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1. Introduction

ABSTRACT

Innovative agricultural systems need to combine the production of goods with the provision of environ-
mental services. When agronomists analyse or design multifunctional agro-ecosystems, they thus need
to include knowledge of an increasing range of scientific disciplines (plant biology, soil science, ecology,
etc.) while continuing to use their systemic approach as a cornerstone. Increasing amounts of knowl-
edge of different types (concepts and data) will thus have to be included in systemic approaches that are
developed in the agronomic domain. Knowledge integration and sharing are frequently hampered by the
lack of detail in the assumptions made in each discipline. We hypothesise that a standardised description
of the conceptual model underlying data collection and the analysis of agro ecosystems would improve
transparency and knowledge integration.

Here we propose a protocol to formalise the conceptual modelling of an agro-ecosystem (CMA) related
to a specific agronomic issue. The CMA protocol is implemented in four iterative steps: (i) structural
analysis, (ii) functional analysis, (iii) dynamic analysis, and (iv) consistency check. The final product is
a conceptual model of an agro-ecosystem whose key elements are a structured knowledge base and
associated graphical representations. The protocol was drawn up based on three case studies concerning
three different biophysical objects (coffee agroforest, cotton, grapevine) with different problems to be
addressed. They are given here as an illustration of how to apply the CMA protocol, and to show how
it can be used as a tool to build a systemic representation of a complex agro-ecosystem, as a tool for
agronomic diagnosis and yield gap analysis, or as a tool to elicit a range of expert knowledge to design
new field experiments.

The CMA protocol proved to be efficient in guiding the process of conceptualisation up to the point
at which the variables that need to be measured in the field are identified and interlinked. It enabled
elicitation and integration of knowledge from different biophysical disciplines and different types of
expertise during the conceptualisation process. It also enabled identification of knowledge gaps, and the
design and analysis of experiments to tackle complex problems. The CMA yielded by the protocol could
be used again, thanks to its transparency and modularity. Further work is underway to improve the CMA
representation and its uses in numerical model specification and in participatory methods for the design
of cropping systems.

© 2011 Elsevier B.V. All rights reserved.

iments, field surveys and models in order to design multifunctional
cropping systems that combine productivity and ecosystems ser-

One major change in agronomy in the last 10 years has been vices (Wery and Langeveld, 2010, Brussaard et al., 2010). To
the increasing complexity of the systems investigated using exper- address these multidimensional problems (Millenium Goal Assess-

ment, 2005: http://www.maweb.org/en/Index.aspx) agronomists
collaborate with experts from a range of biophysical disciplines
(plant biology, soil science, ecology, etc.) using agro-ecological
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agro-ecosystem (plant organ, soil layer, field, landscape, etc.). In
agronomy, the concepts used rely mostly on the dynamic interac-
tions between a crop, a soil, a climate in a given agro-ecosystem
(Balls, 1953, Brisson et al., 2006) and a farmer who pilots the sys-
tem (Le Gal et al., 2010). These concepts have been built using
other sciences such as physics (e.g., light interception, Monteith,
1977), plant physiology (e.g., radiation use efficiency and its regu-
lation by water stress and nitrogen stress, Sinclair, 1986) or ecology
(e.g. competition, Tilman, 1980). With the ongoing development of
agro-ecology (Dalgaard et al., 2003), the inclusion of concepts from
other disciplines in systemic analysis of crops and farms is likely to
increase. Agronomic research deals with increasingly large sets of
qualitative and quantitative data that concern different processes
(e.g. plant physiology, soil biology, plant protection, ecosystems
services), at different scales (cell, tissue, organ, plant, plant com-
munity) and for different time horizons (day, season, year, decade).
To design innovative cropping systems, researchers also have to
integrate knowledge from crop experts who have practical knowl-
edge of the management and performance of cropping systems
(Langon et al., 2007). Collaboration with other biophysical disci-
plines requires a common view of the agro-ecosystem and of the
problem to be addressed among experts from different disciplines.
For such collaboration to function efficiently, each expert needs
to have confidence in the common view of the system, and to
understand how his/her knowledge is used i.e., how the specific
scale and process of the system’s structure, dynamics and perfor-
mance used in his/her discipline will be integrated in the common
view.

Building a shared view of a system is a critical step in success-
ful interaction between experts (Voinov and Bousquet, 2010). A
problem can be approached in many different ways depending on
the disciplinary background of the expert concerned, on the differ-
ent temporal and spatial analytical scales (Voinov and Bousquet,
2010), and on the mental model of their discipline (Heemskerk
etal., 2003). These mental models act as “information filters” which
are built on personal experience and which determine the theo-
ries and assumptions we use (Johnson-Laird, 1983). Mental models
are “so basic to our understanding that we are hardly conscious of
them” (Johnson-Laird, 1983). This generates “unspoken language”
(Jacobsen, 1994), which needs to be explained for in-depth shar-
ing. Another information filter can be the structure of a database,
as it can limit the representation of information which is not easy
to convert into numbers (Russell et al., 1999).

In software science, conceptual modelling is a standard step
in the development of software models and databases. Its aim
is “representing the problem domain performed for the purpose
of understanding and communicating between developers and
users” (ISO, Organisation for Standardisation, conceptual modelling
standard; Juristo and Moreno, 2000). Conceptual models are also
used to obtain a software description that is independent of the
programming language (Dieste et al., 2003) and automatic code
generation in the model-driven engineering approach (Papajorgji
and Pardalos, 2006). Protocols for the conceptualisation of systems
to be simulated are used in ecology and agronomy (e.g. Leffelaar,
1999), and are organised around the formulation of state and rate
equations (Forrester, 1961). Today, however, these representations
are still strongly oriented towards the implementation of software
models. Consequently, they do not allow details to be included
about the assumptions made concerning the structure and the
functioning of the system or the logic behind the selection or non-
selection of biophysical processes in the description of the system.
Itis also difficult to use such representations to include information
acquired from qualitative data, expert knowledge, or field observa-
tions on key aspects of the problem since such information is hard
to translate into rate and state equations. However it should be
noted that a modelling environment like Simile (Muetzelfeldt and

Massheder, 2003) can be useful to extract domain knowledge even
when it is not used to generate simulation software.

During the period when the use of multi-agent models was
expanding, they faced the problem of being understood and used
by others than those who developed them. Grimm et al. (2006)
observed that “readers cannot understand why some aspects of
reality are included in the models while others are ignored”. This
led these authors to propose a standard to describe multi-agent
models (Overview Design Details) to help make the model descrip-
tion more complete and easier to understand. This analysis led us
to hypothesise that a standardised description of the conceptual
model underlying data collection and analysis on agro-ecosystems
would improve their transparency and facilitate the elicitation and
integration of expert knowledge in a systemic view of a problem in
the agronomic domain.

The objective of this paper is to propose a protocol for the con-
ceptualisation of an agro-ecosystem to guide data acquisition and
analysis, and integration of expert knowledge. The protocol was
designed based on three case studies with different objects (a sin-
gle plant or a crop) and different objectives (data analysis, data
acquisition, and integration of expert knowledge).

2. Methodology for the conceptual modelling of an
agro-ecosystem and case studies

2.1. The CMA protocol

The protocol for the conceptual modelling of an agro-ecosystem
(CMA) is based on the principles of system analysis developed in
biology (Von Bertalanffy, 1968), in industry (Walliser, 1977), in
ecology (Odum, 1983), and in agronomy (Rabbinge and De Wit,
1989). The aim of the standardised protocol is to guide the transla-
tion of a specific problem (i.e., the type of question to be addressed
concerning a specific cropping system) into a conceptual repre-
sentation of the system. The protocol is organised in four steps
combined in an iterative process which starts with problem def-
inition (Fig. 1).

The starting point of the CMA protocol is the problem defini-
tion step, i.e. a specific systemic representation of the question to
be addressed concerning a tangible object, in our case an agro-
ecosystem. Although this may not seem very important, it needs to
be done to avoid possible ambiguity concerning the problem to be
addressed, particularly when experts from other disciplines may
perceive the problem differently. A system is defined and organ-
ised with reference to a specific goal (De Wit, 1968; Odum, 1983),
and is consequently not a self-existing entity. Agro-ecosystems
are considered here as biophysical systems influenced by human
interventions aimed at achieving agricultural production and other
ecosystems services (Le Gal et al., 2010). Depending on the prob-
lem to be solved, they can be defined at different spatial scales
(e.g. a plant or a field) and temporal scales (e.g. a month or sev-
eral decades). Defining the object means specifying the type of
crop-soil-management objectives.

The first step of the CMA protocol is the structural analysis the
aim of which is to identify the limits of the system, its com-
ponents and its environment. Agro-ecosystems interact with a
multidimensional environment (i.e. biophysical, social, economic,
and institutional; Ewert et al., 2009). In order to keep the major
interactions within the system, we suggest breaking down the envi-
ronmentinto active and passive environments (Walliser, 1977). The
active environment comprises the elements from other systems that
act on the system related to the problem (e.g. the climate and the
technical system used by the farmers; Le Gal et al., 2010). The pas-
sive environment comprises the outputs of the system, which can be
used to indicate the impacts of the system on other related systems.
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Fig. 1. The four steps of the protocol for the conceptual modelling of an agro-ecosystem (CMA) and the main components of its product.

The elements of the passive environment may be the performances
of the system itself (e.g. yield, energy use efficiency) or the services
it provides to other systems (e.g. clean water infiltrating into the
groundwater, habitats for wildlife).

Most often, the limits of the agro-ecosystem are conceptualised
as a volume defined by a soil area, a soil depth and a canopy height.
The components of the system can be different biophysical entities
(e.g. soil, plants, micro-organisms, animals), basic crop processes
(e.g. photosynthesis, leaf growth; Wery, 2005, Adam et al., 2010a)
or sub-systems (i.e. interacting components, Fig. 2). Like in dynamic
modelling (Leffelaar, 1999), we characterise each component using
one or several attributes, which are either state variables or param-
eters.

Step 1 yields a graphical representation (Fig. 2) which identi-
fies the environment, the components and their justifications as
an attached text giving the assumptions selected (or not) to define
the structure of the CMA. The components of the system and the
environment elements must be chosen with parsimony, keeping
only those that have most influence on the system’s behaviour with
respect to the problem to be addressed. This avoids having an exces-
sive number of relationships between components in the functional
analysis (in Step 2).

The second step is the functional analysis, which corresponds to
the identification of the main biophysical processes needed to solve
the problem, while also taking knowledge and data availability into
account. This implies identifying the major relationships which
link: (i) each element of the active and passive environments to
at least one component of the system, and (ii) each component to
at least one other component. To facilitate quantitative analysis,
we represent these relationships, as far as possible, as flows of mat-
ter (e.g. water or nitrogen), energy (e.g. light) or information (e.g.
root to shoot signals). The other relationships are represented as
actions by default (e.g. impact of a disease on biomass production)

or actions by nature (e.g. leaf area reduction by an insect, removal
of a bud during pruning by the farmer, etc.).

To avoid an increase in the number of variables to be measured
or calculated, it is essential to rank these relationships in order of
influence and to keep only those which are indispensable to solve
the problem concerned. This implies that, instead of defining the
variables of the model a priori with the components, they should
be defined progressively and with parsimony during the course of
functional analysis.

The third step is the dynamic analysis, i.e. studying how the CMA
structure and functions are modified during the life span of the sys-
tem (Fig. 1). One basic assumption of the protocol is that if Steps 2
and 3 have resulted in the correct representation of the structure-
functions aspects of the agro-ecosystem, its dynamics will rely
only on the evolution of the state variables of its components. The
key temporal stages of the system dynamics (e.g. the phenological
stages of a crop used to determine yield) are identified; then the
structural and functional changes that occur between these stages
are checked. Finally, this dynamic analysis could lead to modify-
ing the preceding steps, i.e. adding or removing a component or a
relationship which appeared to be essential (or not) at a particular
stage of the system.

The fourth step is the consistency analysis. This is mainly achieved
by iteration during the previous steps. In this step, the proto-
col needs to answer the following questions concerning both the
knowledge used and the representation of this knowledge: Are the
key assumptions concerning agro-ecosystem functioning correctly
represented in the relationships among the components of the
CMA? Do changes in the environment cause a change in the func-
tioning of the system? Are the output variables of interest correctly
represented and linked to the system?

It is also important to check that all the elements of the system
(i.e. the system components or the elements of the environment)
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Fig. 2. An example of a conceptual model of an agro-ecosystem (CMA). The diagram should be read from left to right. The active environment (AE) groups the elements
that influence the system (e.g. climate, management). They are characterized by state variables which define how they influence the system’s components. The system is
a combination of n components of different types (here n=3) and its boundaries. Each component is characterized by state variables (x;y;z) that allow the relationship of
each component with the active environment, with the other components, and with the passive environment (with flow or action variables) to be expressed. It shows the
assumptions according to which the elements of the active environment are linked to the components of the system (Hag), assumptions linking the components among
themselves (Hc) and assumptions linking the components to elements of the passive environment (Hpg): e.g. Hag1: the climate acts on component 1 through an action
variable, modifying the state variable x; Hag2: the management input state variable determines the flow of component 3 thus changing the state variable z. H¢; : component
1 acts on component 3, this action triggers an action by component 2 which influences component 3 (Indirect relation between components 1 and 2 through component 3).
Hcz: component 1 acts directly on component 2 which in return acts on component 1 (feedback loop).

are linked to at least one other element. If an element remains iso-
lated, it should be removed from the system or a relationship should
be added. At this step, it is important to check that the assump-
tions concerning the structure, functioning, and dynamics of the
system selected to produce the CMA are correctly documented
(Fig. 1). This documentation should include the hypotheses con-
cerning the structure and functioning of the model that have been
retained and also those that support the exclusion of some candi-
date components/processes known to occur in the agro-ecosystem
but considered to be minor with respect to the problem addressed.
This documentation is essential for the transparency of the CMA,
its update and for its re-use by others or to tackle other problems.

This protocol yields what we call a Conceptual Model of the
Agro-ecosystem (CMA), which is a particular knowledge base ded-
icated to a specific question concerning a specific agro-ecosystem.
The application of the protocol implies that the CMA has a number
of different characteristics. The first characteristic is its hierarchi-
cal structure based on the definition of the systems, sub-systems
and components connected by relations symbolizing either actions
or flows. The second characteristic is the type of attributes of the
CMA components and relations. Such attributes include the names
of the related parameters or variables but also the key hypotheses
concerning the system structure and processes that were identi-
fied during the different steps of the protocol. A convenient way
to browse the CMA is to extract graphs from it, for instance the
top level graph representing the system with the active and pas-
sive environments (see Fig. 2). Another typical graph that can be
extracted is the graph of the components influenced by an element
of the active environment (see Fig. 5).

2.2. Case studies

Our CMA protocol was drawn up progressively based on three
case studies, each representing a specific combination of an object

(a type of agro-ecosystem) and a question in the agricultural
domain. Table 1 lists the range of agro-ecosystem and agricul-
tural problems covered by the case studies together with the
range of applications and bibliographical sources of the CMA
(Table 1).

2.2.1. Case Study 1: Coffee agroforests in Guinea (West Africa)

In Guinea, agricultural development projects have failed to
improve the livelihood of farmers through the introduction of
improved coffee varieties and crop management because the farm-
ers’ practices were not taken into account in the design of the
projects (Correia et al., 2010). Recent field surveys and inter-
views with farmers resulted in a sizeable pool of knowledge about
their management of the agroforest and it performance, i.e. (i)
the products provided by the coffee agroforest, their nature and
uses (Diabaté et al., 2009); (ii) the effect of the diversity of the
canopy over the coffee stands and their management by farmers
on long term agro-forest dynamics (Lamanda and Wery, 2010a);
(iii) the services provided by coffee agroforests in terms of coffee
production (Lamanda et al., submitted for publication) and in the
conservation of tree diversity (Correia et al., 2010; Lamanda et al.,
submitted for publication).

We used the CMA protocol to obtain a systemic representation
of coffee agroforests in order to understand how the management
of coffee agroforest fields could be further improved to increase
farmers’ incomes.

To be able to make proposals based on the links between farm-
ers’ practices, the structure of the canopy over the coffee trees, and
the services provided by the coffee plants in the agroforest, the
CMA needed to include the diversity of fields observed during field
surveys. A researcher, who had taken part in the surveys as well
as in data acquisition, used the protocol as a way to extract the
knowledge acquired on the structure-function-performance rela-
tionships of a typical coffee agroforest plot in this region. It took
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Case Study

Aim of using the CMA

Problem definition

Initial source of data and
knowledge to build the CMA

Data and
knowledge
characteristics

References

Case study 1

Ex post formalisation of
knowledge acquired during
2 years of field
observations and
interviews with farmers

What are the products and
the level of tree
biodiversity in coffee
agroforest plots and their
determining factors?

Case Study 2 Logical ordering of Which biotic and abiotic
assumptions concerning factors explain the
the effects of the variability of yield between
environment and of farmers’ fields in the study
management on cotton area and to which farmers’
yield in Mali, so that these practices are they related?
assumptions could be
tested individually with
field data

Case Study 3 Integration of expert Which factors explain the

knowledge of different
types and at different
scales

decline of individual Syrah
grapevines, taking into
account the variability of

Farmers’ surveys and field
observations on canopy
structure and composition, and
coffee plants

Personal experience of the
author on agroforestry systems

Expert knowledge and farm
surveys

Expert knowledge

Diverse by nature
Wide range of
situations

Wide range of
situations

Local and generic
knowledge on
cotton

Multidisciplinary
knowledge

Diabaté et al., 2009

Correia et al., 2010
Lamanda and Wery, 2010a,
2010b

Lamanda et al., submitted
for publication

Rapidel et al., 2006
Barrabé et al., 2007
Rapidel et al., 2009
Lancon et al., 2007

Delmotte et al., 2008
Claverie et al., 2011

the appearance of
symptoms in space and
over time?

about a week of work to implement the protocol, including further
reading of field notes and survey results.

2.2.2. Case Study 2: Understanding the causes of cotton yield
variability in Mali (West Africa)

The CMA protocol was used as a tool for diagnosis of crop per-
formance (yield) in cotton fields managed by small scale farmers
in Mali (Rapidel et al., 2006). Cotton acreage in Mali has increased
steadily in the last 20 years. The new cotton production areas are
located in agro-ecological areas where the soils are less favourable
than in the agro-ecological areas where cotton has already been
cultivated for decades. New farmers have entered the sector. The
historic increase in yields ended in the 1990s, and, since then, yield
variability has increased across fields and years. Understanding
and ranking the factors responsible for yield variability was a pre-
condition for designing innovative cropping systems in this region
(Lancon et al., 2007).

The CMA protocol was applied by a team of cotton researchers
working in collaboration with local farmers’ advisors for ex ante
formalisation of hypotheses concerning the effects of biotic and abi-
otic environmental factors and of farmers’ practices on yield. Each
hypothesis was expressed as a relationship between two variables
of the CMA. This version of the CMA then guided (i) the selection of
farmers’ fields to be examined in detail, (ii) the measurements to be
made, and (iii) the relationships between variables to be tested to
check each hypothesis (data analysis). This case study showed that
the CMA protocol could be used to guide the acquisition and anal-
ysis of data collected in field surveys and for the final integration
of knowledge concerning a particular crop in a given region.

2.2.3. Case Study 3: Decline of the Syrah grapevine in southern
France

Here the aim of the CMA protocol was to collect and com-
bine dispersed disciplinary knowledge to produce a shared view
of the plant syndrome (Syrah decline), in order to formulate new
hypotheses on this complex system that would be tested in field
experiments (Delmotte et al., 2008).

The decline of the Syrah grapevine was first observed in
southern France in the 1990s. The first symptoms are cracks at
the grafting point on some vines randomly distributed in the

vineyard. A few years later (how much later varies with the field
and the vines) leaves undergo early reddening in summer, some-
times resulting in the early death of the vine. Despite 15 years of
observations and experiments (Spilmont et al., 2005), apart from a
slight difference in sensitivity among clones (Spilmont et al., 2005),
no single factor has been identified to explain the variability of
the symptoms and of the final death, leaving wine growers with
no means to overcome it (Chrétien et al., 2004). Several hypothe-
ses linked to pathology, genetics, root physiology, etc., have been
formulated but have never been tested or included in a systemic
analysis of the syndrome.

The CMA protocol was used by two researchers in collaboration
with 39 experts from different disciplines (agronomy, ecophysiol-
ogy, genetics, molecular biology, pathology, and farmers’ advisors)
who work on vines or on other woody species. The first version of
the CMA was developed in collaboration with five vine experts with
knowledge of Syrah decline. It was then used as a systemic repre-
sentation of plant dysfunction to elicit specific knowledge from the
other 34 other experts. Each interview was conducted in four steps,
with a maximum duration of 2 h, in order to: (a) explain the syn-
drome and review available knowledge with the expert, (b) ask for
his/her opinions/assumptions about the dysfunction, (c) present
the first version of the CMA and (d) ask him/her to reformulate
his/her hypotheses in the framework of the CMA. If the factors or
relations suggested by the experts could be consistently linked with
components, states or flow variables and with the symptoms of the
decline, they were included in the CMA. If not, the information was
notincluded in the model but was kept along with the bibliographic
references, in written form.

3. Applying the CMA protocol on cases studies

3.1. CMA as a tool to build a systemic representation of a complex
agro-ecosystem from scattered data and field observations
(illustrated with Case study 1)

In Case Study 1, the problem was reformulated as “What are the
plant products and the level of tree biodiversity in coffee agroforest
plots and their determining factors?” The limits of the system were
defined as a 3-dimensional biophysical object. The system is a small
area (from 0.5 to 2 ha) that corresponds to a portion of a farmer’s
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land with a homogeneous canopy over the coffee stands (i.e., all
the coffee trees were planted at the same date, the vertical profile
had a similar number of strata, the same practices were applied,
and the soil was assumed to be homogeneous). The other system
dimensions were the maximum height of the trees in the tree strata
and the deepest soil layer explored by the coffee tree roots in this
type of soil.

Fig. 3 shows the CMA of the coffee agroforests resulting from the
structural analysis (Step 1 in Fig. 1). The active environment was
defined as a combination of three elements: (i) the technical system
(Le Gal et al., 2010) which was defined by coffee tree pruning, hand
weeding, selective cutting of timber trees); (ii) the climatic condi-
tions, in this case limited to incoming light which partly determines
coffee yield, and the tree diversity of the coffee agroforests; (iii) the
immediate vicinity of the plot, whose nature and composition influ-
ence the recruitment of weeds and seed trees in the system as well
as the functional biodiversity related to coffee pests and diseases.
The system had five components: “Soil”, “Weeds”, “Coffee-tree stra-
tum”, “Pests and diseases”, and “Tree strata”. The “tree strata” was
split into sub-components according to their height. The species
composition and the species density of each sub-component were
recorded. The passive environment was limited to indicators of the
different products (e.g. coffee yield, quantity of oil palm) and of the
resulting level of tree biodiversity (e.g. indexes of species richness;
Correia et al., 2010).

During the functional step (Step 2 in Fig. 1), we formalised
the hypotheses on the relationships between farmers’ practices,
canopy structure and services provided by the coffee agroforest
plots. The main hypothesis was that the main process influenc-
ing the system’s functioning was partitioning of light among the
canopy strata (Fig. 4, hypothesis H.AE{,). We assumed that inci-
dent solar radiation (one element of the active environment) enters
the system through the tallest tree stratum and is shared among
the substrata as a function of the height and percentage of canopy
cover of each stratum. The amount of light received by the coffee
tree stratum was also assumed to be the main variable influencing
the activity of pests (H.AEq}, in Fig. 4). This assumption was based
on local observations that the severity of attacks by major pests
differed according to the light conditions (Bah, personal. commu-
nication).

In accordance with the parsimony principle of the protocol, we
did not retain the initial hypothesis on the effect of rainfall on the
system as it appeared to be of secondary importance for production
and biodiversity conservation in these humid tropics. Hypotheses
were added concerning the impacts of farmers’ practices on the
“tree strata” (H.AE; in Fig. 4), on the “coffee tree stratum” (H.AEs3:
in Fig. 4) and on the “weed stratum” (H.AE, in Fig. 4). A hypothesis
related to the effect of the neighbouring vegetation was also added
to account for the recruitment of trees from seeds originating from
nearby vegetation. It was assumed that this factor affects tree biodi-
versity and in particular the presence of threatened wildlife species
in the system (H.AEs in Fig. 4). The nature and composition of the
neighbourhood were also assumed to influence attacks by coffee
pests (H.AEg in Fig. 4).

The elements of the passive environment were easily linked
with specific components of the system as they were derived
from the attributes and state variables of these components. For
example, the quantity of mature coffee berries (an indicator of the
system’s productivity) can be derived from coffee tree density, the
number of stems per coffee tree, the number of berries per stem
and average berry weight. The index of tree species richness was
related to the composition of the “tree strata” component through
the number of species and the number of trees per species in each
substratum.

The dynamic analysis (Step 3 in Fig. 1) covered the life span
of the coffee trees (more than 30 years) which was assumed to

be the main factor that determines farming practices and services
(production and tree diversity). This means that we considered the
stages of the other components to be less important to address the
problem. Using the key phenological stages of coffee trees, the cof-
fee life span was divided into four stages (Table 3). We then checked
if the proposed CMA needed to be modified to describe the differ-
ent stages of the system’s life span adequately. Table 2 shows that
the structure of the CMA was able to describe changes in the coffee
agroforest services (output of the CMA) across the different stages
of the system only as the result of changes in farmer’s practices
(used as inputs into the CMA). The different types of plots iden-
tified in the region, as well as a generic plot, can be represented
by adjusting inputs and the state variables of the components (e.g.
variations in the number and composition of the tree strata above
the coffee stands can be represented by varying the attribute of the
“tree strata” component; Lamanda and Wery, 2010b)

The CMA in Case Study 1 and its corresponding hypotheses were
easy to share with other agronomists working on similar cropping
systems (Jagoret, personal communication). The CMA is now being
extended to cocoa agroforests. It represents a dialogue tool in a
collaborative process between agronomists working on agroforests
based on perennial crops. Its hypotheses will be further tested in a
network of farmers’ fields to validate the CMA so it can be used as a
basis for improving farmers’ management of agroforests (as shown
in Case Study 2).

An alternative (and more traditional) way to explore the pool
of data acquired in field surveys and interviews with farmers
would have been statistical analysis (e.g. PLS regression, CPA, Torabi
and Soltani, 2010). But without starting hypotheses based on a
functional analysis of the biophysical system, the results of such sta-
tistical methods are often difficult to analyse (Dagnelie, 1998), and
do not really help derive a systemic view of the structure-function-
performance of the agro-ecosystem (Loyce and Wery, 2006). The
CMA protocol resulting in the formulation of hypotheses on system
functioning is thus a tool for pre- and post-analyses in statistical
factorial analysis, rather than an alternative approach

3.2. The CMA protocol as a tool for agronomic diagnosis and yield
gap analysis (illustrated with Case Study 2)

The CMA protocol was used to rank the limiting factors of cotton
yield in farmers’ fields in Mali (Rapidel et al., 2006). The prob-
lem was formulated as “what are the biotic and abiotic factors
that explain yield variability between farmers’ fields, and to which
farmers’ practices are they related?”

The active environment was a combination of specific elements
of the technical system and of the climate expressed as vari-
ables determining the water balance and plant phenology: sowing,
thinning, weeding, organic and mineral fertilisation, insecticide
application, and rainfall. Other environmental variables were also
considered (solar radiation and temperature), but at the scale of
our small study area, their spatial variability was too limited to be
included in the CMA. This assumption related to elements that were
not included in the CMA was added to the knowledge base. The
passive environment was limited to seed cotton yield, separated
into average boll weight and number of bolls per square meter. The
components were chosen as being significant for the physiological
functioning of the system with regards to the active and passive
environment (i.e., stand density, LAl and above-ground biomass,
soil mineral status and water status, and pest infestation).

The functional analysis linked seed cotton yield to the number of
bolls per hectare, which in turn depends on boll set - itself related
in a non-linear way to total biomass (Wery, 2005) - and to the
boll retention rate. Next, each biotic factor (e.g. water stress) or
the agricultural operation (e.g. weeding) was linked to the main
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Fig. 3. An example of a structural representation of an agro-ecosystem produced by Step 1 of the CMA protocol in Case Study 1. The diagram represents the three-part
structure of the CMA (Active Environment, System, and Passive Environment). From left to right it shows:

(i) The selection of the main elements of the active environment which influence the systemin the case of the problem concerned (farmers’ practices, climate and neighbouring

land).

(ii) The selection of the set of system components identified as necessary and sufficient to describe the agro-ecosystem for the problem at stake. The different shapes of the
boxes representing the components indicate the different natures of the biophysical entities chosen as components (weed, coffee trees and other tree strata, pests, soil).
Like in numerical models, the attributes of these components (underlined) are either variables or parameters.

(iii) The selection of the elements of the passive environment and the variables that define it with respect to the problem at stake.

According to the parsimony principle, only the main elements are selected and represented. For example, rainfall is not included in the diagram because we assumed that
the partitioning of solar radiation among the components is the main climatic factor explaining coffee agroforest services and performances in the conditions prevailing in

Guinea.

variables or to the variables preceding them (e.g. LAI at flowering,
related to subsequent biomass build-up) (Rapidel et al., 2006).
The CMA organised agronomic knowledge on cotton grown in
Mali around the identification of five main hypotheses on the ori-
gins of yield variability. The hypotheses were inserted in the CMA
in the form of relationships between the state variables of spe-
cific components. The hypotheses were then tested sequentially
using the measurements made on state variables of the compo-
nents in a network of 30 farmers’ fields (Rapidel et al., 2006). The
main hypothesis of the CMA was that in an indeterminate crop like
cotton, the number of bolls depends on the balance between carbon
sources (linked to light interception by mature leaves) and carbon
sinks (linked to leaf growth and stem branching) (Wery, 2005). This
hypothesis, which implies that the number of bolls can be linked
to a particular type of curve representing shoot biomass dynam-
ics during the crop cycle (Rapidel et al., 2006), was also tested. It
was validated by field measurements which revealed a relationship
between the type of biomass accumulation curve and the num-
ber of bolls per square meter across all the fields (Rapidel et al.,
2006). Some initial CMA hypotheses were kept while others were
discarded, as they did not explain the observed yield variability.
For example, pest incidence was low, probably due to systematic
spraying of insecticides, and was not correlated with yield variabil-
ity. Other variables had to be added to the model, for example, soil

water content was identified as being positively correlated with
the vegetative development of the stand, despite the fact rainfall
was relatively homogeneous in the small study area. Thus, water
infiltration was assumed to be a major factor explaining the vari-
ability of water status. In this way, the initial CMA was calibrated
became the final CMA which provided a systemic representation
of yield determination in the study area (Rapidel et al., 2006). The
final CMA was used to identify possible pathways for the improve-
ment of the cotton cropping systems, and these were then tested
in farmers’ fields (Barrabé et al., 2007) or at experimental stations
(Rapidel et al., 2009).

What other methods could have been used to achieve the same
objective? On-station experiments assessed using variance analy-
sis (Langon et al., 2007) do not satisfactorily cover the variability
of field conditions and are thus not a valid option. A regional agro-
nomic diagnosis (Doré et al., 1997, 2008) could have produced the
same results, but given the lack of an initial conceptualisation of
the system, it would have probably meant measuring more state
variables in each field. By imposing the formalisation of a limited
number of hypotheses linked to state variables of specific compo-
nents, the CMA reduces the set of measurements required. Another
alternative method would be yield gap analysis by removing the
limiting factors in small experimental plots, and comparing the
results with those achieved with farmers’ practices (e.g. Cretenet
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Fig. 4. Functional analysis of plant production and tree biodiversity conservation in farmers’ fields in coffee agroforests in Guinea. The diagram shows the main hypotheses

and the state variables (in italics) linking the structural elements of the system:

- H.AEq,: A given quantity of light is shared among the strata according to their percentage of coverage and determines production (coffee yield, quantity of palm oil, number
of oil palm trees, quantity of timber, type and quantity of fruits) and tree biodiversity (presence of threatened species, Shannon index).

- H.AE;p: The amount of light affects the intensity of attacks by pests and diseases which may reduce the coffee yield.

- H.AE;: The selective cutting of trees controls the species composition of the tree strata (on which the conservation of tree biodiversity is evaluated) and the nature and

quantity of the products harvested.

- H.EAs: The time and modality of coffee tree pruning affects the number of stems per coffee tree, and the number of berries per stem, which are used in determining coffee

yield.

- H.EA4: The time and modality of hand weeding controls species composition and the percentage coverage of the weed stratum.
- H.EAs: The nature and composition of the vegetation in the vicinity of the plot influences the seed bank, and thus affects the level of tree biodiversity and the presence of

threatened species.

- H.EA¢: The nature and composition of the neighbouring land affects the occurrence and the intensity of attacks by pest and diseases in the coffee agroforest plot.

and Tittonell, 2010). This method has already been applied in Mali
(Barrabé et al., 2007), but the number of factors to be tested is lim-
ited and with this approach there is a risk of focusing on factors
that are easily managed in small plots (i.e. growth regulators, fer-
tilisers and pesticides). CMA is a complementary protocol to these
two methods. It has to be implemented before field work in order
to conceptualise the selection of the hypotheses to be tested and
the variables to be measured, rather than as an alternative method
to factorial experiments and in-field yield gap analysis.

3.3. The CMA as a tool to integrate broad interdisciplinary expert
knowledge (illustrated with Case Study 3)

In Case Study 3, the aim of the CMA was to integrate broad inter-
disciplinary expert knowledge to answer the following question:
“Which factors explain the decline of individual Syrah grapevines,

taking into account the spatial and temporal variability of the
appearance of the symptoms?” Before this study, the main hypoth-
esis was that reddening and death were linked to (i) the presence of
cracks at the grafting point (due to genetic incompatibility between
the shoot and the rootstock genotypes, possibly combined with the
presence of a pathogen), (ii) modulated in some way by several bio-
physical factors (plant, soil and climate) after planting (Spilmont
et al., 2005). However, none of the experiments conducted identi-
fied a clear relationship between any particular biophysical factor
and the syndrome. In the CMA, the 2-dimensional boundaries of the
system were defined by the shoot and root extension of a mature
grapevine. The active environment was reduced to the main cli-
matic factors which influence soil water status (rainfall, reference
evapotranspiration). The passive environment was defined by indi-
cators of the system’s dysfunctioning: the probability of a vineyard
expressing the symptoms and the number of vines that die as a
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Dynamic analysis in Case Study 1 (tree biodiversity conservation and production of farmers’ coffee agroforest plots).

Element of the CMA

Stage of coffee production

Unproductive (0-5 years)

Beginning of productive stage
(6-15 years)

Productive stage (16-30 years)

Decline in yield (>30 years

Active environment

Passive environment

Structure of the system

Functioning of the system

- Farmer’s practice specific
to this stage: “planting of
coffee trees”

- No element linked to the
component “coffee trees”

Appearance of the
component “coffee tree
stratum”, below the
component “weed
stratum”

- Flow of solar radiation is
split among the plants
according to their height

- Two new practices: pruning of
“coffee trees” and “selective
cutting” in the component “tree
strata”

- Continued “hand weeding”

- Appearance of a new output:
“coffee yield”

- Change in the output “Shannon
index and presence of threatened
species”

- Change in products (in nature or
quantity)

- Changes in the order of the
components (“coffee tree stratum”
moves above “weed stratum”)

- Changes in the component “tree
strata” with a decrease in the
number of some subcomponents
due to cutting of trees by farmers

- The component “coffee tree
stratum” increases its percentage
coverage and its interception of
solar radiation

- No change in farmers’
practices

- Increase in the output “coffee
yield”

- Change in the output
“Shannon index and presence
of threatened species”

- Change in products (in nature
or quantity)

- Change in the component
“tree strata” with a decrease in
the number of subcomponents

- The component “coffee tree
stratum” is at its maximum
solar radiation interception

- A new practice “selective
regeneration of coffee trees
by cutting back”

- Output “quantity of
coffee” decreases

- Change in the output
“Shannon index and
presence of threatened
species”

- Change in products (in
nature or quantity)

- Splitting of the
component “coffee tree
stratum” with a new
component “regenerated
coffee trees”

- The component “coffee
tree stratum” decreases its
interception of solar
radiation

- The component “tree strata”
decreases its interception of
solar radiation

- The component “tree strata”
decreases its interception of solar
radiation with its percentage cover
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Fig. 5. Example of a representation of the functional analysis of Syrah decline in Case Study 2. The CMA represents an individual Syrah grapevine. The system has four
components: coarse roots, grafting point, old wood, mature leaves and fruits. The state variables that characterise each component are in italics. The elements of the active
environment are biophysical factors only (reference evapotranspiration, (ETo), rainfall and its effect on soil water content) and we define the passive environment using
indicators of deterioration (reddening of the leaves, death of the plant). The grey arrows show the major water flows in quantitative terms. The black arrows show flows of

carbohydrate.

result of the syndrome. Fig. 5 shows the structural analysis of the
system, which was initially built in collaboration with five experts
of Syrah decline (the first version of the CMA). At this point, there
was no hypothesis indicating which type of flow to focus on (water,

carbon, nitrogen, hormones) to explain the decline. The functional
analysis was built progressively in collaboration with each plant
physiology expert. Each interview led to the modification of flows
and, by iteration, to modifications in the structure of the model.
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For example, during feedback between the functional and struc-
tural steps, the component “coarse roots” was added because these
roots are involved in the storage of soluble carbon and nitrogen
and its use for the development of the bud and primary stems the
following year.

The dynamic analysis (Step 3 of the CMA) covered a time span of
one year i.e. an entire crop cycle, including dormancy and growth.
Key stages were identified on the basis of source-sink relationships
during the plant cycle (Table 3). This analysis of changes in water
and soluble carbohydrate flows within the plant was used to check
that the knowledge from different disciplines yielded a coherent
system. It allowed the succession of the symptoms of decline to
be explained by source-sinks relationships across the key stages of
the annual plant cycle and in two or three successive years (Claverie
etal., 2011). The starting hypothesis (which formed the basis of the
CMA) was formulated by several experts i.e. (i) the cracks at the
grafting site reduce the diameter of phloem tissues and as a con-
sequence, reduce the transport of carbohydrates. Complementary
hypotheses were formulated based on the analysis of flow dynam-
ics: (ii) reddening could be due to an accumulation of carbohydrates
in the mature leaves, leading to the synthesis and accumulation of
anthocyanins (Solfanelli et al., 2006). This accumulation of carbo-
hydrates could be the result of a reduction in the down flow of
carbohydrates whereas a certain level of photosynthesis is main-
tained; (iii) in the following spring, the lack of carbohydrates stored
in the roots could explain the death of the plant due to the absence
of root growth (Bates et al., 2002) or of water pressure in the xylem
(Ameglio et al., 2001); (iv) the irregular appearance (or not) of the
reddening and plant death across years could be explained by the
cumulative effect of the phloem deficiency on root reserves com-
bined with the occurrence of late water stress in a particular year
leading to a cessation of photosynthesis (Roitsch, 1999). In the case
of late water stress, no reddening would appear but sudden death
of the grapevine could occur. This is consistent with the sequence
of events observed in the field (Claverie et al., 2011).

An alternative method to integrate expert knowledge to cre-
ate a common view of a complex syndrome such as Syrah decline
would be mind mapping (Lloyd et al., 2010; Magcale-Macandog
and Ocampo, 2005). This approach would probably have made
interactions with experts easier and quicker and facilitated the for-
malisation of the system’s structure. But as mind mapping methods
are based on the absence of initial structuration of the plant system,
it would have complicated the identification of the functional and
dynamic aspects of the system. In addition, the CMA protocol forces
experts to identify a limited set of key assumptions that are trans-
lated into relationships between specific state and flow variables.
The final version of the CMA, which was shared and validated in a
group meeting (attended by experts who had not been previously
interviewed), enabled the definition of the experimental design
(growing conditions and the variables to be measured) to test the
CMA hypothesis under field conditions (Claverie et al.,2011). These
experiments are still underway but preliminary results already
enabled rejection of one hypothesis (bud deficiency at the begin-
ning of the cycle due to a reduction in the flow of carbohydrates
in the previous autumn) and suggest that phloem reduction is
the main determining factor. These results could form the basis of
improved crop management to avoid Syrah decline (Spilmont and
Claverie, 2009).

4. General discussion about the CMA protocol

In the three case studies, the CMA protocol proved to be an
efficient tool to guide the process of conceptualisation of an agro-
ecosystem up to the point at which the variables to be measured in
the field are identified and interlinked. Thanks to its transparency

and modularity, the CMA protocol helps capture and integrate
knowledge from different disciplines and of different natures in the
conceptualisation process. It is therefore complementary to exist-
ing methods used to collect data on agro-ecosystems (experiments,
field surveys) and to analyse them (statistical analysis, dynamic
modelling). However, its use in the three case studies drew our
attention to three aspects which need improving (i) the normative
nature of the protocol, (ii) the representation of the CMA for trans-
parency and re-usability and (iii) the need to link it with numerical
simulations.

4.1. The normative aspect of the CMA protocol

The CMA protocol may appear constraining because of its sys-
tematic and normative approach (Fig. 1). For example, Case Study
2 showed that the progressive building of the CMA in four steps
was too long for the experts concerned, most of whom were also
crop modellers. They were tempted to define the mainrelationships
without taking the necessary time to define the problem and the
structural elements. We also observed that the parsimony princi-
ple, which is a key aspect of the CMA protocol to reduce the number
of variables to be measured, is not easy to apply when selecting
components, relationships or assumptions. For example, in Case
Study 1, in the first version of the CMA, we kept a large number
of components (Fig. 4) because we were unable to rank them with
respect to the problem to be addressed.

The successive steps of the CMA protocol (structural, functional,
dynamics) and the iterative consistency check is a way of ensuring
the transparency of the CMA. The documentation of the hypotheses
and knowledge used at each step is essential for future updates or
for re-use of the CMA: addition of new knowledge, its application to
other problems or objects, and even its re-use by users other than
its developers.

The application of the overall CMA protocol with its successive
steps can be time consuming. While it only took a week to imple-
ment it in Case Study 1, four months were needed to collaborate
with the 39 experts in Case Study 3. Although this amount of time
need could be considered as an limiting factor, it was still acceptable
compared to the cost of carrying out unsuitable experiments e.g., 15
years of inconclusive experiments as was the case in Case Study 3. It
appears to be difficult to reduce the time and effort needed to doc-
ument the CMA of a complex system, to ensure it is independent of
the mental models of its developers and therefore more transpar-
ent for others and easier to use for the collection and interpretation
of field data.

4.2. The representation of the CMA

The representation issue has two aspects: the knowledge base
associated with the CMA and its link to a set of graphical represen-
tations that can be shared with other users than its developers.

In Section 2.2, we described a formalism based on graphs for
the graphical representation of the CMA (i.e. a structured rep-
resentation made up of the components, their relationships and
their underlying assumptions). To better manage the complexity
of the system, this formalism needs a dedicated software tool.
In particular, at the end of the functional step, the large number
of components and relationships makes the diagrams and their
documentation difficult to draw and hence difficult to read by
others. A dedicated CMA representation tool would help build
this representation at different scales and for different processes,
while keeping the full set of information that defines the CMA
in a single knowledge base. One important feature of such a tool
would be its ability to represent different spatial scales (e.g. organ,
plant, canopy) of the system and to move backwards and forwards
between scales while adjusting the complexity of the description to
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Dynamic analysis of the CMA in the analysis of the causes of Syrah decline.

Element of CMA

Stage of annual plant cycle

Before bud break At bud break Between bud-break  Between fruit Between ripening After harvest
and fruit setting setting and and sugar maturity
ripening (harvest)
Active environment Soil temperature Soil and air ETo, rainfall ETo, rainfall ETo, rainfall ETo, rainfall
temperature

Passive environment Plant death? Plant death - - Leaf reddening Leaf reddening
Structure of the system Old wood and Old wood and Old wood and 0Old wood and Old wood and Old wood and

roots, buds roots, buds roots, leaves roots, leaves roots, leaves, fruits roots, leaves, buds

Functioning of the system

Water enters the
roots, passes
through the old
wood via the xylem
to hydrate the buds

The buds consume
their stock of sugar,
roots send some
sugar and finally
young leaves
produce sugars
(photosynthesis)

Leaves produce
sugar using the
water that is
absorbed by the
roots, sugar used
for leaf growth and
root reserves

The production of
sugar by leaves
may be reduced by
water stress. The
amount of sugar
decreases, but still
goes to roots, wood
and leaves. A small
amount goes to
flowers

Some of the sugar
produced starts to
be sent to fruits
and the remainder
to roots. If water
stress is strong and
photosynthesis
low, no sugars may
g0 to roots

Once the grapes
have been
harvested, the
sugars produced
are used by the
roots and the old
wood to renew
their reserves. If
the flow of sugar to
roots is limited by a

reduction in
phloem at the
grafting point,
sugar remains in
the leaves causing
leaf reddening

the type of expert involved. For example, focusing on specific rela-
tionships linking components (e.g. carbohydrate flow in Case Study
3) requires discussion with a plant physiologist, whereas focus-
ing on the input/outputs (e.g. in Case Study 1) requires interacting
with farmers and advisers. In some cases, the representation of the
diversity and spatial heterogeneity of the system (soil type, canopy
structure, etc.) which may be inherent to a particular field (e.g. in
Case Study 1) or to a network of fields (e.g. in Case Study 2), may also
be difficult to manage. As pointed out by Ratzé et al. (2007), hierar-
chical organisation of the systemis essential to address the problem
of the graphical representation of complex systems. It means com-
plexity can be broken down into scales, component diversity and
heterogeneity, and the system’s structure can be linked to biophys-
ical processes.

A CMA representation tool would also need to be able to link
graphical representations to a hierarchical organisation of the
knowledge base. This means that the available expert knowledge
and the assumptions need to be linked to the structural or func-
tional elements of the graphical representations. To our knowledge,
existing representation tools (either graphical or knowledge-
based) only partially fulfil these requirements. For example, the
UML language (http://www.uml.org/) could be used to improve
the graphical representation. This language could provide com-
pact standard notations that are useful for the representation of the
structure of the system (e.g. generalisation or aggregation relation-
ships could help cope with spatial heterogeneity). But the whole
CMA could not be written in UML, which is not suited for the
hierarchical documentation of the knowledge base associated with
the graphical representation. In contrast, software tools like AKT
(Agroecological Tool Kit) would make it possible to merge the per-
ceptions of different actors related to a system (Dixon et al., 2001;
Rebolledo et al., 2009). AKT has been used to store and organise
data based on local and expert knowledge on crop-environment
interactions in coffee agroforestry systems (Rebolledo et al., 2009).
However the graphical representation it creates did not satisfacto-
rily represent the many relationships among the elements of the
system contained in the database (Rebolledo et al., 2009), mainly
because the associated knowledge was not organised hierarchi-
cally. Further investigations are underway to solve the problem of
the CMA representation and we are moving from a combination of

individual diagrams and documentation (used in the case studies
reported here) to a specific software tool combining a knowl-
edge base and a graphic user interface able to generate specific
diagrams.

4.3. Linking CMA with numerical simulations?

The primary aim of the CMA protocol is not the specification
of numerical simulation software as is the case with other meth-
ods coming from the field of systems analysis (Leffelaar, 1999). But
since the CMA protocol results in the formalisation by experts of
the knowledge base corresponding to a specific question concern-
ing an agro-ecosystem, it has certain properties that could help
perform this task. Embedding domain knowledge representation in
a visual modelling environment (e.g. Muetzelfeldt and Massheder,
2003) or in a simulation platform is proposed for example in Miiller
(2007) and Beck et al. (2010). In Roux et al. (2010), the CMA was
explicitly used as the representation of a crop model in the agro-
nomic domain, interacting with representations in mathematical
and software domains.

The CMA can be used as accompanying documentation for
numerical software: it provides details on the agronomic hypothe-
ses and their validity domain and could thus help prevent misuse of
the associated simulation tool (Roux et al., 2010). But the CMA pro-
tocol could also be useful for building models, because it generates
some characteristics of a dynamic simulation model: components,
input and output variables, state variables, and parameters. More
generally, the CMA can be considered as a level of representa-
tion designed for knowledge sharing between model developers
and scientists who are not experts in numerical modelling. For
instance, using the CMA can help select an existing model on the
basis of a shared conceptualisation of crop functioning, variables
and parameters (Adam et al., 2010b). To be efficient for agronomic
research, we believe that the description of this conceptualisa-
tion should remain in the agronomic domain. This implies that it
remains clearly separated from simulation environments in order
to be fully understandable by experts in basic crop processes who
are not experts in numerical modelling (Wery, 2005; Adam et al.,
2010a).
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5. Conclusion

To our knowledge, this paper is the first attempt to formalise
a systematic protocol for the conceptual modelling of an agro-
ecosystem. The method was tested on three case studies and was
shown to be efficient in guiding knowledge formalisation (Case
Studies 1 and 3) and data acquisition and interpretation (Case Study
2) on a range of biophysical objects (from an individual plant to a
complex cropping system). While guiding the building of acommon
view of a problem into a description of the system, the Conceptual
Model of an Agro-ecosystem (CMA) protocol enabled the collection,
discussion and sharing of concepts and assumptions that are often
concealed within scientists’ mental models or difficult to read at
this level of detail in computer model documentation (Roux et al.,
2010).The final version of the CMA can be seen as a shared synthesis
of knowledge which can also be used to organise data acquisition,
analysis and synthesis in networks of farmers’ fields (Case Study
2), to design field experiments for complex systems (Case Study
3), or to identity knowledge gaps (Case study 1). Further devel-
opment of the CMA protocol is currently underway using farming
systems (scaling down and scaling up between field and farm lev-
els), which will enable more tests of the method and the scope of
application to be extended to the design of cropping systems at farm
scale (Merot et al., 2009). The protocol is also currently being used
to teach agronomy at MSc level as a tool to formalise and discuss
knowledge extracted by students from lectures and papers. Further
improvements in the representation of the CMA, using specific soft-
ware tools, are also underway, with the aim of enabling the re-use
of CMA by agronomists and the sharing of these conceptual models
with other disciplines (mathematics and software engineering) for
the development of crop models (Roux et al., 2010).

Acknowledgements

We are grateful to all the experts and students who helped test
the CMA protocol in the case studies. We thank Zvi Hochman, Sen-
told Asseng and Marney Isaac for their helpful comments on an
earlier version of this manuscript and the two anonymous review-
ers for their fruitful comments.

References

Adam, M., Ewert, F., Leffelaar, P.A., Corbeels, M., van Keulen, H., Wery, ]J., 2010a.
CROSPAL, software that uses agronomic expert knowledge to assist modules
selection for crop growth simulation. Environ. Modell. Softw. 25, 946-955.

Adam, M., Leffelaar, P.A., Ewert, F., Corbeels, M., Van Keulen, H., Wery, J., 2010b.
Developing new crop models within a flexible crop modelling framework: use
of crop physiological knowledge to change a wheat model into a pea model. In:
Wery, J., Shili-Touzi, L., Perrin, A. (Eds.), Proceeding of ‘AGR02010, the XIth ESA
Congress. Montpellier, France. August 29th-September 3rd, 2010, pp. 811-812.

Ameglio, T., Lacointe, A., Cochard, H., Alves, G., Bodet, C., Vandame, M., Valentin, V.,
Saint-Joanis, B., Ploquin, S., Cruiziat, P., Julien, J.L., Guilliot, A., Petel, G., 2001.
Water relations in Walnut during winter. Acta Horti. 544, 239-246.

Balls, L., 1953. The yields of a crop. E. & F. N. Spon Ltd, London.

Barrabé, A, Rapidel, B., Sissoko, F., Traoré, B., Wery, J., 2007. Elaboration and test of
a decision rule for the application of mepiquat chloride on cotton in Mali. Eur. J.
Agron. 27, 197-204.

Bates, T.R., Dunst, R.M.,, Joy, P., 2002. Seasonal dry matter, starch, and nutrient dis-
tribution in ‘Concord’ Grapevine Roots. Hortscience 37, 313-316.

Beck, H., Morgan, K., Jung, Y., Grunwald, S., Kwon, H., Wu, ]., 2010. Ontology-based
simulation in agricultural systems modelling. Agric. Syst. 103 (7), 463-477.
Brisson, N., Wey, ]., Boote, K., 2006. Fundamental concepts of crop models illustrated
by a comparative approach. In: Wallach, D., Makowski, D., Jones, J.W. (Eds.),
Working with dynamic Crop Models, Evaluation, Analysis, Parametrization and

Application. Elsevier, pp. 257-279.

Brussaard, L., Caron, P., Campbell, B., Lipper, L., Mainka, S., Rabbinge, R., Babin, D.,
Pulleman, M., 2010. Reconciling biodiversity conservation and food security:
scientific challenges for a new agriculture. Curr. Opin. Environ. Sustain. 2, 34-42.

Chrétien, V., Chadoeuf, ]J., Péros, ].P., Spilmont, A.S., 2004. Rapport biométrique.
ENTAV, INRA, Agro-M.

Claverie, M., Delmotte, S., Wery, J., 2011. Syrah decline: understanding physiological
dys-functionnings leading a trunk-cracked vine to death 1st part: Generation

assumptions through a conceptual model. Progrés Agricole et Viticole. 128 (5),
88-95.

Correia, M., Diabaté, M., Beavogui, P., Guilavogui, K., Lamanda, N., de Foresta,
H., 2010. Conserving forest tree diversity in Guinée Forestiére (Guinea, West
Africa): the role of coffee-based agroforests. Biol. Conserv. 19 (6), 1725-1747,
http://www.springerlink.com/content/d7270314830q63t7/.

Cretenet, M., Tittonell, P., 2010. Discontinuous fertiliser use affects soil responsive-
ness and widens yield gaps in cotton-based cropping systems of N Cameroun. In:
Wery, J., Shili-Touzi, L., Perrin, A. (Eds.), Proceeding of ‘AGRO2010, the XIth ESA
Congress. Montpellier, France. August 29th-September 03rd, 2010, pp. 347-348.

Dagnelie, P., 1998. Statistique théorique et appliquée, Tome 2: Inférence statistique
a une et deux dimention. Département De Boeck université, Paris, Bruxelles.

Dalgaard, T., Hutchings, N.J., Porter, J.R., 2003. Agroecology, scaling and interdisci-
plinarity. Agric. Ecosyst. Environ. 100 (1), 39-51.

De Wit, C.T., 1968. Theorie en model. Veenman, Wageningen, The Netherlands.

Delmotte, S., Claverie, M., Wery, J., 2008. Analyse des causes du dépérissement de la
Syrah. Internal report IFV-INRA.

Diabaté, M., Béavogui, P., Guilavogui, K., Correia, M., Lamanda, N., de Foresta, H., 2009.
Diversity of uses of tree species in agroforests of Guinée Forestiére (Guinea, West
Africa).In: 2nd World Congress of Agroforestry. Agroforestry, the future of global
land use, 23-28 August 2009, Nairobi, Kenya, p. 404 (book of abstracts).

Dieste, O., Genero, M., Juristo, N., Mate, ].L., Moreno, A.M., 2003. A conceptual model
completely independent of the implementation paradigm. J. Syst. Softw. 68 (3),
183-198.

Dixon, HJ., Doores, J.W., Joshi, L., Sinclair, F.L., 2001. Agroecological Knowledge
Toolkit For Windows: Methodological Guidelines, Computer Software And Man-
ual For AKT5. School of Agricultural and Forest Sciences, University of Wales,
Bangor, UK.

Doré, T., Sebillotte, M., Meynard, J.M., 1997. A diagnostic method for assessing
regional variations in crop yield. Agric. Syst. 54, 169-188.

Doré, T., Clermont-Dauphin, C., Crozat, Y., David, C., Jeuffroy, M.-H., Loyce, C.,
Makowski, D., Malézieux, E., Meynard, ].M., Valantin-Morison, M., 2008. Method-
ological progress in on-farm regional agronomic diagnosis. A review. Agron.
Sustain. Dev. 28, 151-161.

Ewert, F., van Ittersum, M.K., Bezlepki, A.L,, Therond, O., Andersen, E., Belhouchette,
H., Bockstaller, C., Brouwer, F., Heckelei, T., Janseen, S., Knappen, R., Kuiper, M.,
Louhichi, K., Alkan Olsson, J., Turpin, N., Wery, J., Wien, J-E., Wolf, J., 2009. A
methodology for enhance flexibility of integrated assessment in agriculture.
Environ. Sci. Policy 12 (5), 546-561.

Forrester, J.W., 1961. Industrial Dynamics. MIT Press, Boston, USA.

Grimm, V., Berger, U., Bastiansen, F., Eliassen, S., Ginot, V., Giske, ]., Goss-Custard, J.,
Grand, T., Heinz, S.K,, Huse, G., Huth, A., Jepsen, ]J.U., Jorgensen, C., Mooij, W.M.,
Muller, B., Pe’er, G., Piou, C., Railsback, S.F., Robbins, A.M., Robbins, M.M., Ross-
manith, E., Ruger, N., Strand, E., Souissi, S., Stillman, R.A., Vabo, R., Visser, U.,
DeAngelis, D.L., 2006. A standard protocol for describing individual-based and
agent-based models. Ecol. Model. 198 (1-2), 115-126.

Heemskerk, M., Wilson, K., Pavao Zuckerman, M., 2003. Conceptual mod-
els as tools for communication across disciplines. Conserv. Ecol. 7, 38,
http://www.consecol.org/vol7/iss3/art8.

Jacobsen, B.H., 1994. Farmer’s decision making behaviour: empirical findings from
Denmark. In: Jacobsen, B.H., Christensen, J., Rasmussen, S. (Eds.), Farmer’s deci-
sion making: a descriptive approach. Proceedings from the 38th Seminar of
EAAE. May 1994, Copenhagen, Denmark.

Johnson-Laird, P.N., 1983. Mental Models: Towards a Cognitive Science of Language,
Inference, and Consciousness. Cambridge University Press, Cambridge.

Juristo, N., Moreno, A.M., 2000. Introductory paper: reflexions on conceptual mod-
elling. Data Knowl. Eng. 33, 103-117.

Lamanda, N., Wery, J., 2010a. Using the diversity of existing situations to analyze
dynamics and services of agroforestry systems. In: Wery, J., Shili-Touzi, L., Perrin,
A. (Eds.), Proceeding of ‘AGR02010, the XIth ESA Congress. Montpellier, France.
August 29th-September 03rd, 2010, pp. 291-292.

Lamanda, N., Wery, J., 2010b. Conceptual modelling of the structure-function-
services dynamics of tropical agroforests. In: Wery, J., Shili-Touzi, 1., Perrin, A.
(Eds.), Proceeding of ‘AGR02010, the XIth ESA Congress. Montpellier, France.
August 29th-September 03rd, 2010, pp. 819-820.

Lamanda,N., Correia,M., Bompy, F., Diabaté,M., de Foresta,H.,Wery, ]. Assessing the
trade-offs between productivity and ecosystemic services: a case study of coffee
agroforests in Guinea (West Africa) EJA, submitted for publication.

Langon, J., Wery, J., Rapidel, B., Angokaye, M., Gérardeaux, E., Gaborel, C., Ballo, D.,
Fadegnon, B., 2007. An improved methodology for integrated crop management
systems. Agron. Sustain. Dev. 27, 101-110.

Le Gal, P.Y., Merot, A., Moulin, C.H., Navarrete, M., Wery, J., 2010. A modelling frame-
work to support farmers in designing agricultural production systems. Environ.
Model. Softw. 25 (2), 258-268.

Leffelaar, P.A. (Ed.), 1999. On system analysis and simulation of ecological pro-
cess; with examples in CSMP, FST and FORTRAN. Second Edition. Current Issues
in Production Ecology, vol. 4. Kluwer Academic Publishers, Dordrecht, The
Netherlands.

Lloyd, D., Boyd, B., Den Exter, K., 2010. Mind mapping as an interactive tool for
engaging complex geographical issues. N. Z. Geographer. 66, 181-188.

Loyce, C., Wery, J., 2006. Les outils des agronomes pour I'évaluation et la conception
de systémes de culture. In: Doré, T., Le Bail, M., Martin, P., Ney, B., Roger-Estrade,
J. (Eds.), L'agronomie aujourd’hui. Quae, Versailles.

Magcale-Macandog, D., Ocampo, L.J.M., 2005. Indigenous strategies of sustainable
farming systems in the highlands of northern Philippines. ]J. Sustain. Agric. 26,
117-138.



116 N. Lamanda et al. / Europ. J. Agronomy 38 (2012) 104-116

Merot, A., Gary, C., Wery, ]., 2009. Designing innovative cropping systems requires
the simulation of its biophysical and technical components in interaction: illus-
tration on vineyards. In: Proceedings of Farming System Design, 21st-23th
August. Monterey, USA.

Monteith, J.L., 1977. Climate and the efficiency of crop productions in Britain. Philos.
Trans. R. Soc. Lond. B, 81-294.

Muetzelfeldt, R., Massheder, J., 2003. The Simile visual modelling environment. Eur.
J. Agron. 18 (3-4), 345-358.

Miiller, P., 2007. Mimosa: using ontologies for modelling and simulation. In: Pro-
ceedings of Informatik, Bremen, Germany.

Odum, H.T., 1983. Systems Ecology: An Introduction. Wiley, New York.

Papajorgji, P.J,. and Pardalos, P.M., 2006. Software Engineering Techniques Applied
to Agricultural Systems. An Object-Oriented and UML Approach. Series: Applied
Optimization, Vol. 100.

Rabbinge, R., De Wit, C., 1989. Systems, models and simulation. In: Rabbinge, R.,
Ward, S.A., van Laar, H.H. (Eds.), Simulation and Systems Management in Crop
Protection. Pudoc, Wageningen.

Rapidel, B., Deféche, C., Traoré, B., Langon, J., Wery, ]., 2006. In field development of a
conceptual model for crop functioning and management: a case study on cotton
in Southern Mali. Eur. J. Agron. 24, 304-315.

Rapidel, B., Beer, ., Vaast, P., 2009. The Mesoamerican Scientific Partnership Platform
(PCP) Agroforestry Systems with Perennial Crops. In: Rapidel, B., Roupsard, O.,
Navarro, M. (Eds.), Modelling Agroforestry Systems. CATIE, Turrialba, Costa Rica.

Ratzé, C., Gillet, F., Muller, J.P., Stoffel, K., 2007. Simulation modelling of eco-
logical hierarchies in constructive dynamical systems. Ecol. Complex. 4,
13-25.

Rebolledo, M.C., Rapidel, B., Avelino, ]., Sinclair, F., 2009. Building a biophysical
conceptual model of Agroforestry Systems (AFS) with coffee incorporating sci-
entific, expert and farmer’s knowledge in Costa Rica. In: Rapidel, B., Roupsard,
0., Navarro, M. (Eds.), Modelling agroforestry systems. Workshop proceedings.
CATIE, Turrialba, Costa Rica.

Roitsch, T., 1999. Source-sink regulation by carbohydrate and stress. Curr. Opin. Plant
Biol. 2, 198-206.

Roux, S., Adam, M., Wery, J., 2010. An interdisciplinary framework for the
development and analysis of crop models. In: David, A, Swayne, Wan-

hong Yang, AA., Voinov, A, Rizzoli, T. Filatova (Eds.), Proceedings of
International Environmental Modelling and Software Society (iEMSs) for
the 2010 International Congress on Environmental Modelling and Software
Modelling for Environment’s Sake, Fifth Biennial Meeting. Ottawa, Canada,
http://www.iemss.org/iemss2010/index.php?n=Main.Proceedings.

Russell, G., Muetzelfeld, R, Taylor, K., Terres, .M., 1999. Development of a crop
knowledge base for Europe. Eur. J. Agron. 11, 187-206.

Sinclair, T.R., 1986. Water and nitrogen limitations in soybean grain production. I.
Model development. Field Crop Res. 15, 125-141.

Solfanelli, C., Poggi, A., Loreti, E., Alpi, A., Perata, P., 2006. Sucrose-specific induc-
tion of the anthocyanin biosynthetic pathway in Arabidopsis. Plant Physiol. 140,
637-646.

Spilmont, A.S., Claverie, M., 2009. Dépérissement de la syrah. Projet interrégional.
Rapport technique IFV. 41p.

Spilmont, A.S., Grenan, S., Boursiquot, ].M., 2005. Le dépérissement de la Syrah:
compte-rendu de la réunion du Groupe de Travail -11 avril 2005. Progrés Agri-
cole et Viticole. 122, 337-348.

Tilman, D., 1980. Ressources: a graphical-mechanistic approach to competition and
predation. Am. Nat. 116, 362-393.

Torabi, B., Soltani, A., 2010. Analysis of wheat yield gap using comparative perfor-
mance analysis method. In: Wery, J., Shili-Touzi, I, Perrin, A. (Eds.), Proceeding of
‘AGR02010, the XIth ESA Congress. Montpellier, France. August 29th-September
03rd, 2010, pp. 367-368.

Voinov, A., Bousquet, F., 2010. Modelling with stakeholders. Environ. Model. Softw.
25, 1268-1281.

Von Bertalanffy, L., 1968. General System Theory. Braziller, G. Inc., New York.

Walliser, B., 1977. Systémes et modéles: introduction critique a I'analyse de sys-
témes. Le seuil, Paris.

Wery, J., 2005. Differential effects of soil water deficit on the basic plant functioning
and their significance to analyse crop responses to water deficit in indertermi-
nate plants. Aust. ]. Agric. Res. 56, 1201-1209.

Wery, ]., Langeveld, W.A., 2010. Introduction to the EJA special issue on crop-
ping systems design: new methods for new challenges. Eur. J. Agron. 32,
1-2.



	A protocol for the conceptualisation of an agro-ecosystem to guide data acquisition and analysis and expert knowledge inte...
	1 Introduction
	2 Methodology for the conceptual modelling of an agro-ecosystem and case studies
	2.1 The CMA protocol
	2.2 Case studies
	2.2.1 Case Study 1: Coffee agroforests in Guinea (West Africa)
	2.2.2 Case Study 2: Understanding the causes of cotton yield variability in Mali (West Africa)
	2.2.3 Case Study 3: Decline of the Syrah grapevine in southern France


	3 Applying the CMA protocol on cases studies
	3.1 CMA as a tool to build a systemic representation of a complex agro-ecosystem from scattered data and field observation...
	3.2 The CMA protocol as a tool for agronomic diagnosis and yield gap analysis (illustrated with Case Study 2)
	3.3 The CMA as a tool to integrate broad interdisciplinary expert knowledge (illustrated with Case Study 3)

	4 General discussion about the CMA protocol
	4.1 The normative aspect of the CMA protocol
	4.2 The representation of the CMA
	4.3 Linking CMA with numerical simulations?

	5 Conclusion
	Acknowledgements
	References


