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a b s t r a c t

The ex-ante assessment of the likely impacts of policy changes and technological innovations on agricul-
ture can provide insight into policy effects on land use and other resources and inform discussion on the
desirability of such changes. Integrated assessment and modeling (IAM) is an approach that can be used
for ex-ante assessment. It may combine several quantitative models representing different processes
and scales into a framework for integrated assessment to allow for multi scale analysis of environmental,
economic and social issues. IAM is a challenging task as models from different disciplines have a different
representation of data, space and time. The aim of this paper is to describe our strategy to conceptu-
ally, semantically and technically integrate a chain of models from different domains to assess land use
changes. The models that were linked are based on different modeling techniques (e.g. optimization, sim-
ulation, estimation) and operate on different time and spatial scales. The conceptual integration to ensure
consistent linkage of simulated processes and scales required modelers representing the different mod-
els to clarify the data exchanged and interlinking of modeling methodologies across scales. For semantic
integration, ontologies provided a way to rigorously define conceptualizations that can be easily shared

between various disciplines. Finally, for technical integration, OpenMI was used and supplemented with
the information from ontologies. In our case, explicitly tackling the challenge of semantic, conceptual
and technical integration of models forced researchers to clarify the assumptions of their model inter-
faces, which helped to document the model linkage and to efficiently run models together. The linked
models can now easily be used for integrated assessments of policy changes, technological innovations
and societal and biophysical changes.
. Introduction

Agriculture uses more than 40% of the European land. Changes in
griculture due to policies or technological innovations are likely to
ave a big impact on European land use and other natural resources.

ncreasingly agricultural and environmental policies aim at pro-
oting natural resource quality in addition to traditional aims such

s economic viability of farms. Ex-ante assessment of the likely
mpacts of policy changes and technological innovations on agricul-
ure can provide insight into policy effects on land use and natural
esources and inform discussion on the desirability of such changes.
Integrated assessment (IA) is a method proposed by research
or ex-ante analysis of the impacts of policy changes and techno-
ogical innovations on agriculture. IA is defined by Rotmans and

∗ Corresponding author. Tel.: +31 317 481908; fax: +31 317 482745.
E-mail address: sander.janssen@wur.nl (S. Janssen).

168-1699/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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Asselt (1996) as an interdisciplinary and participatory process
of combining, interpreting and communicating knowledge from
diverse scientific disciplines to allow a better understanding of
complex phenomena. Integrated assessment and modeling (IAM)
is based on quantitative analysis involving the use of different
modeling tools (Harris, 2002; Parker et al., 2002; Letcher et al.,
2007). One particular challenge for IAM is to effectively transfer
multi-disciplinary scientific and socio-cultural knowledge to an
increasingly participatory policy domain (Oxley and ApSimon,
2007; Polhill and Gotts, 2009). Different types of IAM tools exist,
e.g. meta modeling, Bayesian networks, agent-based systems and
linking of comprehensive models into model chains. This paper
focuses on this latter IAM approach, as frequently employed for
assessing land use changes (Verburg et al., 2006), e.g. ATEAM

(Rounsevell et al., 2005), EURURALIS (Van Meijl et al., 2006) and
SENSOR (Helming et al., 2008).

The land use modeling community has been one of the early
adopters of IAM, recognizing that a single disciplinary modeling

dx.doi.org/10.1016/j.compag.2010.10.011
http://www.sciencedirect.com/science/journal/01681699
http://www.elsevier.com/locate/compag
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Fig. 1. The models in SEAMLESS (after Van Ittersum et al., 2008). APES:
Agricultural Production and Externalities Simulator; FSSIM-AM: Farm Systems
S. Janssen et al. / Computers and Ele

pproach falls short of capturing the growing complexity in sustain-
ble land use. Land use models are ‘highly evolved, readily available
nd easy to use (Kok et al., 2007)’ and are therefore suitable to
e linked in model chains. Mono-disciplinary models cover only a
ew processes from a single domain, be it economic, agricultural or
nvironmental and lack descriptions of some relevant processes.
hese models generally do not cover the relevant multiple scales
o handle all assessment questions. Mono-disciplinary models can
omplement each other and thereby provide comprehensive and
alanced assessments across scales (Van Tongeren et al., 2001;
érez Domínguez et al., 2008).

In order to arrive at an operational model chain for applica-
ions in integrated assessment procedures, semantic, conceptual
nd technical integration of models is required. To show why dif-
erent types of integration are required in IA studies, we present
ere the model linking of a set of (agricultural) models from dif-

erent domains to arrive at a model chain that can be re-used for
range of IA questions. First, we address the meaning and content
f the conceptual, semantic and technical integration by provid-
ng an overview of relevant literature. Second, we show how the
ntegration effort to create a model chain can be described compre-
ensively with these concepts thereby enhancing the application

or a range of IA questions. In this paper, we do not describe an
pplication of the models, the integration of data-sources for such
model chain (Janssen et al., 2009a), or the definition of scenarios

or such a model chain (Janssen et al., 2009b).
We present the model linking as achieved in the integrated

roject System for Environmental and Agricultural Modeling; Link-
ng European Science and Society (SEAMLESS) (Van Ittersum et al.,
008) for an agronomic model, an agronomic-economic model and
wo economic models. Ultimately these linked models provide a

eans to achieve up-scaling and the interdisciplinary assessment
f agricultural and agri-environmental policies, technological inno-
ations and societal and biophysical trends, that would not be
ossible with the individual models.

Section 2 defines semantic, conceptual and technical integra-
ion for this paper by providing a background based on available
iterature. It also introduces the SEAMLESS-integrated framework
IF) and the integration approach as applied to SEAMLESS-IF. Sub-
equently, the semantic, conceptual and technical integration as
chieved in SEAMLESS-IF is presented in Section 3. Section 4 dis-
usses the lessons learned with respect to integration and the
urther use of the model chain. Finally, some conclusions are pro-
ided.

. Case study and background

.1. Purpose of model linking

In an IAM research project codenamed SEAMLESS (Van Ittersum
t al., 2008) the causal chain of impacts of farmers’ actions is mod-
led by linking and combining field, farm, regional and market
odels. When farmers’ decisions on land use allocation and pro-

uction intensity are aggregated to a higher scale, this may have
rofound market impacts and, hence, in turn influence agricultural
ommodity prices. Moreover, farmers’ decisions in land allocation
irectly impact the environment through their crop choices (e.g.
aize instead of wheat) and through their use of inputs (e.g. nitro-

en fertilizer causing nitrogen leaching). Therefore it would not be
dequate to study the land allocation patterns at the farm scale (e.g.
hrough bio-economic farm models) without taking into account

lso the market (e.g. simulation of trade agreements and policy
hanges by the European Union through partial equilibrium market
odels) and field scale (e.g. technological innovation and inte-

rated production by farmers through cropping system models).
SIMulator-Agricultural Management; FSSIM-MP: FSSIM-Mathematical Program-
ming; EXPAMOD: EXtraPolation and Aggregation MODel and SEAMCAP: adapted
version of the Common Agricultural Policy Regional Impact (CAPRI) model.

The SEAMLESS-integrated framework (IF) (Van Ittersum et al.,
2008) has been developed to assess the sustainability of agricultural
systems in the European Union at multiple scales. In SEAMLESS-
IF methods to conceptually and technically link different models
(Fig. 1) are used to facilitate the re-usability of models for different
purposes (Van Ittersum et al., 2008). By linking field-farm-market
models in SEAMLESS-IF, the land use changes can be analyzed at
multiple levels through a selected number of economic, environ-
mental and social indicators, accounting for the impacts of farm
responses that could not be analyzed by using only the individ-
ual models as stand-alone tools. A sample question is ‘what are
the impacts of policies restricting on-farm nitrogen use on farm
income, on-farm labour, non-point source pollution and resource
use in the European Union and in the regions Poitou Charentes
(France) and Flevoland (Netherlands)?’ With respect to this ques-
tion, a bio-economic farm model can provide an estimate of the
impacts on farm income in either Poitou Charentes or Flevoland,
while a cropping system model can estimate the impacts on non-
point source pollution and resource use. A market model can
estimate the impacts on farm income, trade and markets in the
entire European Union. When these models are linked, the impacts
can be calculated at all scales and for all indicators in a consistent
manner.

2.2. Semantic integration

Ambiguous terminology and a lack of shared understanding
between disciplines have often been mentioned as important
obstacles in integrated assessments (Jakobsen and McLaughlin,
2004; Scholten et al., 2007). Semantic integration means speak-
ing a common language and achieving a shared understanding
between all models and modelers working together. This is a cru-
cial challenge for any integrated modeling project (Jakobsen and
McLaughlin, 2004; Tress et al., 2007; Hinkel, 2008; Scholten, 2008),
as it provides the building blocks for the technical and concep-
tual integration and as it ensures the consistency and transparency
in definitions and terms required for the conceptual and techni-
cal integration. In the data and database community, the issue of
semantic integration has been acknowledged (Rohn, 2010; Bright
et al., 1994; Hakimpour and Geppert, 2005), and common chal-
lenges included matching schemas in different databases through
algorithms (Rohn, 2010; Hakimpour and Geppert, 2005) and smart
querying over databases (Bright et al., 1994).

Very few practical applications of possible methods for seman-

tic integration of models could be found in literature, with the
exceptions of Hinkel (2008), Scholten (2008), Nute et al. (2005),
Rasinmäki et al. (2009), Parker et al. (2008) and Polhill and Gotts
(2009). Possible methods are variable mapping, mathematical for-
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alism, concept maps and ontologies. Variable mapping is an ad
oc process of investigating which variables could be exchanged
etween models and then mapping them to each other. Vari-
ble mapping is often not a formalized process with explicit
roducts and documentation, leading to a black box integration.
inkel (2008) uses mathematical formalism as a methodology to
rstly align terminology between models and secondly the model
quations across models and uses this to undertake a semantic inte-
ration for model linking in a number of modeling projects. One
isadvantage of using mathematical formalism is as Hinkel (2008)
entioned, that non-modelers need explanation and training in

rder to be involved. Concept maps (Novak and Cañas, 2006) are
raphs representing knowledge, in which concepts are expressed
n circles and relationships are shown by lines connecting two con-
epts.

Finally, like concept maps ontologies consist of concepts and
elationships between concepts (Antoniou and van Harmelen,
004). SEAMLESS applied ontologies for semantic integration, since

. ontologies are in machine readable format, e.g. the Web Ontology
anguage (McGuinness and Van Harmelen (2004)), ii. ontologies
re based on first order logic upon which a computer can reason,
ii. the developed ontologies are a separate product independent of
he models to which they are applied, leading to increased trans-
arency and re-use in new integration approaches without the
riginal models and iv. both modelers and non-modelers can con-
ribute to the ontology development. In the context of integrated

odeling, ontologies can be useful for defining data structures
escribing model inputs and outputs (Athanasiadis et al., 2006;
izzoli et al., 2008; Scholten, 2008; Polhill and Gotts, 2009). Parker
t al. (2008) developed the MR.POTATOHEAD ontology to com-
are a set of land use change models in their scope, set-up and
atastructures.

Only the specification of the interfaces between the models has
o adhere to the shared ontology, while the internal specification of
he knowledge in the model does not have to adhere to the shared
ntology (Gruber, 1993). An ontology separates knowledge cap-
ured in the model interface from the actual implementation in
programming language e.g. JavaTM, FORTRAN, Matlab, or STATA

Gruber, 1993) and thus ensures that knowledge is not hidden
n programming languages (Athanasiadis et al., 2006). Ontologies
elp to formalize the knowledge exchanged between models, thus

acilitating re-usability and exchangeability of model knowledge
Nute et al., 2005; Rizzoli et al., 2008; Rasinmäki et al., 2009; Villa
t al., 2009), supporting portability (Gruber, 1993) and working in
multi-disciplinary environment.

.3. Conceptual integration

The conceptual integration focuses on aligning different scien-
ific methodologies and identifying required model improvements
ecessary for meaningful linkage. Conceptual modeling is a vital
rst step to facilitate communication between modelers, non-
odeling researchers and stakeholders (Liu et al., 2008). Good

ractice guidelines (Refsgaard and Henriksen, 2004; Jakeman et al.,
006; Scholten, 2008) exist for conceptual development of a model

n all steps of model building for a mono-disciplinary model. Chal-
enges for land use models are to model appropriate ‘(1) level of
nalysis; (2) cross scale dynamics; (3) driving forces; (4) spatial
nteraction and neighbourhood effects; (5) temporal dynamics; and
6) level of integration (Verburg et al., 2004).’

Conceptual integration deals with calculations of a concept out
f other concepts or converting one concept into another concept.

patial and time scales are crossed through these calculations and
onversions, e.g. moving from daily estimates to an estimate for
ne or several years or from the representative farms to regions or
rovinces. These calculations describe the behavior of the system
s in Agriculture 76 (2011) 148–160

(e.g. linked models) in mathematical terms and often include strong
assumptions. All the calculations have to become explicit, prefer-
ably in mathematical terms. An example can be found in Hinkel
(2009) based on mathematical formalism.

The models in SEAMLESS are a cropping systems model APES, a
bio-economic farm model FSSIM, an econometric estimation model
EXPAMOD, and a partial equilibrium optimization model SEAMCAP.
The cropping systems model agricultural production and exter-
nalities simulator (APES) operates at the field systems level, and
represents one hectare (or a point) (Donatelli et al., 2010). On the
basis of agricultural activities, soil and climate data, APES simulates
the yield and environmental effects resulting from those activities.
It presently includes components for simulation of crops, grass-
land, vineyards and agroforestry. Examples of other components
are those that simulate water balances in the soil, carbon–nitrogen
dynamics in the soil, the fate of pesticides and agricultural manage-
ment. It is a dynamic simulation and it usually simulates a period
of 10–25 years with a daily time step.

The bio-economic farm model and partial equilibrium optimiza-
tion model are both optimization models based on mathematical
programming techniques. These models are built based on assump-
tions with respect to the functioning of economic agents, i.e. farms
or market forces at continental scale. These models are compara-
tively static, i.e. they have no interdependence of outcomes across
years, and model results represent the equilibrium situation for a
year. The farm system simulator (FSSIM) is a bio-economic farm
model developed to assess the economic and ecological impacts of
agricultural and environmental policies and technological innova-
tions (Louhichi et al., 2010; Janssen et al., 2010). A bio-economic
farm model links decisions on management of farm’s resources to
current and alternative production possibilities describing input-
output relationships and associated externalities (Janssen and Van
Ittersum, 2007).

SEAMCAP is a variant of the Common Agricultural Policy Region-
alised Impact (CAPRI) model adapted for inclusion in SEAMLESS-IF
(Britz et al., 2010). CAPRI is a spatial economic model that
makes use of non-linear mathematical programming tools to max-
imise regional agricultural income. It explicitly considers Common
Agricultural Policy instruments in an open-economy and price
interactions with other regions of the world are taken into account
(Heckelei and Britz, 2001). Major outputs of the market model
include bilateral trade flows, market balances and producer and
consumer prices for the products and world country aggregates.

Finally, the econometric estimation model EXtraPolation and
Aggregation MODel (EXPAMOD) is an econometric meta-model
describing price-production responses of farms given specific farm
resources and biophysical characteristics (Pérez Domínguez et al.,
2009). EXPAMOD accounts for land use changes via production vol-
ume. After the calculations done in EXPAMOD, the regional supply
models of the market model SEAMCAP can behave like a repre-
sentative aggregate of the FSSIM models of the same region. The
extrapolation routine operates with prices, farm characteristics and
regional biophysical characteristics obtained from other models or
European databases. The output of EXPAMOD are price-supply elas-
ticities on which the regional supply functions in the market model
SEAMCAP are calibrated.

2.4. Technical integration

To develop an integrated assessment tool as a computer pro-
gram requires that models are linked together in a modeling
framework with a common graphical user interface and data stor-

age. A central repository for data storage for all models, scenarios
and data sources (Janssen et al., 2009a) and a graphical user inter-
face from which all models can be parameterized and executed
(Wien et al., 2010) are available for the integrated assessment tool
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eveloped in SEAMLESS. A modeling framework supports the exe-
ution of models in a model chain (Liu et al., 2002; Hillyer et al.,
003; Rahman et al., 2003; Moore and Tindall, 2005). This paper
nly focuses on the use of modeling frameworks, since modeling
rameworks are most relevant to the actual model linking and can
ave effects on the set-up of the models.

The linking of models assumes the exchange of data between
odels at runtime. Model linking is especially challenging when
odelers from different domains use different programming lan-

uages, tend to stick to their own pre-cooked solutions and when
he best type of model linking they can achieve is only through the
xchange of data files. As long as model linking is a one time exer-
ise, it is still possible to use an ad hoc file-based exchange, but
hen the linked models must be used to analyze a large number of

cenarios, then the file-based exchange becomes excessively labo-
ious, error-prone and non-repeatable. Automated, documented
nd standardized model linking in a modeling framework is pre-
erred and recommended. Some available modeling frameworks
xist. Open Modeling Interface and Environment (OpenMI – Moore
nd Tindall, 2005) is a software standard for dynamically linking
odels at runtime, which can potentially be used in many domains,

ut is currently mainly applied in the water domain. TIME (Rahman
t al., 2003) is, like OpenMI, a generic computational framework
or building and executing models that may be applicable across
omains. ModCom (Hillyer et al., 2003) is used for linking bio-
hysical process-based models in crop growth simulation. Moore
t al. (2007) propose the Common Modeling Protocol which nests
ynamic models in a hierarchy with a common interface on top and
lso focuses on dynamic and biophysical models. Finally, Triplex is
flexible and customizable modeling framework that links forest

cosystem simulation models (Liu et al., 2002). Modeling frame-
orks, with a stronger technical instead of methodological focus

re lacking for the land use and socio-economic models, although
rameworks like OpenMI, TIME, ModCom or Triplex might be use-
ul.

In the development of SEAMLESS-IF The Open Modeling Inter-

ace and Environment (OpenMI – Moore and Tindall, 2005) was
pplied to link the models at run time into a model chain. OpenMI
as chosen as it can in principle be applied to models from all
omains and as it is a standard instead of an implemented modeling

Fig. 2. Division of roles for semantic, conceptual and
s in Agriculture 76 (2011) 148–160 151

framework in a specific programming language. OpenMI repre-
sents a standard for the definition of the interface of a software
component (Gregersen et al., 2007). The OpenMI standard aims
at an easy migration of existing models to comply with the stan-
dard, without the need for re-implementing the whole models.
To achieve such an easy migration, wrappers are proposed that
comply with the OpenMI-standard and that leave the model inter-
nally unchanged with respect to specification and programming
paradigm (Gregersen et al., 2007).

The OpenMI standard version 1.4 is based on a pull-approach in
which the last model in the chain pulls its outputs from other mod-
els in the chain by calling “getValues( )”-methods, which means
requesting outputs from a model or data source (Moore et al., 2007).
Before “getValues( )”-calls can be successfully enacted at run time,
the links between the two OpenMI-compliant models need to be
defined by the modeler by specifying so-called “Links.” These links
define the output item of a model that is linked to an input item of
another model.

3. Integration in SEAMLESS

This section describes the results of the integration efforts to
link the models (i.e. APES, FSSIM, EXPAMOD and SEAMCAP). Fig. 2
provides the overview of the integration effort by separating the
roles of semantic, conceptual and technical integration. Semantic
integration defines the concepts and their relationships to repre-
sent reality. In conceptual integration one concept is translated into
another concept through calculation procedures (i.e. scaling proce-
dures, modeling techniques, process descriptions). Finally, through
a technical integration the integrated models can be executed on a
computer with data inputs and parameterization.

Following the overview shown in Fig. 2, this section starts
with the semantic integration by describing three ontologies (e.g.
crop-product, elasticity and activity) crucial to understanding the
model linkage. The concepts in these ontologies provide the build-
ing blocks that are subsequently used to describe the conceptual

and technical integration. For conceptual integration, the calcu-
lations to link on the one hand FSSIM, EXPAMOD and SEAMCAP
and on the other hand FSSIM and APES are described, without
describing all calculations of the models in detail. The techni-

technical integration in the integration effort.
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Fig. 3. The Crop-Product ontology showing the relationships (arrows) between the concepts Crop, Product, ProductType, CropGroup and ProductGroup (ellipses) and their
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roperties (small ellipses). The models using the concept are indicated in the boxes
oncepts by the models. For example, ‘a Crop Produces a Product (which has a nam
rom concept Crop (large ellipse) to Product (large ellipse) and subsequently to Pro

al integration describes the use of the ontologies derived in the
emantic integration and the impact of OpenMI on the models. The
EAMLESS ontologies are discussed in detail in Athanasiadis et al.
2009).

.1. Semantic integration

.1.1. Crop-product ontology
APES–FSSIM–EXPAMOD–SEAMCAP)

In the initial discussion, it appeared that all models dealt with
ropped areas and used crops and associated products as concepts.
ach of the models referred to these concepts, although sometimes
ith different names (e.g. crop in APES, crop in FSSIM and activity

roup in SEAMCAP). It seemed that the ontology could thus be sim-
le, only referring to Crop and Product-concepts and relationships
etween them. This simple structure proved to be invalid, when
onfronted with the list of Crops and Products used by each of the
odels. The reason for models to use different groupings of Crops is

hat they have originally been developed for different purposes and
cales. For example APES models crop growth for a field whereas
EAMCAP models markets of crop commodities.

Consequently, these lists of Crops and Products were further
nvestigated, and a suitable structure was found for the ontology as
hown in Fig. 3. In this ontology, each Crop produces one or more
roducts, which are realized by a ProductType. Products and Crops
an be grouped together in ProductGroups and CropGroups. These
roductGroups and CropGroups are an input to the higher scale
odels SEAMCAP and EXPAMOD, that operate on the region and
arket scale, while the Crops, Products and ProductTypes are used

y the lower scale models APES and FSSIM, that operate on the field
nd farm scale.

An example of the data associated with the Crop-Product Ontol-
gy is given in Table 1a and b. From Table 1a, it can be read
hat the wheat CropGroup has a set of crops WinterSoftWheat,

pringSoftWheat, WinterDurumWheat and SpringWinterWheat,
hile the potato CropGroup has only one crop, which is Potatoes.

imilarly, Table 1b displays that the Straw ProductType realizes
he products WinterSoftWheatStraw, SpringSoftWheatStraw, Win-
figure can be read along the lines, while the dashed squares indicate the use of the
d is Realized through a ProductType’ by reading along the relationships (arrows)
pe (large ellipse).

terDurumWheatStraw and SpringDurumWheatStraw, while the
crops Potatoes, Flax and Hemp produce the products WarePotatoes,
WareHemp and WareFlax.

3.1.2. Price-elasticity ontology (FSSIM–EXPAMOD–SEAMCAP)
The unambiguous definition of crops and products as presented

in the previous section is used to define other relevant concepts
for the links between the models. Crucial concepts for the linking
between FSSIM, EXPAMOD and SEAMCAP are price elasticity and
supply response (Fig. 4). The concept price elasticity is the output
of EXPAMOD and the input to SEAMCAP, whereas supply response
is the output of FSSIM and the input to EXPAMOD.

A price elasticity is the percentage change in supply as a result of
one percent change in price. Price elasticity in the ontology (Fig. 4)
has three dimensions, as it refers to two ProductGroups through
‘to’- and ‘from’-relationships and a NUTS2-region. NUTS stands for
Nomenclature of Territorial Units for Statistics (EC, 2008) and the
NUTS2 level corresponds to provinces in most countries.

Supply responses describe the responses of representative farms
to changes in prices (Fig. 4). Each representative farm (Janssen et al.,
2009b) refers to sets of supply responses. Each supply response cap-
tures the price change for a product and multiple CropProductions
in response to the price change. One CropProduction is the total
farm production of a product for the representative farm.

3.1.3. Activity ontology (APES–FSSIM)
Farmers have many different production possibilities on their

farm. They might decide to grow crops, plant trees, or have live-
stock. Within these three basic choices, many more choices exist
between different crops, different trees or different types of ani-
mals. Also the intensity and type of management of a crop, animal
or tree might change. To capture the broad range of options avail-
able to the farmer and make the linking between the models APES
and FSSIM explicit, the activity ontology was created. Fig. 5 shows

a small part of this activity ontology related to arable and ani-
mal activities and some illustrative relationships. According to this
ontology, farmers can have on their farms arable activities and/or
animal activities. An arable activity entails several CropYearMan-
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Table 1
Examples of crops, products, product types, crop groups and product groups.

a. Example of crop groups with associated crops

CropGroup Crop

Wheat hasSetOfCrops WinterSoftWheat
SpringSoftWheat
WinterDurumWheat
SpringDurumWheat

Potatoes hasSetOfCrops Potatoes
Textiles hasSetOfCrops Flax Hemp

b. Example of products, product types and crops.

ProductType Product Crop

Straw Realises Wi nte rSoftWh eatStraw IsProducedBy WinterSoftWheat
SpringSoftWheatStraw SpringSoftWheat
Wi nte rD u ru m Wh eatStraw WinterDurumWheat
SpringDurumWheatStraw SpringDurumWheat

Grain Realises Wi nte rSoftWh eatG rai n IsProducedBy WinterSoftWheat
SpringSoftWheatGrain SpringSoftWheat
WinterDurumWheatGrain WinterDurumWheat
SpringDurumWheatGrain SpringDurumWheat

Ware Realises PotatoesWare IsProducedBy Potatoes
FlaxWare Flax
HempWare Hemp

c. Example of products and product groups

Product ProductGroup

WinterSoftWheatStraw, SpringSoftWheatStraw, WinterDurumWheatStraw, SpringDurumWheatStraw isPartofGroup Straw
WinterSoftWheatGrain, SpringSoftWheatGrain isPartofGroup SoftWheat

a
a
p
b
l
d

F
b

WinterDurumWheatGrain, SpringDurumWheatGrain
PotatoesWare
FlaxWare HempWare

gements that capture the unique combination of a crop (Fig. 5),
year and management. For example, in year 1 the farmer grows

otatoes with an intensive management, while in year 2 he grows
arley with an extensive management. Together potato and bar-

ey form a two-year rotation; the management within this rotation
iffers between the crops from intensive to extensive.

ig. 4. Price elasticity ontology. The large ellipses show concepts, relationships can be re
oxes indicate the models using the concept. (For more explanation, see description of Fi
isPartofGroup DurumWheat
isPartofGroup Potatoes
isPartofGroup Textiles

Both the construction and selection of agricultural activities for
a specific farm type is done by FSSIM (Section 2.3). APES (Section

2.3) operates on the arable activity by simulating for each activity
the succession of CropYearManagements over time and providing
the yields and environmental effects as an output. The arable activ-
ity is thus a shared concept between FSSIM and APES. Different

ad along the arrows, the small ellipses are data-properties of the concepts, and the
g. 3.)
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ig. 5. Part of the activity ontology. The large ellipses show concepts, relationships
otted arrows indicate an ‘is a’-relationship and the boxes indicate the models usin

odels use different properties of a concept, as is shown in Table 2.
hereas the variable costs of an arable activity are of relevance to

SSIM, the sowing date and nitrogen use are of relevance to APES.
he activity ontology captures the shared concepts used by the
odels and allows them to work on different parts of this shared

oncept (Table 2).

.2. Conceptual integration

For conceptual integration two calculations representing scaling
rocedures are crucial. First, a calculation is required to aggregate
upply responses at the farm scale in FSSIM to price elasticities of
roduct groups at market scale for SEAMCAP. Second, the field scale
PES model and the farm scale FSSIM model are interlinked through
gricultural activities and upscaling procedures are required to
ove from field and annual simulations to averages across years

nd activities.
FSSIM provides supply responses (Fig. 4) at farm scale. These

upply responses are the results of multiple runs of FSSIM with

hanged product prices (Fig. 4) (Pérez Domínguez et al., 2009). Each
hange in product price leads to another optimal solution in FSSIM,
nd thus to a changed supply of products. Through the multiple
uns, FSSIM generates one price supply response for each product

able 2
xample of arable activities specified according to the activity ontology for the Auvergne

Model Crop APES

Year Variable

Nitrogen use (kg N/ha)

Activity identifier = 1364 1 Maize 100
2 Maize 200
3 Sunflower 40

Activity identifier = 1196 1 Maize 100
2 Softwheat 90
3 Winter Barley 100
e read along the arrows, the small ellipses are data-properties of the concepts, the
concept. (For more explanation, see description of Fig. 3.)

on each representative farm. EXPAMOD uses the supply responses
as observations in its estimation procedures per product.

In the estimation, the supply responses are regressed on prop-
erties of the representative farm (e.g. machinery, buildings, size,
climate and soil conditions) (Pérez Domínguez et al., 2009). The
function obtained through this regression can subsequently be used
to predict the supply responses of representative farms in regions,
for which FSSIM has not been run. In both the regression and extrap-
olation the properties of the representative farm are multiplied by
the weighing factor. This weighing factor is calculated as the area
of the farm divided by the area of all representative farms in the
NUTS2-region, under the assumption that the representative farms
cover 100% of the region. Through the regression and extrapolation
price elasticities per product in a region are derived. To derive the
price elasticitices per product group as needed by SEAMCAP (Sec-
tion 2.3), the price elasticities per product are averaged with the
quantity shares of each product in total production.

APES receives as input data from FSSIM the specification of an
arable activity and the specification of an agri-environmental zone.

The arable activity has a limited rotation length from 1 to 8 years.
The agri-environmental zone is associated with soil data, which is
constant over time, and climate data for a period of 10–25 years.
APES starts a simulation on the first day and ends with the last day

Region in France.

APES FSSIM APES/FSSIM APES

Water use
(m3/ha)

Costs (euro/ha) Grain yield
(Tonnes/ha)

Sowing week
(Week number)

0 350 6.0 14
1000 696 10.0 14

0 288 2.0 15

0 350 6.0 14
0 318 4.0 43
0 300 4.0 42
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ig. 6. Architecture of the modeling framework in SEAMLESS (source: Wien et al.,
010).

f the climate data period. The arable activity is iteratively run over
he simulation period. This implies that year 1 of the arable activity
oincides with year 1 of the climate data and is repeated after the
ast year in the arable activity, till the final year in the climate data
as been reached. If an arable activity has a rotation length of 3
ears (e.g. soft wheat, potato, sugar beet) and 25 years of climate
ata are available, then the arable activity runs 8 times with one
dditional run for the first crop during the simulation. This implies
hat years in the activity are associated with years in the climate
ata, e.g. activity year 1 with year 1 in the climate data and activity
ear 2 with year 2 in the climate data. Changes of values of soil
ariables are simulated by APES.

During its simulation, APES produces multiple estimates of yield
nd externalities (e.g. nitrate leaching, erosion) for an arable activ-
ty, depending on the number of runs of the activity. FSSIM requires
nly one single estimate and a standard deviation of the yield for
ach product of the activity (e.g. wheat grain or cows milk) and
ne estimate and a standard deviation of each externality (e.g.
itrate leaching or soil erosion) for the activity. To obtain these
ingle estimates, the yearly simulated estimates are averaged over
he number of years. For example, with a 3-year activity and a 25
ears of climate data, 9 estimates of the yield of product grain of
oft wheat grown in the year 1 of the activity and 25 estimates
f the nitrate leaching for the activity are obtained. These 9 esti-
ates and 25 estimates are then averaged to produce one estimate

or the yield of grain of soft wheat and one estimate of nitrate
eaching.

.3. Technical integration

With the shared concepts clarified in the semantic integration
nd the conversion of these concepts clarified in the conceptual
ntegration, a modeling framework (Fig. 6) was designed that sup-
orts the execution of the models APES, FSSIM, EXPAMOD and
EAMCAP in different model chains (Ewert et al., 2009). In the
odeling framework the shared ontology achieved in the seman-

ic integration is used to provide a common access to the data
ayer and to define the links between models as OpenMI compo-
ents (Fig. 6). The ontologies in Web Ontology Language (OWL)
ere automatically translated into a relational database schema

ccording to the specifications of the Semantic-Rich Development
rchitecture (SeRiDA) (Athanasiadis et al., 2007a, 2007b). The
eRiDA acts as a bridge between different programming languages,
.g. object-oriented programming, relational databases and ontolo-
ies (Athanasiadis et al., 2007a; See example in Fig. 7). The relational
atabase schema was made accessible to the modeling framework
nd models through Enterprise Java Beans (DeMichiel and Keith,

006), which can be used to develop the wrappers for the models
s OpenMI components (see Fig. 7 for examples of source code of
ntology, database schema and enterprise java beans). The models
re linked to the database through Hibernate (JBOSS, 2008). The
s in Agriculture 76 (2011) 148–160 155

integrated database is running on a PostgreSQL database server
(PostgreSQL, 2008).

The models all remain programmed in their native program-
ming language (e.g. GAMS for EXPAMOD, SEAMCAP and part of
FSSIM; C# for APES and JavaTM for the other part of FSSIM). Each
model is encapsulated through a wrapper that translates the data
into an appropriate format for the model, executes the model, and
translates the model output data into a suitable format for the
framework. The wrappers of the models have been developed as
OpenMI-components, which implies that the models themselves
are not aware of or affected by the OpenMI-standard. An exten-
sion of the OpenMI standard was required to make it usable for
the SEAMLESS model chain (Knapen et al., 2009). This extension
to capture the complex data types of the models implied that data
exchanged between models are objects or complex data structures
and not primitive data types (e.g. float, integer, string, character)
like in the OpenMI standard v1.4. For models with complex data
types from different disciplines such an extension of the OpenMI
standard is required for OpenMI to be relevant.

4. Discussion

4.1. Overall lessons in the integration

Through semantic, conceptual and technical integration, we
achieved a chain of agricultural models to assess the impacts of
policy and technology changes on European agricultural systems.
We experienced benefits of our integration approach, which will
be described in this section.

As an overall benefit for future integration efforts of a set of
existing models, the division in semantic, conceptual and techni-
cal integration is crucial for researchers trying to integrate legacy
models to achieve a comprehensive model linking. This avoids the
danger of focusing on one aspect of model linking and applying
an advanced strategy for one aspect, while hardly treating other
aspects. For future integration efforts, our analysis has yielded a
set of aspects, that can be used as an umbrella to structure the
integration effort, i.e. concepts and relationships in semantic inte-
gration, processes, scales and calculations in conceptual integration
and finally, programming languages, modeling frameworks and
model interfaces in technical integration. A first step in integration
is explicitly and deliberately addressing these aspects by decid-
ing on the relevant methods to use for conceptual, semantic and
technical integration.

4.2. Semantic integration

Through the use of shared ontologies, we managed to explic-
itly establish a shared understanding between the modelers and
their models. In our case, the use of ontologies forced researchers
to clarify the assumptions of their model interfaces and to set forth
parts of their modeling knowledge, typically kept within their mod-
els. An important benefit of this approach is that knowledge on
model linking is not solely contained in the model source code or
in the modeler’s mind, but is documented as part of the frame-
work and can help to explain model linkages to non-modelers.
This documentation takes the form of ontology-files, that are struc-
tured according to a standard W3C definition (McGuinness and
Van Harmelen, 2004). The ontologies open up the model link-
ing to scrutiny from a wider community than just the modelers
involved in the linking. These structured standardized files can

subsequently be used in different available tools for source code
generation, documentation and reasoning for data classification. In
our case the ontologies were used for code generation (See Fig. 7).
Using the ontology files in automated reasoning would be an inter-
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sting next step, and would allow to automatically classify data
ccording to the ontology, and to verify the consistency of the
ntology.

In our case study, a shared ontology has been developed
or model linking of four models, as demonstrated through the
xamples in the previous section. The ontology is re-usable inde-
endently of the models and documents the concepts used and
greed upon for model linking. Concepts and relationships in
he ontologies from SEAMLESS are available through their Uni-
orm Resource Identifier (URI), e.g. concept Crop can be found on

ttp://ontologies.seamless-ip.org/crop.owl#Crop. Other modelers
an build upon, extend and improve the ontologies. The ontologies
re supplied with metadata and browsable through a simple search
ool, in order to facilitate their re-use (Brilhante et al., 2006).

<owl:Class rdf:ID="Crop"> 
    <rdfs:label xml:lang="aps">Crop</rdfs:la
    <rdfs:label xml:lang="en">Crop</rdfs:lab
    <rdfs:label xml:lang="gms">C</rdfs:label
    <rdfs:comment xml:lang="en">This is the 
crops we are using in Seamless. Crops are de
level </rdfs:comment> 
  </owl:Class> 
  <owl:Class rdf:ID="Product"> 
    <rdfs:label xml:lang="gms">P</rdfs:label
    <rdfs:label xml:lang="en">product</rdfs:
    <rdfs:comment xml:lang="en">These are th
Seamless. A Product is a unique combination 
Product Type</rdfs:comment> 
    <persistence:factory 
rdf:datatype="http://www.w3.org/2001/XMLSche
    >true</persistence:factory> 
</owl:Class> 
<owl:ObjectProperty rdf:about="#produces"> 
    <rdfs:comment xml:lang="en">Each crop pr
products</rdfs:comment> 
    <owl:inverseOf rdf:resource="#ofCrop"/> 
    <rdfs:domain rdf:resource="#Crop"/> 
    <rdfs:range rdf:resource="#CropProduct"/
</owl:ObjectProperty> 

(a) part of ontology file for products and crops an

CREATE TABLE crop ( 
    id bigint NOT NULL, 
    label_en character varying(255), 
    label_gms character varying(255), 
    label_aps character varying(255), 
    drymatterfraction real, 
    harvestindex real, 
    iswintercrop boolean, 
    nitrogencontent real, 
    watersensitive boolean, 
    cropclimaterequirements bigint, 
    cropsoilrequirements bigint 
); 
CREATE TABLE cropproduct ( 
    id bigint NOT NULL, 
    label_en character varying(255), 
    label_gms character varying(255), 
    oftype bigint, 
    ofcrop bigint 
); 
ALTER TABLE ONLY cropproduct 
    ADD CONSTRAINT fkcd85501fb733a23d FOREIG
crop(id); 

(b) part of the relational database schema for crops 
products is represented by the foreign key relationship betw

ig. 7. Part of ontology file in OWL (a), a database schema in SQL (b), enterprise java bean
nd product. By examining the source code of ontology, database schema and enterprise
aradigms can be found, e.g. a bi-directional relationship in an ontology becomes a uni-d

n the java beans. For more information on all the details, see Athaniasidis (Athanasiadis
s in Agriculture 76 (2011) 148–160

A growing number of ready ontologies are available in the public
domain through the World Wide Web, for example the core soft-
ware ontology (Gangemi et al., 2008). Unfortunately many could
not be re-used for our model linking tasks, as these were not yet
specific to the agricultural domain and not concrete enough. Simi-
larly, it might seem that the ontologies developed for SEAMLESS-IF
are specific to the linking of the models APES, FSSIM, EXPAMOD
and SEAMCAP. Although the ontologies have been made with the
aim of linking these specific models, they exist independently of
the models and there exists no concept like “SEAMCAP” or “FSSIM”

in any of the ontologies. As a true test of the genericity of these
ontologies one could re-use them for the linking or developing of
models simulating cropping systems, farm responses and market
behavior.

bel> 
el> 
> 
classification list of 
fined in the most fine 

> 
label> 
e Products  used in 
of a Crop or Animal and a 

ma#boolean" 

oduces some 

> 

d the relationship ‘produces’ and ‘ofCrop’ as inverse  

N KEY (ofcrop) REFERENCES 

and products and the relationship between crops and
een crop and product table on the ofcrop-column  

s (c) for crop and product and the produces and ofcrop relationship between crop
java beans the differences in representing concepts and relationships between the
irectional foreign key in SQL and a bi-directional relationship through association

et al., 2007b).

http://ontologies.seamless-ip.org/crop.owl%23Crop
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public class Crop implements Serializable { 
 
private Long id;  
private Float harvestindex;  
private String label_aps;  
private Boolean iswintercrop;  
public Set<ICropGroup> ispartofcropgroups= new HashSet<ICropGroup>();  
public CropClimateRequirements cropclimaterequirements;  
private String label_gms;  
private Boolean watersensitive;  
private Float drymatterfraction;  
private Float nitrogencontent;  
private String label_en;  
 
public Crop() {}  
 
public Long getId() {  
 return id;  
 } 
 
@SuppressWarnings("unused") 
public void setId(Long id) { 
 this.id = id; 
 }  
 
Etc for other getters and setters. 
} 
 

 
@ConceptURI("http://ontologies.seamless-ip.org/crop.owl#CropProduct") 
public class CropProduct implements Serializable, 
org.seamless_ip.ontologies.crop.IProduct { 
 
 private Long id;  
public Set<ProductGroup> ispartofproductgroups= new 
HashSet<ProductGroup>();  
public Crop ofcrop;  
private String label_gms;  
public ProductType oftype;  
private String label_en; 
public CropProduct() {}  
 
public Long getId() {  
 return id;  
 } 
@SuppressWarnings("unused") 
public void setId(Long id) { 
 this.id = id; 
 } 
 
/* 
* Setters and getters for the method */ 
@PropertyURI("http://ontologies.seamless-ip.org/crop.owl#ofCrop") 
public Crop  getOfCrop(){ 
 return ofcrop; 
  } 
   
@PropertyURI("http://ontologies.seamless-ip.org/crop.owl#ofCrop") 
public void setOfCrop(Crop arg){ 
  this.ofcrop = arg; 
  } 
Etc. for other getters and setters 
} 

(c) part of the source code for the java entity beans covering crop, product and 
cropproduct and the ‘ofcrop’-relationship between crop and product using getters and setters   

@ConceptURI("http://ontologies.seamless-ip.org/crop.owl#Crop") 

(Cont

4

l

Fig. 7.
.3. Conceptual integration

A first conceptual benefit is that we identified calculations to
ink cropping systems models to bio-economic farm models, and
inued ).
bio-economic farm models to partial equilibrium market models
in a sensible and consistent manner. These calculations are based
on jointly setting parameters of activities and aggregating sup-
ply responses to price elasticities through an estimation model.
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hese calculations and links between cropping system models, bio-
conomic farm models and partial equilibrium models may be
e-usable in future research linking these model types, because
hese links help to cross temporal and spatial scales of the different

odels and are based on standard outputs of these types of models.
A methodological benefit is that the explicit model linking

elped to efficiently (re)run models in model chains. Examples
re an application of FSSIM to a large number of regions to assess
upply-responses for EXPAMOD (Pérez Domínguez et al., 2009) and
n application of APES for a large number of activities to supply
ields and environmental effects for FSSIM (Belhouchette et al.,
011). Such applications can now easily be repeated for different
amples of regions or activities and are easily reproducible in the
odeling framework, thereby ensuring scientific transparency and

igor.
For the conceptual integration no generic method was used to

ink the different models. Although many different loosely or tightly
inked models (e.g. Rounsevell et al., 2005; NMP, 2006; Jansson
t al., 2008; Verburg et al., 2008) are available, there is no generic
ethod to achieve the conceptual integration of a set of models for

and use modeling. Relevant aspects (e.g. time and spatial scales,
rocess definitions, modeling techniques) of conceptual integra-
ion can easily be identified and have been discussed also for our
onceptual integration. A generic method may facilitate the model
inking by providing guidelines and a conceptual framework for
cientists to achieve a model linking. An example of such a generic
ethod is found in Letcher et al. (2007) for IAM of water allocation

roblems, which is based on the nature of interactions between
ecisions and the hydrological cycle and the assumptions with
espect to perfect knowledge or uncertainty. Established scientific
heories like hierarchical systems theory (Smith and Sage, 1973)

ay supplement a generic method, but such theories always rep-
esent a perspective of the model linking considered. A thorough
eview of the available linked models in the land use domain is a
seful first step in the development of a more generic method for
onceptual integration.

One important outcome of the conceptual integration is con-
istency across the linked models, especially in the case of legacy
odels. For example, two models might use two different process

escriptions to calculate the same concept, and this might lead to
onflicting outcomes for the same concept. In the conceptual inte-
ration, these duplications of process descriptions are identified
nd discussed in terms of the validity and usability in the model
hain. In our case the representation of farm behavior in the market
odel was replaced by the representation of farm behavior simu-

ated in the farm model. In the absence of any generic method, the
dentification of these duplications in process descriptions depends
n the diligence of the researchers to jointly discuss and learn about
ach other models.

.4. Technical integration

The use of OpenMI and the development of a modeling frame-
ork helped to execute the model chain on a computer. Our use

f OpenMI demonstrates that OpenMI can be applied to models
utside the water domain, as OpenMI facilitated the link between
gronomic and economic models. The use of OpenMI had two bene-
ts. First, the definition of data exchanged in Links and getValues( )
e.g. outputs) forced models to be specific about their inputs and
utputs. Second, wrapping the model as an (OpenMI) component
acilitated the definition of models independently of each other, of
ata sources and of the graphical user interface. In our case, the

penMI standard version 1.4 was extended to work with complex
ata types. This extension could be incorporated in future updates
f the OpenMI standard (OpenMI, 2009), if the OpenMI standard
argets applicability in different domains and models based on
s in Agriculture 76 (2011) 148–160

different modeling techniques. OpenMI is based on the use of wrap-
pers that allow it to keep the model in its original programming
paradigm. Disadvantages are that the wrappers require mainte-
nance and updating with changes in the model and that the model
itself is quite distant from OpenMI. This distance may lead to prob-
lems in developing the wrapper, if the wrapper-developer and
modeler are not the same person.

The ontology achieved in the semantic integration was inten-
sively used in the technical integration by translating it to source
code through the SeRiDA-framework. A benefit of a tight link
between semantic and technical integration is that modelers are
forced to focus on content of their model and not on the implemen-
tation of a model into programming language. A second benefit is
the explicit separation of data from model specification as is advo-
cated in good modeling practices (Jakeman et al., 2006), allowing to
easily validate a model against other data sources. This separation
is facilitated through the database schemas which are built on the
basis of ontologies (Athanasiadis et al., 2007a) and provide a natural
container for data persistence. A disadvantage from the modeling
perspective and an advantage from the model integration perspec-
tive is that the models cannot easily change their input and output
data specification, as this first has to be aligned with the ontology
in the semantic integration.

5. Conclusion

The models APES, FSSIM, EXPAMOD and SEAMCAP are now
linked in the modeling framework SEAMLESS-IF. These models
allow assessment of the socio-economic, biophysical and envi-
ronmental impacts of changes in agricultural and environmental
policies and technological innovations across spatial and tem-
poral scales. Examples of possible applications at EU, individual
region or farm scale are the assessment of the impacts of a trade
liberalization as discussed in the frame of the World Trade Orga-
nization (Adenäuer and Kuiper, 2009), the introduction of the EU
Nitrate Directive (Belhouchette et al., 2011), the EU Water Directive,
the consequences of increases in bio-fuel production, the changes
in production due to high commodity prices and of the intro-
duction of agricultural technologies (e.g. zero-tillage, improved
irrigation implements). Our integration effort led to a credible and
transparent model linking with an explicit consideration of the
concepts (e.g. activities, crops, products, product type, crop group,
product group, price elasticity, supply response) and calculations
(e.g. parameter calculation of activities and aggregation of sup-
ply responses to price elasticity) of relevance implemented in an
advanced modeling framework based on OpenMI and semantic
modeling.

The subdivision of the integration effort in conceptual, seman-
tic and technical aspects was useful to comprehensively consider
all aspects of integration and to avoid a bias to one of them. In
future research projects that link models, it is advised to first define
the semantic and conceptual integration, if models are linked that
have yet to be developed. If existing models are linked, conceptual
integration across models is the most suitable starting point.
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