technologies). A lack
of experience of regarding new crops (technologies)piris computed as minimum distance to any
crop (technology¥ has used previously during the simulation, congidef's experience. A factor
Wech regulates the importance of uncertainty and learnelated to irrigation technology. In the
simulations presented. is set t00.5 assuming a stronger influence of crops comparedigation

technology. The result is divided by thigeof the farm. Thus:
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d(f,p)=[D I.(f,c)areac) +

alp

Wech DZ It( f ’tl) |]ﬂedtl)] I size

H0p;
with

minc‘?,sczio[dsc (Cl’ CZ) u1+ (l_ Sc‘? ))] 1 If S(:l = 0
d-s,) , else

.(f.c)={

Note thatdy(f, p) > 1.0 may be, e.qg. if the total area of the farm is withne year shifted from rainfed
cereals to drip irrigated vineyards. Regardingrdr@om influence odl(f, p) as described in Box 4,

such changes have probability zero to be implendente

d.(po, p): capital reallocation: investments and sunk costs

de(po, p) is calculated based on distances of crops (arthtdagies) regarding the use of similar
assets. In this simplified representation, investisiand sunk costs are not differentiated accorting
their contribution to "distance" but integrateddn overall rough estimation of distances between

land-uses.

Related to crops: The distances between crop classedefined in."(c, ¢):

dS(c1,C) COP OFC Horticulture Tree crop
COoP 0.1 0.2 0.5 0.8

OFC 0.2 0.1 0.5 0.8
Horticulture | 0.5 0.5 0.2 0.7

Tree crop 0.8 0.8 0.7 1.0

For changes within the COP class most assets car-oeed. Also changes from COP to OFC and witHiCO
much can be re-used (tractor, plug,...). Horticultimgolves more hand-labour and less expensive mach
therefore capital losses are low for changing frborticulture to some other land use and investmarasiow
for changes to horticulture; however, investments @ecessary to change from horticulture to COP QO#t

tree crops. A change from tree crops to other cropslves loss of trees, therefore capital losshigh.

Investment in tree crops is also considered highestirees do not produce yield (or little yield)tive first years
and thus those times have to be bridged using gawinother income.

A matrix R(p,p) is computed which describes the re-allocationropdype areask is computed
using a heuristic algorithm based on the structidirie matrixd.(c;, ¢;) and does not include areas
that remain unchanged fropg to p. The distance between land-use patterns relatedbps is then
computed by summing up the products of the resgeatiatrix entries and normalized using Hiee

of the farm:

dcc(po’ P) :chc(C_I_’CZ)i,j [R( Py pi)i‘j /size
i
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Related to irrigation technologies: unused capt@hprises sprinkler or drip irrigation equipment
which is not used ip; as well as water pumping capacity which is notyfetkploited. Investments on
the other hand comprise new sprinkler or drip asastwell as newly drilled wells. The area irrigabl
with sprinkler @4(x)) resp. drip &(x)) of po andp; is compared, normalized by relating it to the ltota
sizeof the farm and weightedv{ andwy, both set to 0.5). The extracted amount of wager)((for po
andp; is compared and normalized by the maximum extadi,.. (=using the most water intensive
option on the whole farm) and weighted,(= 0.5). In totald.'(po, p) ranges in [0,1] (note that some

area is dedicated to one irrigation technology pnly

d, (P, B) =lay(p) —ay(p,) |/ sizeli, +
lay(p) —ay(Py) |/ sizel, +|e(p) —e(Py) |/ €ax (N,

The two partsi.“(po, p) andd:'(po, p) are added to the total distance related to capita} is set again
t00.5:

d.(Po. ) = (P Pr) + Weeg, T8 (P, DY)

A situation specific factor modulated (po, p). The rationale behind is that to reduce model
complexity, the model does not keep track of dfiedent kinds of investments made by farmers (this
would imply knowing life-times of many assets, implent decisions on purchase etc.), neither are
external conditions like interest rates simulateglieitly. Therefore,d.(po,p) can not be explicitly
specific to the age of assets and external circumess. However, in reality the age of assets will
make a difference, especially that of tree crops.r@present heterogeneity in barriers to change
arising from the specific situation on a farm, adam factor is included. It is assumed that theusta
of the various kinds of assets adds up to a cefdaborr which is then multiplied td.(po,p). This can
further be interpreted as also capturing variakteraeal conditions like prices for used assetgragt
rates etc. as well. The integration of various €pehdent) "random" aspects in this fagtantails
higher probabilities for factors "averaging outathfor adding up to extreme values. Therefoig

modelled as normally distributed number (mean =4d&0.167, bounded by {0,2}).

A.6 Model initialization

The model starts before irrigated crops were intoed in the study area. The initial model state thu
comprises only rainfed crops, namely traditionaitats, vineyards, olives and fallow land.

The initial areas of crops in the study area atiemased based on empirical data as follows. Assisha
data for the "comarca La Mancha" (in Ciudad Reat)Z001 is used (CHG 2006). The comarca La

Mancha can be used as approximation for the Ma@twdental Aquifer (Pedro Zorilla, personal
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communication). Data for the autonomous Region iladta Mancha (Eurostat), available since
1990, was used to estimate trends for the peri@@-P®01. Data for Spain (Eurostat), available since
1965, was used to estimate trends for the peri@®-1990. It was assumed that horticulture coming
up in later years was planted partly on smallem&xvhich initially likely had vines and partly on
previous cereal area and that sugarbeet was plantprevious cereal area.

This leads to estimated areas of crops in 196 (of total area of the MOA): cereals 20%, vineyards
45%, olives 10%, fallow 25%.

We defined four farmer types:
- SV: specialist vineyards (80% vineyards, 20% fa)low
- SO: specialist olives (80% olives, 20% fallow)
- SC: specialist cereals (70% cereals, 30% fallow)
M: mixed (20% vineyards, 10% olives, 40% cereal8p3Jallow).

Those were related to the different farm sizes dasegeneral tendencies (smaller farmers haverrathe

vineyards and olives, bigger ones rather cereafdated in data from Eurostat and in sources sgch

(Llamas and Martinez-Santos, 2005):

SV SO SC M
Very small 60% 40% 0% 0%
Small 60% 20% 0% 20%
Medium 1 80% 0% 0% 20%
Medium 2 50% 0% 30% 20%
Big 0% 0% 80% 20%

This results in the following initial crop areasm(grically estimated areas in brackets): cereals
22.04% (20%), vineyards 45.01% (45%), olives 9.06P@%), fallow 23.89% (25%), matching

approximately the empirically estimated areas.

Percentage of farm types proposed in table 4 wevigat! as follows
Part-time farms:

- "Owner works mostly off-farm" in 28.5% of casesSpain (Eurostat).

- "Work time of holder" is 0-25% in 51,7% of cases 8pain) respectively 67,3% (in Ciudad
Real) (Eurostat).

- Assuming that share of "owner works mostly off-faim the UGB relates to the number for
Spain similarly as "work time of holder" it followsart-time farmers are 28.5%*67.3%/51.7%
= 37.1% of all farmers.

Business-oriented farms:

- We use the differentiation between family and namify farms suggested by Hill (1993)

(FWU>0.5AWU, i.e. including here Hill's "intermedé farms” in family farms). Hill
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identifies for Spain (1989) 16.5% of farms whicle aon-family. However the FADN data
used covers only 48.9% of Spanish farms, excludimgll ones which are likely not business-
oriented farms. A first estimate of non-family fearfi.e. our business-oriented farms) would
thus be 16.5%*48.9%= 8.1%.

The average AWU/holding in Ciudad Real is only 86.@f Spanish average and there are
considerably more farms with "work time of holdes0%" in Ciudad Real than in Spain
(factor = 1,18; these are likely mostly part-tinggnfiiers but could also be business farmers
who do not work the land themselves). On the coptrthe share of holdings with50ha
(likely being business farms) is higher in CiudaghRthan in Spanish average. l.e. evidence

on differences between Ciudad Real and Spanislag&eemains inconclusive.

Family farms: we take the difference between tfaahs and part-time + business oriented.

56



References (referred to in Appendix)

Aldaya, M. M. and R. Llamas (2008)ater Footprint analysis (hydrologic and economat)the
Guadiana river basin within the NeWater project

Confederacion Hidrografica del Guadiana (20BB)n Especial del Alto Guadiana

Council of the European Union (1999puncil Regulation (EC) No 1259/1999

European Commission (1997ituation and Outlook - Cereals, Oilseeds and Rnot€rops
Directorate General for Agriculture (DG VI).

Eurostatturostat DatabaseEuropean Commissiohftp://epp.eurostat.ec.europa.eu

FADN FADN public databaseEuropean Commission,
http://ec.europa.eu/agriculture/rica/database/dzab.cfm

INE INE databaselnstituto Nacional de Estadistica,
http://www.ine.es/en/inebmenu/mnu_agricultura_en.ht

Llamas, R. and P. Martinez-Santos (200&Water Report: Baseline Condition Report Upper
Guadiana Basin

Lopez-Gunn, E. (200 olicy change and learning in groundwater policyc@amparative analysis of
collective action in la Mancha (Spairondon, King's College.

MAPA (2008)Plan Nacional de Regadios -Horizonte

Martinez-Santos, P. (200Hacia la gestion adaptable del acuifero de la MandBccidental
Departamento de Geodinamica, Universidad ComplatdadMadrid.

Piniés de la Cuesta, M. (200Byaluacion de programas agroambientales en la marmttidental
mediante un modelo de programacion matematidarotecnia / E.T.S.I. Agrénomos,
Universidad Politecnica de Madrid.

Rosell, J. and L. Viladomiu (1997) El Programa @smpensacion de Rentas pro reduccion des
regadios en Mancha Occidental y Campo de MoiE@inomia Agrarigl 79: 331-350.

Varela-Ortega, C. (2007) Policy-driven Determinaotdrrigation Development and Environmental
Sustainability: A Case Study in Spaim: F. Molle and J. Berkoff (ed.) Irrigation Water
Pricing: The Gap Between Theory and Practice, CA{Brhational.

Varela-Ortega, C., I. Blanco, et al. (200@gld work report in the Upper Guadiana Basin (Spai
Report of the NeWater project - New Approaches tiagtive Water Management under

Uncertainty.

57



